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FOREWORD
Addressing soil and water salinity in agricultural landscapes involves either reducing salinity
(mitigation) or making agriculture resilient to it (adaptation) by using innovative soil and water
management technologies and practices in salt-affected soils and saline water. Efficient
investment in salinity mitigation requires an understanding of how different landscapes respond
to alternative land and water use options at the field and landscape scale. This involves
identifying ways to reduce existing soil salinity and the risk of further salinization in agricultural
landscapes. Integrated soil and water management practices have been used in agricultural
production systems to adapt to existing soil and water salinity and to mitigate the potential
development of salinity. These practices include accurate irrigation scheduling based on soil
water monitoring using sensor based technologies to improve crop irrigation efficiency, soil
water storage, water infiltration and leaching of excess salt from the crop rooting zone;
permanent raised bed technology to improve crop productivity, reduce irrigation water
requirement and lower the risk of groundwater recharge; and conservation soil management
practices including reduced tillage, incorporation of crop residues, gypsum and manure
application, crop rotation and growing cover crops to increase soil organic matter and hence
soil water holding capacity and infiltration. Nevertheless, there is still a need to better
understand the complex interactions between soil, water, plants and applied nutrient inputs, and
the influence of these interactions under different farm management practices to improve water
use efficiency and crop yield/quality, without increasing soil and water salinity.
A coordinated research project (CRP) on Landscape Salinity and Water Management for
Improving Agricultural Water Productivity was developed to address salinization problems in
agricultural landscapes and protect the soil and water resources needed to sustain food
production; to identify ways to improve crop productivity and sustainability through water and
salinity management; and to define approaches and technologies to assess and monitor soil
water content and salinity at field and area-wide scales, to reduce the impacts on food
production of climate change and variability, and the widespread increase in landscape water
and soil salinity.
Several methodologies were developed in the CRP, including the use of the oxygen-18 isotopic
technique to assess the contribution of seawater intrusion, relative to poor irrigation
management, in salt-affected water where rice production has been affected by salinity. Project
participants tested irrigation scheduling using soil moisture neutron probes and improved salt
management and the use of salt-tolerant crops such as barley, rice and wheat. The AquaCrop
model of the Food and Agriculture Organization of the United Nations was used for simulation
modelling to extrapolate the results from field to landscape scale. Finally, a new landscape soil
moisture measuring tool, the cosmic ray neutron probe, for area-wide soil water measurements
was also tested.
This CRP was implemented between 2013 and 2018 following the recommendations of a
consultants meeting of international experts. The research network included participants from
Bangladesh, China, the Islamic Republic of Iran, the Republic of Korea, Pakistan, Viet Nam
and the United States of America. It was supported by research and development on the use of
the cosmic ray neutron sensor for landscape soil water measurement at the IAEA Environment
Laboratories. The IAEA is grateful to all the CRP participants for their valuable contributions.
The IAEA officer responsible for this publication was L.K. Heng of the Joint FAO/IAEA
Division of Nuclear Techniques in Food and Agriculture.
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1.

INTRODUCTION

The rationale for the Co-ordinated Research Project (CRP) “Landscape Salinity and
Water Management for Improving Agricultural Productivity (D1.20.13)” was the urgent need
to address the problem of advancing salinity in irrigated soils of arid and semi-arid regions, and
in river deltas subject to intrusions of sea-water. In many developing countries, the reclamation
of salt-affected soil is not a viable option due to the lack of sufficient rainfall or available
freshwater to leach salt from the soil profile, together with the need to install expensive drainage
systems to dispose of the leached saline water. Therefore, alternative strategies are needed. One
approach is to use salt tolerant crops, but when irrigation is required due to drought, often the
only available water is brackish ground- or surface-water. Therefore, depending on the salinity
(electrical conductivity) of the water available, the challenge becomes how to manage the
amount and frequency of irrigation to limit yield reduction while attempting to avoid secondary
salinity. This CRP endeavours to address these management issues. Studies from seven
countries including Bangladesh, China (China Academy of Agricultural Sciences (CAAS) &
China Agricultural University (CAU)), Islamic Republic of Iran, Republic of Korea, Pakistan,
United States of America and Viet Nam (Ninh Co River from the North and Mekong Delta
from the South) are reported in this publication (Table 1).
1.1.

OBJECTIVES

(i)

To identify ways to improve crop productivity and sustainability through water and
salinity management.

(ii)

To define approaches and technologies to assess and monitor soil water content and
salinity at field and area-wide scales.

(iii)

To reduce the impacts of climate change and variability on the widespread increase in
landscape salinity.

1.2.

CRP ACHIEVEMENTS AND CONCLUSIONS

1.2.1.

Bangladesh

During the dry season, soil and water salinity increased with time and reached
maximum values in April-May. Soil water content was reduced during the months of
November-May, causing difficulties in growing cereal crops without irrigation water supply.
Irrigation at 35% depletion of soil water content was found to be the most suitable strategy.
Application of 100 kg gypsum per hectare along with the recommended dose of nitrogen,
phosphorus and potassium (NPK), plus an additional amount of K (90 kg ha-1) and N in 3 splits
gave the highest yield, yield components and N fertilizer use efficiency. The tested wheat
cultivars can be irrigated at 55% soil moisture depletion with irrigation water salinity of 3.0-6.0
dS m-1. The AquaCrop model simulation study clearly showed a decreasing yield trend for
wheat under increased salinity as well as with decreasing irrigation frequency. Good agreement
was found between simulated and measured wheat yields.
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1.2.2.

China (CAAS)

Five treatments consisting of various combinations of fresh and saline water applied
at three wheat growth stages (seedling, turning green-jointing, flowering-filling) were
evaluated. Irrigating winter wheat with saline water at non-sensitive growth stages and
freshwater at sensitive stages alleviated the salt stress on biomass accumulation and grain yield
and acquired the higher biomass and grain yield among the five treatments. The best irrigation
model for alternately irrigating winter wheat with fresh and saline water was irrigated with
freshwater at the turning green-jointing stage and saline water at the flowering-filling stage, due
to higher water use efficiency (WUE) and moderate yields of winter wheat in the North China
Plain. There was a highly significant negative correlation between WUE and carbon isotope
discrimination (13C, ‰) in leaf material. However, after saline water irrigation for a long-term
(e.g. 30 years), flood irrigation with a large volume of water (100~150 mm) at intervals of 5~6
years is recommended in order to move salt in the root zone to deep soil layers to decrease the
effects of soil salinization on crop growth and harvestable yield. AquaCrop model is a robust
tool to predict crop productivity and salt accumulation of a wheat field irrigated alternately with
saline and freshwater at different growth stages and is also used to assess the long-term effects
on crop productivity and soil salinization.
1.2.3.

China (CAU)

Water shortage and soil salinization increasingly become the main factors constraining
sustainable agriculture in southern Xinjiang, China. Mulched drip irrigation, a water-saving
irrigation method, has been widely applied in southern Xinjiang for cotton production. In order
to evaluate the feasibility of two-dimensional model for simulating soil water and salt dynamics
under mulched drip irrigation, numerical simulations employing planar 2-D and 3-D models
were conducted and compared with field observations at Aksu, southern Xinjiang province. No
significant difference was found between the planar 2-D and 3-D simulations for soil water
flow, except for the early stage of an irrigation event. The planar 2-D model had a poorer
performance in predicting the salt distribution in wide strip during the entire irrigation event.
The soil water and salt contents simulated by the planar 2-D model, however, were close to the
mean values between two adjacent emitters simulated by the 3-D model, and also coincided
with the measurements with corresponding RMSE less than 0.040 cm3 cm-3 and 2.27 g kg-1,
indicating that the planar 2-D model was reliable for field irrigation management.
Subsequently, hypothetical numerical experiments were further performed considering
different irrigation durations and emitter spacings. The results revealed that the planar 2-D
model performed better at smaller emitter spacing for delineating soil water and salt transport
processes under mulched drip irrigation, and the upper limit value of the emitter spacing
suitable for the planar 2-D simulation increased with the prolonged irrigation duration.
However, if the effect of solute reaction on retarding solute transport was obvious, the emitter
spacing suitable for the planar 2-D simulation should relatively decrease.
1.2.4.

Islamic Republic of Iran

The objectives of this study were to investigate the effect of different scenarios of
irrigation (crop growth stages) on wheat yield, to separate evaporation (E) and transpiration (T)
using isotopic techniques. Different soil moisture depletion levels had significant (P < 0.001)
effects on wheat grain yield. The maximum harvest index occurred at 55% soil moisture
depletion and the lowest HI% was observed at 75% soil moisture depletion. AquaCrop model
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successfully simulated grain yield and biomass in saline-sodic conditions with high accuracy.
The highest yield loss was simulated in scenarios where saline water for irrigation was used at
sowing, tilling and booting stages. Salinity stress at these stages is likely to affect leaf growth,
tiller generation, canopy development and other crop traits which resulted in decreasing
biomass production and final grain yield. The error of the model in simulating soil salinity is
greater than that in simulating soil water content. The proportion of evaporation to total
evapotranspiration was smaller when wheat was sown in early November. Adjusting planting
date by AquaCrop model indicated that higher biomass and grain yield are likely to be obtained
when winter wheat is sown in early November than in October possibly due to better crop
canopy cover.
1.2.5.

Republic of Korea

The 12-year continuous monitoring in a multi-species afforestation site established on
degraded, highly salinized cropland shows that water availability does not preclude the
afforestation due to effective utilization of shallow saline groundwater by trees. However, soil
salinity increased significantly as the tree plantations matured under non-irrigated conditions,
requiring occasional salt leaching at the plantation sites which therefore are not entirely
independent of irrigation. Monitoring of foliar δ13C appears promising for interpreting the
relative salt tolerance among the tree species, given the consistent δ13C variations for tree
species and the responsiveness of δ13C values to salt leaching. The efficient N2-fixation by
actinorhizal Elaeagnus angustifolia greatly contributed to self-sufficiency in nitrogen nutrition
of the afforestation system under non-fertilized conditions. Including E. angustifolia as a
nursing plant in tree plantations may assist in restoration of Populus euphratica dominated
native riparian forests and in revegetation of degraded croplands. The 15N natural abundance
method allows quantification of biological nitrogen fixation in trees but the results need to be
carefully interpreted considering the sampling material used (foliar or whole-plant), plant age,
and reference species due to the confounding of 15N signals during the successional changes in
tree stands over time.
1.2.6.

Pakistan

FAO’s AquaCrop model was calibrated and evaluated to simulate the effect of
irrigation water quality / strategies on barley yield and water use efficiency grown on saline soil
in the semi-arid environment of Pakka Anna, Pakistan. The model was calibrated using two
years (2016-17 and 2017-18) datasets measured from different combinations of soil and
irrigation water salinity. The data of soil moisture (measured using soil moisture neutron probe),
in-season biomass and canopy cover, biomass, grain yield at harvest and water use efficiency
based on biomass and grain yield was used to calibrate the model. The calibrated model was
then evaluated using three years (214-15, 2105-16 and 2016-17) independent datasets measured
from the experiments involving saline soil and different irrigation regimes. Evaluation with the
measured data showed that performance of the model was realistic as indicated by four
independent parameters between measured and simulated values of soil moisture, biomass and
grain yield at harvest. However, the performance was less satisfactory for high soil moisture
stress applied to the crop grown under higher soil and irrigation water salinity.
1.2.7.

United States of America

Several new technologies suitable for evaluation of field soil water contents including
(i) time domain reflectometry (TDR) probes with pulse generation directly coupled to the
electrodes (ii) prototypes of profiling soil water sensors based on directly-coupled TDR and
3

(iii) a cosmic ray neutron probe (CRNP) that senses background fast neutrons generated by
cosmic rays as well as background thermal neutrons. Laboratory investigations of the directlycoupled TDR probes demonstrated that they can estimate soil water contents with accuracies
of ≤ 0.03 m3 m-3 at bulk electrical conductivities up to 2.5 to 3.0 dS m-1 in fine textured soils
(clay ≤ 400 g kg-1) with a soil specific calibration. In coarser textured soils, accurate estimation
of soil water content using these sensors is feasible up to a bulk electrical conductivity of ~5 dS
m-1. The corresponding electrical conductivity of the pore water at saturation would range from
5 to 10 dS m-1. Several prototypes of the profiling soil water sensor were designed, evaluated,
and found to be satisfactory. However, the principal difficulty was achieving a structural design
that could withstand the forces of installation while keeping manufacturing costs reasonable.
The CRNP was evaluated during two seasons and found to respond positively to elevated nearsurface atmospheric humidity and be sensitive only to water within a shallow soil depth (< 0.3
m). Consequently, the CRNP data would have little relevance for irrigation management for the
field crops commonly grown in the Southern Great Plains. Field evaluations of arrays of EM
sensors deployed at multiple depths demonstrated that sensed changes in stored profile water
could resolve daily changes in evapotranspiration (ET) and correlated strongly with changes in
storage determined with the neutron probe. This indicates the possibility that properly deployed
EM sensors of the types used here could provide change in storage data accurate enough to
determine ET from the soil water balance.
1.2.8.

Viet Nam (Ninh Co River, North)

The stable isotopic signatures in water within the root zone of rice revealed that it
originated from the Ninh Co River that irrigated the field, whereas the coastal tide did not affect
the groundwater table beyond the root zone. Seawater did not intrude into the shallow aquifer
in the study region. Under the traditional farming practice, the pattern of the variation of 18O
in soil pore-water during the meteoric year was similar to those in the local rain water, but in
between the two rice seasons the 18O soil in pore-water became more enriched compared to
this signature during the cropping period. At the same time, the chloride concentration in water
within the root zone did not change much within a wide range of the 18O variation, indicating
the intensive evaporation of irrigation water under the traditional cultivation practice. An
alternative irrigation practice including keeping the irrigation water in the field without burning
straw after rice harvesting was investigated. The salinity in water within the root zone could
diffuse downwards throughout the year by gravity, thus reducing the concentration of salinity
in water in the cultivated soil layer. The new farming practice resulted in an increase in rice
yield in the experimental field by up to 5%.
1.2.9.

Viet Nam (Mekong Delta, South)

Soil salinization from sea water intrusion is a big threat for sustainable rice production
in the coastal Mekong Delta of Vietnam. Two on-farm studies quantified the effectiveness of
flushing salinity from paddy soil and identified strategies for rice production under salinity
intrusion, by applying the 18O technique combined with hydro-geological and bio-economical
methods. Soil desalinization using rainwater and evaporation strongly influenced salinity in the
root zone of rice. Rainwater was the important source while irrigation canal water was not
reliable for soil desalinization. Only about 40% of saltwater in the root zone was flushed out in
the rainy season. Potassium and organic fertilizer application to rice highly facilitated flushing
sodium from the root zone and improving rice yields.
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TABLE 1.1. EXPERIMENTAL VARIABLES
Country

Location

Bangladesh Vatkhali,
22.33 oN,
89.10 oE
China
(CAAS)

Hengshui,
37.54 oN,
o

115.4 2 E

Crops &
years

Models

Nuclear
techniques

Levels of N, split
applications, irrigation
4 crops, 2013- and nutrient
17
management, levels of
salinity

AquaCrop2

15

Wheat, 2
crops. 201416

Water quality (saline/
non-saline/crop growth
stage), deficit
irrigation

AquaCrop

SMNP,

Treatment variables

Wheat,

N
enriched
urea

13C CID

China
(CAU)

Aksu, 40°37′N,
80°45′E

Cotton, 2
crops, 2015,
2016

Drip irrigation level
(3), wide and narrow
spaced mulching,

COMSOL3 CRNP

Iran

Roudasht, 32º
29' N, 52º 10' E

5 wheat
cultivars

3 levels of soil
moisture depletion

AquaCrop

SMNP,
18O

Korea

Khorezm,
Uzbekistan;
4165 N,
6062 E

Afforestation
species (3);
2003-14

Winter deciduous tree
species including one
actinorhizal

None

15N BNF;
13C CID;

Pakistan

Pakka Anna,
73o05’E,

Barley, 4
crops, 201418

Soil moisture and
combinations of soil
and water salinity

AquaCrop

SMNP

Maize 2013;
soybean
2017;

Irrigation water
management; soil
water sensors

None

CRNP

18O,

31o24’N
Bushland, TX;
35°1’N,

USA

102°06’W;
Albacete, Spain

garlic

Viet Nam
(North)

Hai Thinh, Red
River delta

Rice, 2 crops,
2015-17

Source of saline water
(surface or sea-water)

None

Viet Nam
(South)

3 sites, Mekong
River delta

Rice, rotation
with shrimp
farming

Source of saline water,
nutrient management

None

a

H
18O

SMNP, soil moisture neutron probe; CID, carbon isotope discrimination; CRNP, cosmic ray neutron probe; BNF,
biological nitrogen fixation

2

http://www.fao.org/aquacrop/en/
3

5

https://www.comsol.com/
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Abstract

Field studies were carried out in the salinity affected area of Vatkhali in the Sathkhira
district of Bangladesh for four years from 2013-14 to 2016-2017. In addition, a pot study was
conducted at Mymensingh. Several irrigation and fertilizer management strategies were
evaluated using wheat varieties as test crops. 15N-labeled fertilizer studies were performed with
different N rates and methods of applications. Soil amendments of gypsum and additional
potassium (K) fertilizer were evaluated as conditioners for saline soil. Climate data were
recorded in the field. Water and soil samples from several depth intervals were collected
periodically and analyzed for salinity (electrical conductivity). Wheat grain and straw samples
were harvested for dry matter; N concentration was measured to determine N yield, and 15N
enrichment determined to estimate N fertilizer recovery. Yield components were measured, and
yields were simulated using the AquaCrop model.
During the dry season soil and water salinity increased with time and reaches
maximum values in April-May. Soil water content was reduced during the months of
November-May, causing difficulties in growing cereal crops without irrigation water supply.
Irrigation at 35% depletion of soil water content was found to be the most suitable strategy.
Application of 100 kg gypsum per hectare along with the recommended dose of NPK, plus an
additional amount of K (90 kg ha-1) and N in 3 splits gave the highest yield, yield components
and N fertilizer use efficiency. The tested wheat cultivars can be irrigated at 55% soil moisture
depletion with irrigation water salinity of 3.0-6.0 dS m-1.
The AquaCrop model simulation study clearly showed a decreasing yield trend for
wheat under increased salinity as well as with decreasing irrigation frequency. Good agreement
was found between simulated and measured wheat yields.
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2.1.

INTRODUCTION

Bangladesh is a deltaic country with a coastal region of 29 000 km2 (about 20% of the
land area of the country), which covers more than 30% of the cultivable land. Of the 1.689 Mha
of coastal lands, about 1.056 Mha are adversely affected by varying degrees of soil salinity [1],
and due to climate change the area is increasing at an alarming rate, which was estimated as
2.83 Mha of saline land during 2011. Hence, soil salinity is a major, and the most persistent,
threat to irrigated agriculture in many deltas, such as in coastal Bangladesh [2]. To bring the
vast salt affected land of Bangladesh under year-round cultivation for increasing crop
production, proper landscape planning for salinity management along with water management
practices is the prime need in Bangladesh agriculture. Therefore, a landscape salinity plan along
with water management strategies are needed with a detailed multidimensional and
simultaneous study on monitoring the salinity status (both from soil and water), soil water
content, availability of quality irrigation water, and a feasibility study of freshwater from
different sources and landscape planning to synchronize the best fit management practices with
salt tolerant crop varieties, especially wheat.
Wheat is an important cereal crop in most dry regions of the world, and it is
characterized as being moderately tolerant to salinity [3]. Careful fertilizer and water
management are also essential on such soils to get sustainable yields. The major constraints
under saline agriculture are the availability of essential nutrients and water to the plant, which
are adversely affected by excessive salts in the soil solution. Among the essential plant
nutrients, N plays a key role in plant growth and productivity. To take up N from the soil
solution, plants compete with a range of N removal processes/losses including
immobilization, leaching, and gaseous emissions of N as ammonia (NH3), nitrous oxide
(N2O), nitric oxide (NO) and molecular nitrogen (N2) into the atmosphere. Because of these
N losses, the N use efficiency (kg of dry matter produced per kg of N applied) or the useful
use of N by the plant is invariably less than 50% of the applied N [4–6]. The extent to which
N is removed from soils or made unavailable to plants by the above biogeochemical processes
is of both economic and environmental importance. Quantifying N use efficiency and the
sources of N losses enables researchers to develop ‘technology packages’ which can enhance
N uptake and minimize N losses, thus allowing for sustainable crop productivity under saline
conditions.
The AquaCrop model is widely used for simulating crop yield under different field
and climatic conditions and has been parameterized and tested on a number of cereal and noncereal crops worldwide [7–17]. The results from the model worldwide showed that AquaCrop
can be a vital tool to improve water productivity and crop yields under arid and semi-arid
climatic conditions by promoting sustainable management options. Using the salinity module
of this model, the yields of wheat obtained from the experimental data of the above mentioned
project were simulated to determine the consistency of yields with the experiments and to assess
the performance of the AquaCrop model in simulating yield response of wheat in different field
conditions.
The present study was undertaken i) to assess and monitor the soil water content and
salinity level on yield at an area-wide scale, ii) to identify the way of improving crop
productivity through water, nitrogen and salinity management and iii) to evaluate the
performance of the AquaCrop model in simulating dry season wheat yields with saline
irrigation water.
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2.2.

MATERIALS AND METHODS

2.2.1. Impact of nitrogen level and split applications on wheat production using 15N
tracer (2013-14)
15

N isotope-aided field experiments were conducted on the effect of different levels of
N with different split applications on wheat during the winter season of 2013-14. The
experiments were conducted in the farmers field at Vatkhali (22.33oN, 89.10oE), Satkhira
district, in the southern part of Bangladesh, and the test variety of wheat was Barigom 25. Three
treatments were assigned in a RCBD with 3 replications i) N1 = Application of 50 kg N ha-1; ii)
N2 = Application of 100 kg N ha-1 and iii) N3 = Application of 150 kg N ha-1. For the isotopic
study, 15N labelled urea was applied in the micro-plot. Each plot was divided into two parts, a) Yield
plot (3 m × 4 m) and b) sampling plot (3 m × 4 m). Each sampling plot consist of two isotope micro
plots, a) one micro-plot (1 m × 1 m) was used for 15N application in two splits and b) the 2nd microplot (1 m × 1 m) was used for 15N application in three splits. Each micro-plot was surrounded by an
iron sheet (inserted into the soil up to 15 cm depth) for prevention of N loss by horizontal seepage.
The 15N urea was applied into two ways, for micro-plot A, two splits: i) ⅓ N as a basal dose
after final land preparation, ii) ⅔ N as top-dressing during the crown root initiation stage (CRI)
and for micro-plot B, three splits: i) ⅓ N as a basal dose after final land preparation, ii) ⅓ N as
a top-dressing during the crown root initiation stage (CRI) and iii) ⅓ N as a top-dressing during
the flowering / anthesis stage. Normal N fertilizer was applied (same amount and same time of
15
N) into the yield plot and the rest of the sampling plot. Wheat seeds were sown on the 15th
December 2013 and the harvest was completed on 8th April 2014. During harvest, the data for
yield and yield components were recorded and analyzed statistically.
2.2.2. Effect of irrigation and nutrient management strategies on wheat production in
saline soil (2014-15)
A field experiment was conducted to evaluate the effect of irrigation and nutrient
management strategies on wheat production in the saline area at Vatkhali (22.33oN, 89.10oE),
Satkhira district, in the southern part of Bangladesh, during the winter season of 2014-15.
Wheat seeds were sown on the 25th November 2014 and harvest was completed on 16th March
2015. The treatments were assigned in a RCBD split-plot design which included four irrigation
strategies as the main plot treatments i) I1: Irrigate the plot at 35% soil moisture depletion from
PAW; ii) I2: Irrigate the plot at 55% soil moisture depletion from PAW; iii) I3: Irrigate the plot
at 75% soil moisture depletion from PAW and iv) I4: Irrigate the plot as farmer practice (2 flood
irrigations). Two nutrient management practices were tested as subplot treatments i) T1:
application of fertilizer (N, P, K, S, Zn etc.) according to STB (Soil Test Basis) and ii) T2: T1 +
addition of gypsum @ 190 kg ha-1. Soil salinity status of the experimental plots was determined
at different dates up to wheat harvest. During harvest, the data for yield and yield components
were recorded and analyzed statistically.
2.2.3. Effects of irrigation strategies on wheat production under levels of salinity
(2015-16)
Two experiments (pot and field study) were conducted with wheat to observe the effect
of different irrigation strategies under different salinity levels during the year 2015-16. The
field experiment was carried out in the farmers field at Vatkhali in the Satkhira district. The test
variety was BARIghom-25. Ten irrigation treatments were assigned following the RCBD
design, with 3 replications, such as - T1 = Farmers practice with 3 dS m-1 saline water (2
irrigations at 30 and 50 DAS); T2 = Irrigation at 35% depletion of PAW with 3 dS m-1 saline
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water; T3 = Irrigation at 35% depletion of PAW with 6 dS m-1 saline water; T4 = Irrigation at
35% depletion of PAW with 9 dS m-1 saline water; T5 = Irrigation at 55% depletion of PAW
with 3 dS m-1 saline water; T6 = Irrigation at 55% depletion of PAW with 6 dS m-1 saline water;
T7 = Irrigation at 55% depletion of PAW with 9 dS m-1 saline water; T8 = Irrigation at 75%
depletion of PAW with 3 dS m-1 saline water; T9 = Irrigation at 75% depletion of PAW with 6
dS m-1 saline water and T10 = Irrigation at 75% depletion of PAW with 9 dS m-1 saline water.
The wheat seeds were sown on December 7, 2015 and harvested on March 20, 2016. All cultural
practices (e.g. weeding, thinning, insecticide spray) were done when needed. Soil moisture and
salinity data were monitored at 10-day intervals. The irrigation treatments were imposed
according to the schedule. Yield and yield parameters were recorded at harvest time.
Similarly, a pot experiment was conducted at BINA Head-quarter, Mymensingh,
following a RCBD with split-plots and two replications. The main plot consisted of ten
irrigation strategies as in the field study with two wheat varieties, L-880-43 and BARIghom25. The seeds were sown on November 26, 2015 and harvested on March 9, 2016. All cultural
practices (e.g. weeding, thinning, insecticide spray) were done when needed. Soil moisture and
salinity data were monitored at 10-day intervals. The irrigation treatments were imposed
according to the schedule. Yield and yield parameters were recorded at harvest time.
2.2.4. Effect of soil amendments and N fertilizer application on the growth and yield
of wheat in saline soil (2016-17)
Field experiments were conducted to evaluate the effect of soil amendments and N
fertilizer application on the growth and yield of wheat in saline soil during the year 2016-2017
at Satkhira, Bangladesh. Seven treatments were assigned : T1 = recommended dose of N, P and
K + application of gypsum @ 150 kg ha-1 and N application in 3 splits, T2 = recommended
dose of N, P and K + application of gypsum @ 150 kg ha-1 and N application in 2 splits, T3 =
recommended dose of N, P and K + additional application of K @ 120 kg ha-1 and N
application in 3 splits, T4 = recommended dose of N, P and K + additional application of K
@ 120 kg ha-1 and N application in 2 splits, T5 = recommended dose of N, P and K + additional
application of K @ 90 kg ha-1 + application of gypsum @ 100 kg ha-1 and N application in 3
splits, T6 = recommended dose of N, P and K + additional application of K @ 90 kg ha-1 +
application of gypsum @ 100 kg ha-1 and N application in 2 splits and T7 = only recommended
dose of N, P and K (following Fertilizer Guide) and N application in a single dose. The
treatments were arranged in a RCBD with 3 replications. For all treatments P and K fertilizers
were applied @ 20 and 50 kg ha-1, respectively. In the case of N fertilizer, urea was applied in
splits according to the treatment descriptions. Regarding the isotopic study, a similar amount
of 15N-labelled urea (5.15 atom % 15N excess) was applied in micro plots (1 m × 1 m). The
other soil amendments such as gypsum and K were applied following the treatment
descriptions.
2.2.5. Simulation of wheat yield in saline soil using the AquaCrop Model (2015-16 and
2016-17)
Field experiments were conducted with wheat variety Barigom-25 at BINA farm in
Mymensingh and also in the Satkhira district of the south-west coastal region of Bangladesh
during the dry season of 2015-2016 and 2016-2017. The experiments were conducted with three
levels of irrigation water salinity and three irrigation water application strategies which were
assembled in ten treatments. The first treatment (T1) was farmers irrigation practice with a water
salinity of 3 dS m-1 throughout the growth season. The second, third and fourth treatments (T2,
T3 and T4) were with irrigation water salinity of 3, 6 and 9 dS m-1, respectively with irrigation
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at 35% depletion of PAW. The T5, T6 and T7 treatments were with same salinity but irrigated
at 55% depletion of PAW. The rest of the treatments, T8, T9 and T10 were also with same salinity
and 75% depletion of PAW.
2.2.5.1. Data incorporation in the model
In the climate component of the AquaCrop model, climate data were incorporated for
calculation of the evaporative demand of the atmosphere, i.e., reference crop evapotranspiration
(ETo), in the ‘ETo Calculator’ software [3]. Using the ETo values, rainfall and temperature
data, a climate file was created in the AquaCrop model.Then other crop, soil and management
data were incorporated in the components of the model. Most of the required data were collected
from the field investigations during the growth period of wheat. Measured data in the field that
were incorporated in the model included initial and maximum canopy covers, maximum rooting
depths, days to maximum canopy, senescence, maturity and harvesting, days to build up harvest
index, duration of flowering, irrigation events and irrigation water salinity for each treatment
and field condition, groundwater depth and salinity, initial soil salinity etc. Relevant
conservative data for the model were obtained from the crop library of AquaCrop and its
Reference Manual [18].
2.2.5.2. Model calibration and validation
After collection of necessary primary and secondary data, these were incorporated in
different components of the AquaCrop model for calibration and validation. The model was
first calibrated with treatment T2 and then validated with the other nine treatments.
2.3.

RESULTS AND DISCUSSION

2.3.1. Impact of nitrogen level and split applications on wheat production using 15N
tracer (2013-14)
2.3.2.

N levels

Different levels of nitrogen fertilizer significantly affected the grain yield of wheat
grown at Satkhira (Fig. 2.1). The highest grain yield was observed in the N3 treatment (3.65 t
ha-1), where 150 kg N ha-1 was applied and was not significantly different from treatment N2
(3.50 t ha-1). The minimum grain yield was recorded in N1 (2.46 t ha-1), where only 50 kg N ha1
was applied. In the case of wheat straw, there was no significant difference among the different
N levels.
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FIG.2.1. Effect of different nitrogen levels on the grain and straw yield (t ha-1) of wheat during 201314. N1, N2, N3 = 50, 100 and 150 kg N ha-1, respectively.

2.3.3.

15N

enrichment and % N derived from fertilizer and soil

Nitrogen derived from fertilizer (Ndff), nitrogen derived from soil (Ndfs), nitrogen
yield and fertilizer N recovery are shown in Table 2.1. Among the different N levels and their
spilt applications, the average maximum amount of Ndff was observed as 16.3 kg ha-1 in wheat
grain in the N3 treatment. Due to split applications of N fertilizer, the amount of Ndff varied
even for same dose, i.e. 12.8 and 20.5 kg ha-1 in the treatment N3A and N3B, respectively (Table
2.2). Under the treatment N3B, the N fertilizer was applied in three splits and the Ndff value
(20.5 kg ha-1) was comparatively 63% higher than the value of 12.8 kg ha-1 for the treatment
N3A, where N was applied in two splits. In the case of wheat straw, similar trends were observed
(Table 2.3).
TABLE 2.1. EFFECT OF RATE AND METHOD OF N APPLICATION ON 15N
ENRICHMENT AND N DERIVED FROM FERTILIZER IN WHEAT GRAIN AND STRAW
DURING 2013-14
Treatment

15

N enrichment (atom % excess)

N derived from fertilizer (%) in

Grain

Straw

Grain

Straw

N1A

1.758

1.354

16.8

13.0

N1B

2.145

2.214

20.5

21.2

N2A

1.957

1.906

18.7

18.2

N2B

2.579

2.487

24.7

23.8

N3A

1.805

1.754

17.3

16.8

N3B

2.674

2.684

25.6

25.7

a

N1A, 50 kg N ha-1 in 2 splits; N1B, 50 kg N ha-1 in 3 splits; N2A, 100 kg N ha-1 in 2 splits; N2b, 100 kg N ha-1 in
3 splits; N3A, 150 kg N ha-1 in 2 splits; N2B, 150 kg N ha-1 in 3 splits
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TABLE 2.2. EFFECT OF RATE AND METHOD OF N APPLICATION ON N
CONCENTRATION, N YIELD, N DERIVED FROM FERTILIZER AND FROM SOIL IN
WHEAT GRAIN DURING 2013-14
N concentration

N yield

N (kg ha-1) derived from

(g kg-1)

(kg ha-1)

Fertilizer

N1A

17.8

43.8

7.4

36.4

N1B

20.2

49.7

10.2

39.5

N2A

19.2

67.1

12.6

54.5

N2B

21.8

76.2

18.8

57.4

N3A

19.3

70.5

12.2

58.3

N3B

21.9

80.0

20.5

59.6

Treatment

Soil

a

N1A, 50 kg N ha-1 in 2 splits; N1B, 50 kg N ha-1 in 3 splits; N2A, 100 kg N ha-1 in 2 splits; N2b, 100 kg N ha-1 in
3 splits; N3A, 150 kg N ha-1 in 2 splits; N2B, 150 kg N ha-1 in 3 splits

TABLE 2.3. EFFECT OF RATE AND METHOD OF N APPLICATION ON N
CONCENTRATION, N YIELD, N DERIVED FROM FERTILIZER AND FROM SOIL IN
WHEAT STRAW DURING 2013-14
Treatment

N concentration

N yield

N (kg ha-1) derived from

(g kg-1)

(kg ha-1)

Fertilizer

Soil

N1A

2.4

6.9

0.9

6.0

N1B

3.1

8.9

1.9

7.0

N2A

2.7

10.7

2.0

8.7

N2B

4.5

17.8

4.2

13.6

N3A

3.2

13.5

2.3

11.2

N3B

4.7

19.8

5.1

14.7

a

N1A, 50 kg N ha-1 in 2 splits; N1B, 50 kg N ha-1 in 3 splits; N2A, 100 kg N ha-1 in 2 splits; N2b, 100 kg N ha-1 in
3 splits; N3A, 150 kg N ha-1 in 2 splits; N2B, 150 kg N ha-1 in 3 splits

Considering total values (grain plus straw), total N uptake, Ndff and Ndfs were highly
influenced by the different levels of N with their split applications (Fig. 2.2). When N was
applied in 3 splits, the total N uptake by wheat was comparatively higher than the N uptake in
2 splits. Due to the different treatment and split application system, the maximum total nitrogen
uptake (mean value) by wheat was observed as 99.8 kg ha-1 under the N3B treatment, where 150
kg N ha-1 was applied in 3 equal splits. The minimum total N uptake was found as 50.7 kg ha-1
in the N1A treatment, where N was applied as 50 kg ha-1 in 2 splits. The maximum amount of
TNdff was observed in the N3B treatment (25.6 kg ha-1). It was observed that, due to 3 split
application of N fertilizer, the N uptake by wheat from the fertilizer sources increased in all
treatments. Similarly, the highest and lowest value of TNdfs were observed as 74.3 and 42.4 kg
ha-1 under the treatments N3B and N1A, respectively (Fig. 2.2). Fertilizer N recovery (%) in
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wheat (kg ha-1) affected by different nitrogen level × split application at Satkhira are
summarized in Fig. 2.3.

FIG. 2.2. TN, TNdff and TNdfs in wheat (kg ha-1) affected by different nitrogen level x split application
in 2013-14. N1A = 50 kg N ha-1 applied in two splits; N1B = 50 kg N ha-1 applied in three splits; N2A =
100 kg N ha-1 applied in two splits; N2B = 100 kg N ha-1 applied in three splits; N3A = 150 kg N ha-1
applied in two splits; N3B = 150 kg N ha-1 applied in three splits; TN = total N; TNdff = total N derived
from fertilizer; TNdfs = total N derived from soil.

FIG. 2.3. Fertilizer N recovery (%) in wheat (kg ha-1) affected by different nitrogen level x split
application in 2014-15. N1A = 50 kg N ha-1 applied in two splits; N1B = 50 kg N ha-1 applied in three
splits; N2A = 100 kg N ha-1 applied in two splits; N2B = 100 kg N ha-1 applied in three splits; N3A = 150
kg N ha-1 applied in two splits; N3B = 150 kg N ha-1 applied in three splits.
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2.3.4. Effect of irrigation and nutrient management strategies on wheat production
under soil salinity (2014-15)
2.3.4.1. Weather data
During the experimental period (November 2014 to March 2015) different weather
parameters such as – maximum, minimum and average daily temperature (oC), daily rainfall
(mm), bright sunshine hours and relative humidity (%) etc. were collected from the nearby
weather sub-station at Satkhira, which are given in Fig. 2.4.
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FIG. 2.4. Weather (daily basis) of the experimental area during the wheat growing period. T =
temperature (oC); RH = relative humidity (%); BSH = bright sunshine hours; DL = day length.
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The average relative humidity ranged from 60 to 89%, average temperature ranged
from 15.5 to 29 oC, and the bright sunshine duration mostly ranged from 7 to 9 hour against
day-length of 10.6 to 12 hour. There was a substantial amount of rainfall at day 39 after sowing
(59 mm).
2.3.4.2. Soil salinity status
Soil samples collected from the experimental plots at different dates from wheat
sowing up to harvest were analyzed for soil salinity (dS m-1). Soil salinity status affected by
irrigation strategies at different soil depth intervals at different dates are presented in Table 2.4.
Initially (during November at wheat sowing) the salinity level was lower (ranged from 1.1 to
2.1 dS m-1) and gradually increased up to 8.1 dS m-1 at harvest.
TABLE 2.4 EFFECT OF IRRIGATION STRATEGY ON THE TIME COURSE OF SOIL
SALINITY (DS M-1) AT THREE DEPTH INTERVALS DURING 2014-15
Irrigationa
I1

I2

I3

I4

25/11/14 14/12/14 27/12/14 25/01/15 6/02/15

26/02/15

16/03/15

0-15

1.5

1.7

3.6

4.4

6.7

6.9

7.8

15-30

1.8

2.5

3.8

4.0

5.3

6.1

6.7

30-45

1.7

2.5

3.4

3.9

5.5

6.1

6.0

0-15

1.8

3.5

4.0

4.7

6.7

6.9

8.1

15-30

1.4

3.2

4.1

4.3

6.1

6.0

7.2

30-45

2.1

1.3

3.3

3.8

5.1

6.5

6.6

0-15

1.6

3.7

4.6

5.3

7.1

7.1

8.0

15-30

1.1

2.8

3.9

4.1

6.4

6.2

7.3

30-45

1.7

3.4

4.1

3.8

6.1

6.0

7.3

0-15

1.6

3.2

4.3

6.7

7.3

6.6

8.1

15-30

2.1

3.1

3.8

4.4

5.6

6.7

7.3

30-45

1.1

3.1

3.6

4.6

6.1

6.7

6.8

Depth (cm)

a

I1, 35% soil moisture depletion from field capacity (SMD); I2, 55% SMD, I3, 75% SMD; I4, farmer flooding
practice

2.3.4.3. Irrigation strategies
The mean effect of different irrigation strategies significantly influenced the yield and
yield components of wheat with some exceptions (Table 2.5 and Fig. 2.5). The maximum value
of plant height was observed under the irrigation treatment I1 (89.9 cm), where irrigation was
maintained at 35% moisture depletion from the field capacity moisture content. This result was
statistically identical (87.9 cm) with the irrigation treatment I4, which was practiced by farmers.
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The number of tillers per plant, spike length and number of grains per spike were not
significantly different among treatments. Considering the grain and straw yield of wheat, the
highest results were found under I1 treatment as 3.74 and 4.58 t ha-1 and the lowest yield of
3.21 and 3.57 t ha-1 were found under the I2 treatment.
TABLE 2.5 EFFECT OF IRRIGATION STRATEGY ON THE YIELD COMPONENTS OF
WHEAT DURING 2014-15
Treatmenta

Dimension (cm)

Number

1000 grain
weight (g)

Plant height

Spike length

Tillers plant-1

Grains spike-1

I1

89.9

9.3

7.1

45.3

42.9

I2

83.7

8.8

6.5

43.4

45.1

I3

81.7

7.8

5.7

44.0

44.4

I4

87.9

9.2

6.4

45.1

43.7

CV (%)

3.8

10.9

5.3

4.2

9.5

Significanceb

*

ns

ns

ns

*

a

I1, 35% soil moisture depletion from field capacity (SMD); I2, 55% SMD, I3, 75% SMD; I4, farmer flooding
practiceb *, P < 0.05; ns, not significant

FIG. 2.5. Mean effect of different irrigation approaches on the grain and straw yield (t ha-1) of wheat
during 2014-15. I1 = Irrigation at 35% soil moisture depletion from FC; I2 = Irrigation at 55% soil
moisture depletion from FC; I3 = Irrigation at 75% soil moisture depletion from FC; I4 = Irrigation as
farmer practices (4 flooding irrigations).

2.3.5.

Nutrient management

The mean effect of nutrient management on the growth and yield of wheat at Satkhira
during 2014-15 is shown in Table 2.6. Comparatively, the higher values of plant height, number
of tillers per plant and spike length, were observed as 87.1 cm, 7.0 tillers per plant and 9.1 cm
under the treatment T2, where additional gypsum (190 kg ha-1) was added with the
recommended dose of fertilizer based on STB. The maximum grain and straw yields of wheat
were also recorded under the same treatment T2, and here the yields were 3.72 and 4.44 t ha-1
for grain and straw, respectively.
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TABLE 2.6 EFFECT OF FERTILIZER MANAGEMENT STRATEGY ON THE YIELD
AND YIELD COMPONENTS OF WHEAT DURING 2014-15
Treatmenta

1000 grain
weight (g)

Yield (t ha-1)
Grain

Straw

44.7

43.4 b

3.2 b

3.7 b

7.0 a

44.2

44.7 a

3.7 a

4.4 a

5.3

10.9

4.2

9.3

7.5

6.9

*

*

ns

*

*

*

Dimension (cm)

Number

Plant
height

Spike length

Tillers
plant-1

Grains spike-

T1

84.5 b

8.5 b

5.8 b

T2

87.1 a

9.1 a

CV (%)

3.8

Significanceb

*

1

a

T1, application of N, P and K fertilizer according to STB; T2, T1 + addition of gypsum @ 190 kg ha-1
*, P < 0.05; ns, not significant; Data within a column followed by different lower-case letters are significantly
different
b

2.3.5.1. Interaction of irrigation and nutrient management strategies
The interaction of irrigation and nutrient management strategies significantly
influenced the yield and yield components of wheat (Table 2.7). The tallest wheat plant was
found under the treatment combination of I1 × T2 (90.9 cm), which was statistically similar with
the treatments I4 × T2 (89.2 cm), I1 × T1 (89.0 cm), I4 × T1 (86.9 cm) and I2 × T2 (85.5 cm).
Similarly, the maximum tiller number per plant and spike length were recorded under the same
treatment combination as 7.6 and 9.7 cm, respectively. In the case of grain and straw yield,
similar trends were observed and the highest yields of 4.01 and 4.83 t ha-1 were from the
treatment combination I1 × T2, respectively (Fig. 2.6).
TABLE 2.7 INTERACTIONS OF IRRIGATION AND NUTRIENT MANAGEMENT
STRATEGIES ON THE YIELD AND YIELD COMPONENTS OF WHEAT DURING 201415
Treatmenta

Dimension (cm)

Number

1000 grain
weight (g)

Plant height

Spike length

Tillers plant-1

Grains spike-1

I1 × T1

89.0 ab

8.9 a-c

6.5 c

46.3 a

41.4

I1 × T2

90.9 a

9.7a

7.6 a

44.3 ab

44.5

I2 × T 1

82.0 cd

8.6 bc

5.9 d

44.1 ab

44.6

I2 × T 2

85.5 a-d

9.1 ab

7.1 b

42.8 b

45.7

I3 × T 1

80.4 d

7.6 d

5.4 e

43.0 ab

44.0

I3 × T2

83 b-d

8.0 b-d

5.9 d

45.0 ab

44.8

I4 × T 1

86.9 a-c

8.7 bc

5.5 e

45.4 ab

43.5

I4 × T2

89.2 a

9.7 a

7.4 ab

44.9 ab

43.9

CV (%)

3.8

5.3

10.9

4.2

Significanceb

*

*

*

*

a

ns

I1, 35% soil moisture depletion from field capacity (SMD); I2, 55% SMD, I3, 75% SMD; I4, farmer flooding
practice; T1, application of N, P and K fertilizer according to STB; T2, T1 + addition of gypsum @ 190 kg ha-1
b
*, P < 0.05; ns, not significant; Data within a column followed by different lower-case letters are significantly
different
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FIG. 2.6. Interaction effect of different irrigation and fertilizer management strategies on the grain and
straw yield of wheat during 2014-15. I1 = Irrigation at 35% soil moisture depletion from FC; I2 =
Irrigation at 55% soil moisture depletion from FC; I3 = Irrigation at 75% soil moisture depletion from
FC; I4 = Irrigation as Farmer Practices (4 Flooding irrigations); T1, application of N, P and K fertilizer
according to STB; T2, T1 + addition of gypsum @ 190 kg ha-1.

2.3.5.2. Soil moisture monitoring, irrigation scheduling, total water used and water
productivity
Soil moisture was monitored in the experimental wheat field at different times for
proper irrigation scheduling, for determination of the quantity of irrigation water needed for
wheat growth and also to calculate the water productivity for wheat production. Soil moisture
fluctuations under different irrigation treatments during the wheat growing period are clearly
depicted in Fig. 2.7. The irrigation water requirement, total growing season ET, grain yield and
irrigation water productivity are summarized in Table 2.8. The traditional farmer’s practice
produced statistically identical yield with 35% depletion of plant available soil-water (I1). The
treatment I3, irrigation at 75% depletion of plant available soil-water, showed higher irrigationwater productivity of 873 and 748 kg ha-1 cm-1, i.e. here irrigation water was used effectively
but with lower yield. The traditional practice or irrigation at 35% depletion can be chosen as a
preliminary result, however, this is in need of confirmation.
2.3.6.

Effects of irrigation strategies on wheat production under soil salinity (2015-16)

The rainfall distribution during the cropping period is depicted in Fig. 2.8. A
significant amount of rainfall occured during 79 to 82 days after sowing. The pattern of soil
salinity throughout the growing season under different treatments are depicted in Fig. 2.9-2.10.
The mean effects of irrigation treatments on yield parameters and grain yield are presented in
Table 2.9. The treatments showed nonsignificant difference in yield parameters except for 1000
grain weight. The grain yield and straw yield also showed nonsignificant difference. At 55%
depletion of soil moisture, the yield was reasonable for all tested salinity levels, although
decreasing trend with increasing salinity. The frequency of irrigation and amount under
different treatments are given in Table 2.10. The crop water use, water productivity, and
irrigation water productivity under different treatments are summarized in Table 2.11. The
water productivity showed the highest value in the T5 treatment. The results of yield, irrigation
water and salinity level, suggest that the tested cultivar can be irrigated at 55% soil moisture
depletion and with irrigation water salinity of 3.0-6.0 dS m1.
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FIG. 2.7. Soil moisture under different treatments during the wheat growing period. I1 = Irrigation at
35% soil moisture depletion from FC; I2 = Irrigation at 55% soil moisture depletion from FC; I3 =
Irrigation at 75% soil moisture depletion from FC; I4 = Irrigation as farmer practices (4 flooding
irrigations).

2.3.7. Effect of soil amendments and nitrogen fertilizer application on the growth and
yield of wheat in saline soils of Bangladesh (2016-17)
2.3.7.1. Weather data
During the experimental period (30 November 2016 to 26 March 2017) different
weather parameters such as maximum and minimum average daily temperature (oC), daily
rainfall (mm), bright sunshine hours and relative humidity (%) were collected from the nearby
weather sub-station at Satkhira, which are given in Fig. 2.11-2.14. The average relative
humidity ranged from 62 to 88% and average temperature ranged from 8 to 33.5 oC.
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TABLE 2.8 INTERACTION OF IRRIGATION AND FERTILIZER MANAGEMENT
STRATEGIES ON TOTAL WATER USED AND IRRIGATION WATER PRODUCTIVITY
OF WHEAT DURING 2014-15
Treatmenta Number of Water (cm)
irrigations
I1 × T1

3

Irrigation
(IR)
9

Grain
yield

Rainfall Depletion Consumption
(Re)
(SM)
(IR+Re+SM) (t ha-1)
7.47

3.64

20.11

I1 × T2
I2 × T1

2

6

7.95

21.42

I2 × T2
I3 × T1

3.47 b-d 386
4.01 a

446

2.99 d

498

3.43 cd 572
1

4

8.70

20.17

I3 × T2
I4 × T1

Irrigation
productivity
(kg ha-1 cm-1)

4

12

2.14

21.61

I4 × T2

2.99 d

748

3.49 bc

873

3.15 cd 263
3.95 ab 329

a
I1, 35% soil moisture depletion from field capacity (SMD); I2, 55% SMD, I3, 75% SMD; I4, farmer flooding
practice; T1, application of N, P and K fertilizer according to STB; T2, T1 + addition of gypsum @ 190 kg ha-1
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FIG. 2.8. Rainfall amount and distribution during the experimental period in 2015-16.

2.3.7.2. Soil salinity status
Soil samples were collected from the experimental plots at different dates starting from
wheat sowing up to harvest and analyzed for soil salinity (dS m-1). Soil salinity values as
affected by different irrigation approaches at different soil depth intervals at different dates are
presented in Table 2.12. Initially (during November at wheat sowing) the salinity level was
lower (ranged from 4.7 to 5.2 dS m-1) and gradually increased up to 8.8 dS m-1 at harvest during
the month of March.
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FIG. 2.9. Soil electrical conductivity throughout the growing season during 2015-2016. T1 = Farmer’s
practice with 3 dS m-1 saline water; T2 = Irrigation at 35% depletion of PAW with 3 dS m-1 saline water;
T3 = Irrigation at 35% depletion of PAW with 6 dS m-1 saline water; T4 = Irrigation at 35% depletion
of PAW with 9 dS m-1 saline water; T5 = Irrigation at 55% depletion of PAW with 3 dS m-1 saline water.
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FIG. 2.10. Pattern of soil EC level throughout the growing season of the experimental plot during 20152016. T6 = Irrigation at 55% depletion of PAW with 6 dS m-1 saline water; T7 = Irrigation at 55%
depletion of PAW with 9 dS m-1 saline water; T8 = Irrigation at 75% depletion of PAW with 3 dS m-1
saline water; T9 = Irrigation at 75% depletion of PAW with 6 dS m-1 saline water; T10 = Irrigation at
75% depletion of PAW with 9 dS m-1 saline water.
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TABLE 2.9 EFFECT OF SALINITY LEVEL ON THE YIELD AND YIELD COMPONENTS
OF WHEAT DURING 2015-2016
Treatmenta Dimensions (cm)
Plant
height

1000 grain Yield (t ha-1)
weight (g)
Spike length Tillers plant- Seeds spikeGrain
Straw
Number of

1

1

T1

78

9.0

3.9

36

22.2 a

2.22

4.68

T2

80

9.0

4.0

32

19.6 abc

2.43

5.04

T3

80

8.8

4.4

32

18.4 bc

2.32

3.76

T4

76

9.4

4.3

32

17.5 c

2.25

3.49

T5

79

9.2

4.9

33

19.2 abc

2.55

4.44

T6

78

9.9

4.9

29

17.7 c

2.12

5.02

T7

81

8.5

4.4

30

18.9 bc

1.97

4.97

T8

80

9.4

4.3

35

22.1 a

2.00

4.29

T9

80

8.8

4.0

34

21.0 ab

1.88

4.58

T10

77

9.0

3.8

29

20.5 abc

1.85

3.63

Tukeyb

ns

ns

ns

ns

*

ns

ns

a

T1 = Farmer’s practice with 3 dS m-1 saline water; T2 = Irrigation at 35% depletion of PAW with 3 dS m-1 saline
water; T3 = Irrigation at 35% depletion of PAW with 6 dS m-1 saline water; T4 = Irrigation at 35% depletion of
PAW with 9 dS m-1 saline water; T5 = Irrigation at 55% depletion of PAW with 3 dS m-1 saline water; T6 =
Irrigation at 55% depletion of PAW with 6 dS m-1 saline water; T7 = Irrigation at 55% depletion of PAW with 9
dS m-1 saline water; T8 = Irrigation at 75% depletion of PAW with 3 dS m-1 saline water; T9 = Irrigation at 75%
depletion of PAW with 6 dS m-1 saline water; T10 = Irrigation at 75% depletion of PAW with 9 dS m-1 saline
water
b
*, P < 0.05; ns, not significant; Data within a column followed by different lower-case letters are significantly
different
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TABLE 2.10. IRRIGATION FREQUENCY, TIME OF IRRIGATION, AMOUNT OF
WATER USED AT EACH IRRIGATION AND IRRIGATION DEPTH FOR WHEAT
DURING 2015-16
Treatmenta

Irrigation frequency

Irrigation applied
(DAS)b

Water applied (cm)
irrigation-1

Total irrigation depth
(cm)

T1

2

30, 50

4.0, 3.2

7.2

T2

4

25, 42, 56, 77

4.0, 4.0, 2.9, 4.0

14.9

30, 42, 56, 77

4.0, 4.0, 2.9, 4.0

14.9

30, 77

4.0, 4.0

8.0

T3
T4
T5
T6
T7
T8
T9
T10
aT

-1
-1
1 = Farmer’s practice with 3 dS m saline water; T2 = Irrigation at 35% depletion of PAW with 3 dS m saline water; T3 =
Irrigation at 35% depletion of PAW with 6 dS m-1 saline water; T4 = Irrigation at 35% depletion of PAW with 9 dS m-1 saline
water; T5 = Irrigation at 55% depletion of PAW with 3 dS m-1 saline water; T6 = Irrigation at 55% depletion of PAW with 6
dS m-1 saline water; T7 = Irrigation at 55% depletion of PAW with 9 dS m-1 saline water; T8 = Irrigation at 75% depletion of
PAW with 3 dS m-1 saline water; T9 = Irrigation at 75% depletion of PAW with 6 dS m-1 saline water; T10 = Irrigation at 75%
depletion of PAW with 9 dS m-1 saline water
b DAS, days after sowing

TABLE 2.11. EFFECT OF IRRIGATION STRATEGY ON WATER USE AND WATER
PRODUCTIVITY OF WHEAT DURING 2015-2016
Treatmenta

Water (cm)
Irrigation
(IR)

T1

7.2

T2

14.9

Effective
rainfall (Re)

Crop evapotranspiration

Water productivity

(t ha-1)

(kg ha-1 cm-1)
Water

Irrigation

1.3

19.1

2.22

116

308

–1.7

23.8

2.25

95

152

T3

–3.5

22.0

2.32

106

156

T4

–4.8

20.6

2.43

118

164

–5.7

19.7

2.55

129

172

T6

–5.5

20.0

2.12

106

143

T7

–4.0

21.5

1.97

92

133

2.1

20.7

1.85

89

231

T9

2.0

20.6

2.00

97

250

T10

1.9

20.5

1.88

92

235

T5

T8

aT

14.9

8.0

10.6

Depletion
(SM)

Yield

= Farmer’s practice with 3 dS m-1 saline water; T2 = Irrigation at 35% depletion of PAW with 3 dS m-1 saline water; T3 =
Irrigation at 35% depletion of PAW with 6 dS m-1 saline water; T4 = Irrigation at 35% depletion of PAW with 9 dS m-1 saline
water; T5 = Irrigation at 55% depletion of PAW with 3 dS m-1 saline water; T6 = Irrigation at 55% depletion of PAW with 6 dS
m-1 saline water; T7 = Irrigation at 55% depletion of PAW with 9 dS m-1 saline water; T8 = Irrigation at 75% depletion of PAW
with 3 dS m-1 saline water; T9 = Irrigation at 75% depletion of PAW with 6 dS m-1 saline water; T10 = Irrigation at 75%
depletion of PAW with 9 dS m-1 saline water
1
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FIG. 2.11. Maximum and minimum temperature of the experimental area during 2016-17.

2.3.8.

Depth of ground water table and salinity status

Results of a study conducted adjacent to the wheat experimental field to monitor the
ground water table depth and the salinity status of the ground water collected at different dates
are presented in Figs. 2.15, 2.16.
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FIG. 2.12. Daily rainfall during the wheat crop from 30 November 2016 to 26 March 2017.
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FIG. 2.13. Daily sunshine hours during the wheat crop from 30 November 2016 to 26 March 2017.
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FIG. 2.14. Average humidity (%) during the wheat crop from 30 November 2016 to 26 March 2017.

TABLE 2.12. TIME COURSE OF SOIL SALINITY (DS M-1) AT SOIL DEPTH
INTERVALS DURING 2016-17
26/02/17

26/03/17

0-15

5.2

5.7

4.6

5.4

6.7

7.9

8.8

15-30

4.8

4.5
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4.7

5.3

6.1

6.7

30-45

4.7

5.5
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6.0

Water Table depth
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FIG. 2.15. Ground water table depth after wheat sowing in 2016-17.
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FIG. 2.16. Salinity level of ground water after wheat sowing in 2016-17.
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2.3.8.1. Wheat yield
Different soil amendments and N application strategies significantly influenced grain
and straw yields of wheat (Fig. 2.17). The highest grain yield of wheat (4.86 t ha-1) was observed
for treatment T5, where soil amendments such as gypsum (100 kg ha-1) and K (additional
amount of 90 kg ha-1) were applied along with the recommended dose of NPK fertilizer (N
fertilizer was applied in three equal splits at different growth stages of wheat). The lowest grain
yield of 2.54 t ha-1 was recorded under treatment T7 where only NPK fertilizers were applied at
the recommended dose. Moreover, in T7 all N fertilizer was applied in a single dose and no soil
amendment was added. Like wheat grain, the maximum (5.32 t ha-1) and minimum (2.90 t ha1
) straw yields were observed under treatments T5 and T7, respectively.
12

Wheat yield (tha-1)
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10.18
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FIG. 2.17. Grain, straw and total yield of wheat during 2016-17. T1-T7, Recommended dose of N, P and
K; T1, + application of gypsum @ 150 kg ha-1 and N in 3 splits; T2 + application of gypsum @ 150 kg
ha-1 and N in 2 splits; T3 + application of K @ 120 kg ha-1 and N in 3 splits; T4 + application of K @
120 kg ha-1 and N in 2 splits; T5 + application of K @ 90 kg ha-1 + gypsum @ 100 kg ha-1and N in 3
splits; T6 + application of K @ 90 kg ha-1 + gypsum @ 100 kg ha-1and N in 2 splits.

2.3.8.2. N concentration and N derived from fertilizer and soil
N concentration and N yield (kg ha-1) of wheat grain and straw showed a variation due
to the effect of soil amendments and N application strategy (Table 2.13). Among the different
treatments the highest concentration of N in wheat grain was found in treatment T5 (20.8 g kg1
) which yielded 101 kg ha-1, whereas the lowest N content was recorded under T3 treatment
(17.3 g kg-1) and here the N yield was 73 kg ha-1. The results of 15N enrichment, Ndff and Ndfs
in wheat grain and straw are presented in Table 2.14 and Fig. 2.18-2.19. The maximum amount
of N derived from fertilizer sources in wheat grain occurred under treatment T5 (Ndff = 46% =
50 kg N ha-1) and the minimum value was recorded for T7 (Ndff = 23% = 11 kg N ha-1).
Similarly, in the case of wheat straw the highest value of Ndff was recorded under the treatment
T5 (Ndff = 23% = 1.5 kg N ha-1) and the minimum value was for treatment T7 (Ndff = 13% =
0.33 kg N ha-1).
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TABLE 2.13 EFFECT OF FERTILIZER STRATEGY ON DRY MATTER YIELD, N
CONCENTRATION, 15N ENRICHMENT AND N YIELD OF WHEAT GRAIN AND
STRAW IN SALINE SOIL
Treatmenta

Dry matter

N concentration

15

N enrichment

N yield

(t ha-1)

(g kg-1)

(atom % excess)

(kg ha-1)

Grain

Straw

Grain

Straw

Grain

Straw

Grain

Straw

T1

4.42

4.76

18.8

5.1

2.05

1.04

83

24

T2

4.28

4.65

18.0

4.3

1.94

0.86

77

20

T3

4.24

4.60

17.3

4.0

2.01

0.89

73

18

T4

4.11

4.48

16.5

3.3

1.82

0.75

68

15

T5

4.86

5.32

20.8

6.2

2.36

1.20

101

33

T6

4.77

5.14

20.4

5.5

2.01

0.92

97

28

T7

2.54

2.90

17.4

3.6

1.22

0.68

44

10

a

T1-T7, Recommended dose of N, P and K; T1, + application of gypsum @ 150 kg ha-1 and N in 3 splits; T2 +
application of gypsum @ 150 kg ha-1 and N in 2 splits; T3 + application of K @ 120 kg ha-1 and N in 3 splits; T4 +
application of K @ 120 kg ha-1 and N in 2 splits; T5 + application of K @ 90 kg ha-1 + gypsum @ 100 kg ha-1and
N in 3 splits; T6 + application of K @ 90 kg ha-1 + gypsum @ 100 kg ha-1and N in 2 splits

TABLE 2.14 EFFECT OF FERTILIZER STRATEGY ON N DERIVED FROM
FERTILIZER AND SOIL OF WHEAT GRAIN AND STRAW IN SALINE SOIL
Treatmenta

N derived from fertilizer

N derived from soil

(%)

(%)

Grain

Straw

Grain

Straw

T1

40

20

60

80

T2

38

17

62

83

T3

39

17

61

83

T4

35

15

65

85

T5

46

23

54

77

T6

39

18

61

82

T7

24

13

76

87

a
T1-T7, Recommended dose of N, P and K; T1, + application of gypsum @ 150 kg ha-1 and N in 3 splits; T2 +
application of gypsum @ 150 kg ha-1 and N in 2 splits; T3 + application of K @ 120 kg ha-1 and N in 3 splits; T4 +
application of K @ 120 kg ha-1 and N in 2 splits; T5 + application of K @ 90 kg ha-1 + gypsum @ 100 kg ha-1and
N in 3 splits; T6 + application of K @ 90 kg ha-1 + gypsum @ 100 kg ha-1and N in 2 splits
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2.3.9. Simulation of wheat under different level of salinity – AquaCrop Model Study
(2015-16 and 2016-17)
The reference crop evapotranspiration (ETo) values ranged from 1.3 to 5.4 and 1.6 to
5.1 mm day-1 throughout the growth period during the year of 2015-16 and 2016-17,
respectively (Fig. 2.20-2.21). Observed wheat yield and biomass under optimum (non-stressed)
conditions were used in model calibration. The observed and simulated yields for treatments T1
to T10 are provided in Table 2.15 and Fig. 2.22-2.23. The model simulated yields of wheat
closely matched with the observed yields for each treatment. For the calibration and validation
cases, simulated yields have a very narrow error margin (Root Mean Square Error is 0.21 and
0.15 for the years of 2015-16 and 2016-17, respectively) in comparison with the observed
yields. This proves the accuracy of the model to provide practical yield values using field
information.
120
N yield (kgha-1)

100
80
60

Total N

40

Ndff

20

Ndfs

0
T1

T2

T3

T4

T5

T6

T7

Treatments

FIG. 2.18. Total N and N derived from fertilizer and soil of wheat grain during 2016-17. T1-T7,
Recommended dose of N, P and K; T1, + application of gypsum @ 150 kg ha-1 and N in 3 splits; T2 +
application of gypsum @ 150 kg ha-1 and N in 2 splits; T3 + application of K @ 120 kg ha-1 and N in 3
splits; T4 + application of K @ 120 kg ha-1 and N in 2 splits; T5 + application of K @ 90 kg ha-1 +
gypsum @ 100 kg ha-1and N in 3 splits; T6 + application of K @ 90 kg ha-1 + gypsum @ 100 kg ha1
and N in 2 splits.
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N yield (kgha-1)

30
25
20

Total N

15

Ndff
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Ndfs

5
0
T1

T2

T3

T4

T5

T6

T7

Treatments

FIG. 2.19. Total N and N derived from fertilizer and soil of wheat straw during 2016-17. T1-T7,
Recommended dose of N, P and K; T1, + application of gypsum @ 150 kg ha-1 and N in 3 splits; T2 +
application of gypsum @ 150 kg ha-1 and N in 2 splits; T3 + application of K @ 120 kg ha-1 and N in 3
splits; T4 + application of K @ 120 kg ha-1 and N in 2 splits; T5 + application of K @ 90 kg ha-1 +
gypsum @ 100 kg ha-1and N in 3 splits; T6 + application of K @ 90 kg ha-1 + gypsum @ 100 kg ha1
and N in 2 splits.
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FIG. 2.20. Daily ET0 and rainfall from sowing to harvest of wheat in 2015-16.

FIG. 2.21. Daily ET0 and rainfall from sowing to harvest of wheat in 2016-17.
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TABLE 2.15 OBSERVED AND MODEL SIMULATED WHEAT YIELDS DURING 201516 AND 2016-17
Treatmenta

Observed yield (t ha-1)

Model simulated yield (t ha-1)

2015-16

2016-17

2015-16

2016-17

T1

2.43

2.86

2.51

2.87

T2

2.65

3.51

2.70

3.59

T3

2.03

3.44

2.07

3.45

T4

1.90

3.37

1.90

3.40

T5

2.41

3.57

2.45

3.57

T6

2.14

3.42

2.19

3.53

T7

2.16

2.97

2.15

2.97

T8

2.25

3.06

2.36

3.04

T9

2.00

2.94

2.12

2.97

T10

1.63

2.62

1.75

2.57

a

T1 = Farmer’s practice with 3 dS m-1 saline water; T2 = Irrigation at 35% depletion of PAW with 3 dS m-1 saline
water; T3 = Irrigation at 35% depletion of PAW with 6 dS m-1 saline water; T4 = Irrigation at 35% depletion of
PAW with 9 dS m-1 saline water; T5 = Irrigation at 55% depletion of PAW with 3 dS m-1 saline water; T6 =
Irrigation at 55% depletion of PAW with 6 dS m-1 saline water; T7 = Irrigation at 55% depletion of PAW with 9
dS m-1 saline water; T8 = Irrigation at 75% depletion of PAW with 3 dS m-1 saline water; T9 = Irrigation at 75%
depletion of PAW with 6 dS m-1 saline water; T10 = Irrigation at 75% depletion of PAW with 9 dS m-1 saline
water

FIG. 2.22. Observed and simulated yields of wheat 2015-16.
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FIG. 2.23. Observed and simulated yields of wheat in 2016-17.

2.4.

CONCLUSIONS

During the dry season, soil and water salinity increases with time and reaches the
maximum in the months of April–May. Also, the soil water content is reduced during the
months of November–May, thus causing difficulties growing cereal crops without irrigation
water. The maximum yield of wheat was observed under the irrigation strategy of 35%
depletion of soil water content along with the lowest level of salinity. Under a tolerable limit of
salinity, a comparatively higher yield was observed when irrigation was done at 55% depletion
of soil water content. Considering the different nutrient management practices for wheat
cultivation under salt affected / coastal region of Bangladesh, a significant improvement is
usually expected in the use of gypsum on saline soils as sources of Ca and S. It can be concluded
that application of amendments especially additional gypsum (190 kg ha-1) with the
recommended dose of fertilizer improved the yield and yield components of wheat
significantly. It was also concluded that wheat crops responded significantly to the applications
of N, K and gypsum.
Regarding the nitrogen management for wheat under salt affected areas, it was
observed that the split application of N highly influenced the growth and yield. The maximum
yield of wheat along with N uptake was noted when the N fertilizer was applied in 3 splits. It is
recommended that a dose of NPK + an additional application of K @ 90 kg ha-1 + an application
of gypsum @ 100 kg ha-1 with the N application in 3 splits be given to wheat crops in saline
soils (EC = 4.7 to 4.8 dS m-1 up to 0-45cm soil depth) in order to get optimum and sustainable
yields of wheat with improved N use efficiency.
The FAO model AquaCrop was calibrated by matching observed yield and biomass
data, and then validated with independent data sets. Subsequently, the calibrated model was
used to simulate grain yield for different irrigation approaches under different salinity levels,
and irrigation sequences with a view to develop appropriate irrigation management strategies
for wheat. This simulation study clearly showed a decreasing yield trend for wheat under
increased salinity along with decreasing the irrigation water frequency. As salinity
accumulation due to climate change and upstream withdrawal is a key issue affecting crop
32

production in Bangladesh, the model provides a tool to estimate the impacts of future changes
in water and soil salinity as well as climate parameters on wheat yield. The observed and model
simulated yields were close matches which indicates the accuracy of the AquaCrop model in
simulating wheat yields in different field and management conditions. If calibrated and
validated properly, the model can simulate yields of other dry season crops in the saline
condition of coastal areas like Bangladesh with variable soil, climatic and hydrological
conditions. Also, further analysis can be performed using this model on future wheat yields
under future potential climatic scenarios.
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Abstract

In the North China Plain (NCP), sustainable development of agriculture is restricted
by freshwater shortage and water quality deterioration. However, there is plenty of saline water
in shallow aquifers unutilized due to its negative effects on crop growth and soil salinization.
Recently, a new irrigation method for using saline water has been developed, that is to
alternately irrigate crops with freshwater at sensitive growth stages and saline water at nonsensitive stages. The experiments were conducted from October 2014 to June 2015 and from
October 2015 to June 2016 at the Hengshui Dryland Agriculture Experimental Station to
evaluate the effects of alternative irrigation with fresh and saline water (AIFS) on winter wheat
productivity and soil salinization.
Five treatments consisting of various combinations of fresh and saline water applied
at three growth stages (seedling, turning green-jointing, flowering-filling) were evaluated. Soil
water content was measured by the neutron probe, soil electrical conductivity (EC) and pH were
analyzed from soil samples, leaf 13C was analyzed by isotope-ratio mass spectrometry and
biomass accumulation was weighed manually at different growth stages. At the end of the wheat
growing season, the seed yields were measured. The experimental data were used to verify the
AquaCrop model and assess the long-term effects AIFS on soil salinization.
There were no significant differences for soil electrical conductivity and pH values
among all treatments after two years AIFS, but significant differences were found for soil water
dynamics among different treatments. Irrigating winter wheat with saline water at non-sensitive
growth stages and freshwater at sensitive stages alleviated the salt stress on biomass
accumulation and grain yield and acquired the higher biomass and grain yield among the five
treatments. The best irrigation model for alternately irrigating winter wheat with fresh and
saline water was AFSI3 (i.e. irrigated with freshwater at the turning green-jointing stage and
saline water at the flowering-filling stage) due to higher water use efficiency (WUE) and
moderate yields of winter wheat in the North China Plain. However, after AIFS saline water
irrigation for a long-term (e.g. 30 years), flood irrigation with a large volume of water (100~150
mm) at intervals of 5~6 years is recommended to move salt in the root zone to deep soil layers
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to decrease the effects of soil salinization on crop growth and harvestable yield. AquaCrop is a
robust tool to predict crop productivity and salt accumulation of a wheat field irrigated
alternately with saline and freshwater at different growth stages and is also used to assess the
long-term effects of AIFS on crop productivity and soil salinization.
3.1.

INTRODUCTION

Drought and water shortage are major problems facing agriculture in the North China
Plain (NCP). The loss of agricultural production each year due to these factors is more than the
sum of the losses caused by other factors. Wheat is an important grain crop in NCP, where its
water requirement has only been met through over-pumping deep groundwater, resulting in the
formation of a groundwater depression. Groundwater depletion from 2002 to 2014 averaged
7.2 ± 1.1 km3 year-1 [1, 2], and its level descended by 0.5~1 m year-1. The NCP is becoming
one of the greatest global hotspots of groundwater depletion, which can be detected by Gravity
Satellite. The scientific estimation explained that after 60 years the deep groundwater reservoir
will be empty due to the agricultural, industrial, and domestic development. Moreover, this has
been accompanied by serious environmental problems such as land subsidence and seawater
intrusion.
The combination of inter-basin water transfer, saline water use, micro-irrigation and
drought resistant varieties are strategies that should hinder groundwater depletion and recover
its storage in the NCP. There is plenty of saline water in shallow aquifers, but its use is limited
due to its negative effects on crop growth and soil salinization. Saline water use mainly includes
brackish water (shallow groundwater) and sea ice water. Brackish water (salinity of 2-5 g l-1)
can be used to irrigate crops, up to 0.6 km3 year-1 [3] by 2030. This value is close to 8.3% of
average annual groundwater depletion from 2002 to 2014. Therefore, utilization of brackish
water to irrigate crops provides a potential alternative to reduce deep groundwater depletion in
this region.
Recently, a new irrigation method for using saline water has been developed, that is to
alternately irrigate crops with freshwater at sensitive growth stages and saline water at nonsensitive stages. Sharma et al. [4] evaluated the effects of using saline drainage water in various
combinations with non-saline canal water for irrigation on soil properties and on the yields of
wheat and pearl-millet/sorghum grown in rotation under a monsoonal climate in India.
According to knowledge of how plants respond to salinity at different growth stages, Murad et
al. [5] also identified an appropriate irrigation scheduling method for cultivation of maize in
Bangladesh by conjunctively using the limited freshwater and the abundant saline water
resources.
It is essential to evaluate the long-term effects of saline water irrigation on soil
salinization and crop growth and yield. Kumar et al. [6] simulated salt dynamics in the root
zone and yield of a wheat crop under irrigated saline regimes and found that the SWAP model
could be used to simulate the salt dynamics in the crop root zone and yield of wheat with
acceptable accuracy under the irrigated saline environment. The model performed better for
prediction of relative yield of salt tolerant varieties as compared to the non-tolerant variety.
Hassanli et al. [7] also evaluated the performance of AquaCrop, SALTMED and SWAP models
under cyclic use of saline and non-saline irrigation water for forage maize yield in the Karaj
region of Iran.
The Land and Water Division of the Food and Agricultural Organization has
developed a crop water productivity model named AquaCrop to ensure efficient use of water
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and enhance crop water productivity to keep pace with the increasing population of the world.
It simulates yield response to water of herbaceous crops with the concept of normalized crop
water productivity [8] and is particularly suited to address conditions where water is a key
limiting factor in crop production. It attempts to balance accuracy, simplicity, and robustness,
which uses a relatively small number of explicit and most-intuitive parameters and input
variables requiring simple methods for their determination [8, 9]. Under the water-limited
environment in the North China Plain there is a need to maximize crop water productivity and
minimize soil salinization by combination of deficit irrigation and saline irrigation. This can be
achieved with the help of a validated water productivity model such as AquaCrop.
3.2.

MATERIALS AND METHODS

3.2.1.

Experimental site and treatments

The experiment was conducted from October 2014 to June 2015, and from October
2015 to June 2016 at the Hengshui Dryland Farming and Agriculture Experimental Station
(37.54 oN, 115.42 oE) belonging to the Institute of Dry Farming and Agriculture, Hebei
Academy of Agriculture and Forestry Sciences (Fig. 3.1).

FIG. 3.1. Experimental location: Dryland Farming and Water saving Agriculture Station at Hengshui
(Hebei).

37

The station is located in the middle of the Hebei Plain, with a typical continental
monsoon climate, adequate light, average frost-free period of 188 d, average annual sunshine
of 2600.5 h, annual average temperature of 12.6 oC, average annual rainfall of 500 mm, with
seasonal and inter-annual variations in distribution. The soil texture is silty clay (0-60 cm), soil
bulk density was 1.48 g cm-3 (0-30 cm), and field volumetric water content was 42.9%. Soil
organic matter and nutrient contents are given in Table 3.1.
TABLE 3.1 SOIL PROPERTIES AT THE EXPERIMENTAL SITE
Soil depth

Organic matter

Total N

（cm）

（g∙kg-1）

(g kg-1)

0-10

9.3

10-20
20-30

Available nutrient (mg∙kg-1)
N

P

K

5.8

77

1.8

115

9.3

5.0

40

1.5

90

7.9

4.7

23

1.2

65

Five treatments were applied (Table 3.2). CK was the rainfed control during the whole
wheat growth period. AIFS1: wheat received three irrigations with saline water at the seedling
stage, freshwater at the turning green-jointing stage and saline water at the flowering-filling
stage (Table 3.2); AIFS2: wheat was irrigated with freshwater at the seedling stage, saline water
at the turning green-jointing stage, and freshwater at the flowering-filling stage (Table 3.2).
AIFS3: no irrigation was applied at the seedling stage, fresh irrigation water at the turning
green-joint stage and saline irrigation at the flowering-filling stage. AIFS4: irrigated with saline
water at the turning green-joint stage and with freshwater during the flowering-filling stage. All
treatments were laid out in a randomized block design in 15 plots of 8 m × 12 m with three
replications.
TABLE 3.2 IRRIGATION TIME AND AMOUNT OF ALL TREATMENTS IN WHEAT
EXPERIMENTS (2014.10-2015.6; 2015.10-2016.6)
Seedling

Turning green
jointing

Flowering and
filling

AIFS1

Saline (4.35 dS m-1)

Fresh (0.39 dS m-1)

Saline (5.42 dS m-1)

AIFS2

Fresh (0.34 dS m-1)

Saline (4.63 dS m-1) Fresh (0.42 dS m-1)

Treatments
CK

AIFS3

Fresh (0.39 dS m-1)

AIFS4

Saline (4.63 dS m-1) Fresh (0.46 dS m-1)

3.2.2.

Saline (5.42 dS m-1)

Measurements of soil water/salt content, EC and weather parameters

Volumetric soil water content (SWC) in the centre of each plot before and after each
irrigation, or at least bi-weekly during crop growth and maturation, was measured with a CPN
Hydroprobe neutron moisture meter (NMM) at intervals of 20 cm from 20 to 100 cm depth,
and with a Minitrase portable time domain reflectometry (TDR) unit in the surface 20 cm. The
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NMM was calibrated when the access tubes were installed. Calibration was very consistent over
time and space in the plot area. Fresh and saline irrigation water was collected in 500 ml bottles
which were kept in the refrigerator at 4 oC for analysis of pH and EC. Soil samples were also
collected in the field and stored in plastics bags for laboratory analysis of pH and EC.
Meteorological data was measured by the standard automatic weather station powered
by solar energy. Variables measured included global radiation, air temperature, air humidity,
rainfall, and wind speed at 2 m above ground (Fig. 2). Meteorological data were analyzed with
Sigma plot.
The mean monthly temperatures were in 2014-2016, 10 oC in February, 20 oC for
April, and 30 oC for June. During the growing season, the lowest daily mean temperature was
10 oC in April 2015 and the highest was 30 oC in May. The mean monthly humidity ranged
from 60 to 80%. The lowest diurnal variation in humidity was 20% in June and the highest was
40% in April.

Relative humidity (%)

o

Daily air temperature ( C)

Sunlight duration (h)

14
12
10
8
6
4
2
0
30
20
10
0
-1 0
80
60
40
20

Windy veloceity (m/s)

0
5
4
3
2
1
0

Rainfall (mm)

40
30
20
10
0
1 4 /1 0 /1

1 4 /1 2 /1

1 5 /2 /1
D a te

1 5 /4 /1

1 5 /6 /1

1 5 /1 1 /0 1

FIG. 3.2. Weather conditions (2014.10-2015.6 and 2015.10-2016.6).
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1 6 /0 3 /0 1
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3.2.3.

Estimation of crop water use

The Irrigator’s Equation (Eq. 1) was used to estimate the depth of water applied.
Q×t=d×A

(1)

where Q is the flow rate (m3 s-1); t is the set time or total time of irrigation (hours); d is the
depth of water applied (mm) and A is the area irrigated (ha).
ETa is calculated by the soil water balance as given by Eq. 2:
ETa = P + I + R – D – ∆S

(2)

where ETa is natural crop evapotranspiration (mm day-1); P is precipitation (mm day-1); R is
runoff (mm day-1); D is deep water percolation (mm); ∆S is changes of soil water storage (mm).
3.2.3.1. Crop data collection
Plant samples were collected to measure above-ground and below-ground biomass at
the different growth stages, i.e. seedling (early February), green-up stage (February-March),
jointing stage (late March), elongation stage (early April), booting stage (late April), heading
stage (early May), middle stage of maturity (mid-May) and maturity (early June). Fresh and dry
plant weights were measured for each sample from each plot.
Carbon isotope (13C) determinations of leaf samplings were performed by isotope ratio
mass spectrometry at the stable isotope laboratory, in the Institute of Environment and
Sustainable Development in Agriculture, Chinese Academy of Agricultural Sciences.
To estimate the significance level of grain yield difference between the five treatments,
in each plot we manually sampled and weighed fresh grain from a subplot approximately 1 m
× 1 m in area before harvest by machine. Approximately 10 kg of fresh grain from each plot
was sampled and oven-dried to estimate the water content of the fresh grain. The dry grain yield
was calculated from the total fresh grain weight in each plot with its water content to estimate
the water use efficiency (WUE) of the wheat, which is the ratio of actual yield to crop water
consumed. If the crop yield is expressed in kg m-2 and the water use is expressed in m3 m-2, then
WUE has units of kg m-3 on a unit water volume basis.
3.2.3.2. Calibration and validation of Aqua Crop model
Before the model application, calibration and validation are important steps, which
involve a comparison between independent field measurements and output predicted by the
model. Soil water content over the root depth, canopy cover, above-ground dry biomass and
grain yield were considered for model evaluation. The performance of the calibrated model was
evaluated against independent data sets (experimental data of 2014–2015 season) which were
not used for model calibration. Different statistical indices including coefficient of
determination (r2), regression 1:1, absolute and normalized root mean square error (RMSE) and
agreement (D-index) were employed for comparison of predicted against observed data. The
coefficient of determination (r2) is expressed as percent in Eq. (3):
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where Pi and Oi refer to predicted and observed values of the study variables, respectively, e.g.
canopy cover (Cc), biomass, grain yield and evaportranspiration. Pavg and Oavg are the means
of the predicted and observed variables, respectively. The normalized RMSE is expressed as
percent in Eq. (4).
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Normalized RMSE gives a measure (%) of the relative difference of simulated versus observed
data. The simulation is considered excellent if a normalized RMSE is less than 10%, good if
the normalized RMSE is greater than 10% and less than 20%, fair if the normalized RMSE is
greater than 20% and less than 30%, and poor if the normalized RMSE is greater than 30%.
The index of agreement (D-index) was estimated according to Eq. (5). The closer the index
value is to one, the better the agreement between the two variables that are being compared and
vice versa:
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where Pi the predicted data, Oi is a measured observation, Pi′= Pi − Pavg and O i′ = Oi − Oavg
3.2.3.3. Evaluating long term effects of saline water irrigation with the AquaCrop model
After verification, the AquaCrop model was used to assess long-term effects of
alternate irrigation with fresh and saline water on soil salinization and wheat productivity in the
North China Plain. The model was used to evaluate the effects of different saline irrigation
scenarios (crop growth stages and depth of saline/freshwater applied) on soil salt accumulation
and grain yield. Using weather data from the study area from 1971 to 2010, years were classified
as: wet (W), normal (N), and dry (D), depending on the amount of annual precipitation (W >
third quartile, first quartile < N < third quartile, D < first quartile). The soil characteristics of
Hengshui station (Table 3.3) were used for the simulation.
TABLE 3.3 SOIL PHYSICAL CHARACTERISTICS OF THE EXPERIMENTAL SITE
Depth (m)
0.0-0.3
0.3-0.5
0.5-0.6
0.6-0.7
0.7-1.0

Moisture content (volume %)
Permanent
Field
wilting point capacity
14.0
32.2
15.3
34.3
13.1
26.7
18.6
38.4
16.5
37.1

Saturation

Bulk density
(g cm-3)

Ksat
(mm d-1)

44.1
46.4
43.2
46.1
45.3

1.42
1.50
1.45
1.40
1.43

230
230
300
200
220

Ksat, saturated hydraulic conductivity; CN, curve number of rainfall-runoff
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CN
75

3.3.

RESULTS AND DISCUSSION

3.3.1.

Effect of alternate irrigation with fresh and saline water on soil water content

During whole growth period soil water content in AIFS1 to AIFS4 treatments was
higher than that of CK (Fig. 3.3). Soil water content was distributed with similar patterns at
different growth stages among all treatments. The degree of soil water variations from CK were
higher than in AIFS1-AIFS4 by 4.2, 4.6, 3.3 and 3.5%, respectively. In the 0-100 cm soil layer
the degree of variation of soil water content in CK was less than those of the irrigation
treatments.
3.3.2.

Effect of AIFS on soil EC and pH

High EC soil readings indicate potential problems with soil salinity that require
attention. A good salinity management practice is needed to determine future action for
irrigation system design and application of saline water.
Volumetric water content (cm3/cm3)

FIG. 3.3. Effects of alternate irrigation with fresh and saline water on volumetric soil water content
(2014.10-2015.06 and 2015.10-2016.06).
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Soil salt content (electrical conductivity) and pH values of different treatments at
different growth stages are shown in Fig. 3.4 and Fig. 3.5, respectively. There were no
significant differences for soil electrical conductivity and pH values among all treatments after
short-term saline irrigation. During April and May, irrigation with saline water produced some
acceptable salt concentrations in the rootzone and increased gradually to the highest values in
May (Fig. 3.4), while the average of electrical conductivity showed an increased EC in
2015/04/13. EC decreased in 2015/05/22 after freshwater irrigation.
EC in the topsoil layer increased in AIFS1 compared with the other treatments due to
twice irrigation with saline water. Excess salts in the root zone hinder plant roots withdrawing
water from surrounding soil [10]. While increasing salinity in the soil solution can produce a
positive effect on soil stabilization at high levels, according to Chauhan et al. [11] the data on
soil salinity confirm the observation that moisture stress caused a yield decline in treatments
with supplemental irrigation with saline water. However, in the AIFS2 treatment the trends of
the effect of irrigation water on electrical conductivity (EC) decrease in the 0-100 cm soil layer
due to more freshwater moving salt to deeper soil layers, compared with CK. Our results
showed the effect of irrigation water salinity on soil EC can be deleted by freshwater washing.
The effect of irrigation water salinity on soil EC values observed during 2014-2015
and 2015-2016 (Fig. 3.4) showed a decrease between planting and the harvest period for the
AIFS2 treatment. Full irrigation treatments (AIFS1 and 2) resulted in low EC values at harvest
without a significant difference. Higher soil salinity levels were observed for deficit irrigation
regimes after harvesting (CK, AIFS3 and 4). Low values of EC should be due to the leaching
of soluble salts by freshwater irrigation and rainfall that occurred during the fall and/or winter
periods. Thus, alternate irrigation with freshwater and saline water seems to slow down the
effects of saline water irrigation on soil salt accumulation, as salts added by saline irrigation are
removed from the root zone by freshwater irrigation or rainfall.
In the 0-100 cm soil layer pH was affected by irrigation water salinity. Soil pH
increased from 7.5 to 8.5 in all soil depth over 0-100 cm (Fig. 3.5), which may have potentially
negative effects on root growth and uptake ability. The average pH covering from 7.0 to 8.5
was maintained by the addition of freshwater to allow the growth of winter wheat. Although
wheat has some resistance to some salinity levels, it could lose this tolerance by irrigation with
saline water. pH effects in the AFSI treatment were higher in the topsoil layer than the
subsurface soil layer (Fig. 3.5).
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FIG. 3.4. Effects of alternate irrigation with fresh and saline water on soil electrical conductivity
(2014.10-2015.06 and 2015.10-2016.06).

Billib et al. [12] reported that efficient water management is one of the key elements
in the successful operation of irrigation schemes in arid and semiarid regions. At soil pH values
approaching or in excess of 9.0 plants suffer from not only saline stress but also alkaline stress
caused by high pH. In fact, all treatments were at a moderately alkaline pH. It was reported by
Tyagi [13] that soils that have a high pH in these ranges are often calcareous with a high content
of calcium carbonate, and the alkalinity is generally measured in terms of the sodium adsorption
ratio (SAR), residual sodium carbonate (RSC) and adjusted SAR. Wheat is moderately
susceptible to high pH and may also suffer from nutrient deficiencies on these soils. The
increase in exchangeable sodium percentage (ESP) adversely affects soil physical properties,
including infiltration and aeration. Soil quality integrates the physical, chemical, and biological
components of soil and their interactions.
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FIG. 3.5. Effect of alternate irrigation with fresh and saline water on soil pH (2014.10-2015.06 and
2015.10-2016.06).

3.3.3.

Effect of AIFS on crop biomass accumulation

The effect of alternate irrigation with fresh and saline water on crop biomass
accumulation is shown in Fig. 6. At initial and middle stages, the effect of alternate irrigation
with fresh and saline water on crop biomass accumulation was not significant. However,
differences were significant in the biomass among treatments at maturity. AIFS3 had the highest
biomass while CK had the lowest biomass for two experimental seasons. As to below-ground
biomass (roots) and above-ground biomass there were similar effects of AIFS. There was a very
small difference among treatments at initial and middle stages, but a larger difference among
treatments occurred at the maturing stage.
Compared to the CK treatment, the AIFS1, 2, 3 and 4 treatments increased in dry
biomass of stem and leaf (60-158 g) for two years (from April, May to June), and the roots had
the same response as in March (Fig. 3.6). This was due to the effect in irrigation water salinity
on roots and it was indicated by the amount of saline water with EC amounts of 4.35, 4.63, and
5.42 dS m-1. Pearson and Bauder [10] reported that salinity becomes a problem when too much
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salt accumulates in the root zone to negatively affect plant growth. Excess salts in the root zone
hinder plant roots from withdrawing water from surrounding soil. Water deficit and saline water
increased the ratio of root to stem biomass for CK and other saline water treatments.
Plants growing in saline soils may appear water stressed [14]. This is because the high
salt content of the soil hampers the ability of plants to take up water from the soil. According
to Shannon et al. [15] all salinity effects may not be negative, and salinity may have some
favourable effects on yield, quality and disease resistance. Yadav et al. [16] reported that the
presence of salt in the soil reduces the ability of the plant to take up water, and this leads to a
reduction in growth rate, as salt stress affects all the major processes such as growth, water
relations, photosynthesis and mineral uptake.

(2014.10-2015.6)

46

FIG. 3.6. Biomass accumulation under alternate irrigation with fresh and saline water (2014.102015.06 and 2015.10-2016.06).

3.3.4.

Effect of AIFS on wheat production and water use efficiency (WUE)

Crop water use, yield and WUE for different treatments are shown in Table 3.4. During
the experimental period of two years the crop water use and yield of winter wheat was reduced
in the rainfed CK treatment. AIFS1 and AIFS2 acquired higher water use and yield than those
of AIFS3 and AIFS4 due to more than a single irrigation (90 mm saline or freshwater). Similar
results were reported by Fereres and Soriano [17] who found that crop water use efficiency was
highest for all crops during dry seasons when deficit irrigation was applied.
Among all treatments AIFS2 had highest yield and AIFS3 had the highest WUE over
two years. WUE was considered as an important adaptation to water stress in all treatments
(AIFS) with a good yield interaction. All AIFS management treatments improved soil water
status and further increased the yields and WUE. During irrigation months, the soil water was
maintained at high levels throughout the growth of winter wheat. According to Wan et al. [18]
tolerant crops show more or less constant WUE, while sensitive crops show a decrease in WUE
with increasing salinity, because of a stronger decrease than evapotranspiration. The best
irrigation model for irrigated winter wheat alternating with fresh and saline water was AFSI3
(irrigated with freshwater at the turning green stage and saline water at the flowering-filling
stage) due to higher WUE and medium yields.
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TABLE 3.4 EFFECTS OF IRRIGATION TREATMENTS ON CROP YIELD AND WUE
(2014.10-2015.6 AND 2015.10-2016.6)
Year
2014.10-2015.6

2015.10-2016.6

Treatments
CK
AIFS1
AIFS2
AIFS3
AIFS4
CK
AIFS1
AIFS2
AIFS3
AIFS4

Irrigation quota
(mm)
0
270
270
180
180
0
270
270
180
180

Water use
(mm)
324
453
432
395
387
335
442
446
431
409

Yield
(kg ha-1)
6150.0
8139.2
8976.7
8565.8
8096.7
6416.7
7966.7
8583.3
8450.0
7883.3

WUE
(kg m-3)
1.90
1.80
2.08
2.17
2.09
1.92
1.80
1.92
1.96
1.93

According to Tyagi [13] among the various application modes, direct application of
saline water can be practiced where the salinity of the water is such that a crop can be grown
within acceptable yield levels without adversely affecting soil health. This success, which we
could call conventional, can be used with many crops without significant loss of yield. Under
such conditions, good drainage management is essential to allow continuous movement of
water and salt through the root zone.
There were significant negative linear relationships between WUE and leaf carbon
isotope discrimination with coefficients of determination of R2 of 0.932 (n = 10) under five
water levels (Fig. 3.7). These results proved that leaf carbon isotope discrimination could
indicate crop water use efficiency [19].

FIG. 3.7. The relationship between water use efficiency and leaf carbon isotope discrimination under
five treatments for two growing seasons (2014.10-2015.6, 2015.10-2016.6).

3.3.5. Optimizing deficit irrigation of maize-wheat cropping system with the help of
AquaCrop model
3.3.5.1. Verification of the AquaCrop model with experimental data
We verified AquaCrop for winter wheat growth and water productivity with an
experimental data set, which included canopy development, soil water dynamics, transpiration
and evaporation, biomass accumulation, seed yield and WUE. Soil water changes, canopy
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development and evapotranspiration were simulated during October 2014 through June 2015
to acquire the validated parameters for the AquaCrop model (Fig. 3.8). There were similar
changes and small difference between the simulated and measured data. The simulated and
measured data for the final harvest biomass and seed yield and crop water use efficiency are
compared in Table 3.5.
3.3.5.2. The application of the verified AquaCrop model to assess the long-term effects of
AIFS
The long-term effects of saline water irrigation on soil salt accumulation with the
verified AquaCrop model were evaluated. If saline water (4.79 dS m-1) from the shallow aquifer
is used to irrigate winter wheat for 30 years, the 0-50 cm root zone salt content will arrive at
8.44~15.36% (Table 3.6). At these values, winter wheat will not germinate. If long-term
application of saline water is envisaged, flood irrigation with a huge water amount (100~150
mm) will be required to move salt beyond the root zone to deep soil layers at an interval of 5~6
years.
3.4.

CONCLUSIONS

The purpose of this research was to evaluate the effects of alternate irrigation with
fresh and saline water on soil salinization, biomass accumulation, crop water use and yield of
winter wheat grown in the North Plain China, and then based on these results to validate the
AquaCrop model. Finally, the long-term effect of alternate irrigation with fresh and saline water
on soil salinization and wheat productivity in the NCP was generated using this verified model
and historical meteorological data. Irrigating winter wheat with saline water at non-sensitive
growth stages and with freshwater at sensitive stages alleviated the salt stress on crop growth
(biomass accumulation) and acquired the highest biomass among five treatments.

a. CK
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b. AIFS1

c. AIFS2

d. AIFS3

e. AIFS4

FIG. 3.8. Simulation of winter wheat growth and water productivity with AquaCrop; Canopy
development; Soil water dynamics; Transpiration and evaporation; Biomass, seed yield and WUE.

TABLE 3.5 COMPARISON BETWEEN THE MEASUREMENTS AND PREDICTED
BIOMASS, SEED YIELD AND WATER USE EFFICIENCY (2014.10.10-2015.6.13)
Measurements

Predicated values

Treatments

Biomass
(t ha-1)

Seed yield
(t ha-1)

WUE
(kg m-3)

Biomass
(t ha-1)

Seed yield
(t ha-1)

WUE
(kg m-3)

CK
AIFS1
AIFS2
AIFS3
AIFS4

11.60
21.90
21.40
21.90
16.30

6.15
8.14
8.98
8.57
8.10

1.90
1.80
2.08
2.17
2.09

12.50
21.40
21.20
17.30
17.40

4.99
8.85
8.69
7.05
7.11

1.93
1.94
1.93
1.82
1.82

TABLE 3.6 THE LONG-TERM EFFECTS OF SALINE WATER IRRIGATION ON SOIL
SALT ACCUMULATION
Treatments
CK
AIFS1
AIFS2
AIFS3
AIFS4

Salt content of water (kg m-3) Irrigation amount (mm)
Fresh
0
0.2
0.2
0.2
0.2

Saline
0
3.6
3.6
3.6
3.6

Fresh
0
60
120
60
60

Saline
0
120
60
60
60

Topsoil (0-50 cm) salt
content (%)
10a
20a
30a
0
0
0
5.12
10.24 15.36
3.32
6.64
9.96
2.8
5.64
8.44
2.8
5.64
8.44
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The best irrigation model for alternate irrigated winter wheat with fresh and saline
water was AFSI3 (irrigated with freshwater at the turning green stage and saline water at the
flowering-filling stage) due to higher WUE and medium yields. However, for saline water
irrigation over the long-term (e.g. 30 y), flooding irrigation with a large volume of water (300500 mm) will be needed to move salt beyond the root zone to deep soil layers, in order to
decrease the effects of soil salinization on crop growth and harvestable yield. This finding may
contribute to alleviate the water crisis through increasing the utilization of poor-quality water
especially in water-limited regions similar to the NCP.
AquaCrop is a robust tool to predicate crop productivity and salt accumulation of
wheat irrigated alternately with saline and freshwater at different growth stages and is also used
to assess the long-term effects of AIFS on crop productivity and soil salinization. Therefore,
AIFS and AquaCrop have the potential to make a huge contribution to food security
improvement in water-limited areas such as the NCP.
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Abstract

Water shortage and soil salinization increasingly become the main factors constraining
sustainable agriculture in southern Xinjiang, China. Mulched drip irrigation, a water-saving
irrigation method, has been widely applied in southern Xinjiang for cotton production. In order to
evaluate the feasibility of two-dimensional model for simulating soil water and salt dynamics under
mulched drip irrigation, numerical simulations employing planar 2-D and 3-D models were
conducted and compared with field observations at Aksu, southern Xinjiang. No significant
difference was found between the planar 2-D and 3-D simulations for soil water flow, except for the
early stage of an irrigation event. The planar 2-D model had a poorer performance in predicting the
salt distribution in wide strip during the entire irrigation event. The soil water and salt contents
simulated by the planar 2-D model, however, were close to the mean values between two adjacent
emitters simulated by the 3-D model, and also coincided with the measurements with corresponding
RMSE less than 0.040 cm3 cm-3 and 2.27 g kg-1, indicating that the planar 2-D model was reliable
for field irrigation management. Subsequently, hypothetical numerical experiments were further
performed considering different irrigation durations and emitter spacings. The results revealed that
the planar 2-D model performed better at smaller emitter spacing for delineating soil water and salt
transport processes under mulched drip irrigation, and the upper limit value of the emitter spacing
suitable for the planar 2-D simulation increased with the prolonged irrigation duration. However, if
the effect of solute reaction on retarding solute transport was obvious, the emitter spacing suitable
for the planar 2-D simulation should relatively decrease.
4.1.

INTRODUCTION

Xinjiang province is located in the inland arid area of China with high evaporation and little
rainfall, and hence water shortage and soil salinization are the main concerns restricting the
sustainable agricultural development in this area [1]. Mulched drip irrigation, which can save water,
raise soil temperature, and restrain salt accumulation on the soil surface [2], has been widely applied
in Xinjiang for cotton production. Realizing the full potential of mulched drip irrigation requires
knowledge of the precise distributions of soil water and salt during the irrigation period.
Field experiments and process-based numerical models are critical methods to delineate soil
water flow and salt transport under irrigation. Field experiments are limited by time, space and
manpower, while numerical models can overcome such factors. Especially with the computer speed
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increasing and more comprehensive numerical models arising, numerical approaches are now
increasingly being used for evaluating and optimizing the irrigation strategies [3–5].
Soil water and salt transport under drip irrigation are three-dimensional (3-D) processes,
whereas for simplification, two-dimensional (2-D) models are often used for studying these
processes [6, 7]. Some studies approximated the drip irrigation process using planar 2-D model with
an equivalent line source [2, 8–10] while others simulated the process using an axisymmetric 2-D
model with an individual point source [11, 12]. Kandelous et al. [7] discussed the errors of soil water
content that are made by the approximation of a 3-D subsurface drip irrigation process into a 2-D
one on clay loam soil. Nevertheless, the feasibility of applying a planar 2-D model to delineate the
3-D soil water and salt transport processes under mulched drip irrigation in broader types of soils
remains elusive, and further study is needed for uncoupling the possible errors caused by such 2-D
simplification and for exploring the irrigation conditions suitable for the 2-D modelling.
COMSOL Multiphysics (COMSOL) is a highly integrated numerical simulation software
based on finite element theory, and has been widely used in chemical reaction engineering, structural
mechanics, earth science, heat transfer and other fields [13–16]. The subsurface flow module in
COMSOL is mainly used for simulating geophysics and environmental phenomena, such as
groundwater flow, solute transport, geothermal resources, etc. [17–22]. A considerable advantage of
flexible COMSOL is that the user can freely define any types of functions that may describe a
material property, source or sink term, and boundary conditions, and these functions can be either
temporarily correlated or spatially correlated [17]. In addition, users can define a unique set of partial
differential equations (PDEs) to describe the physical phenomena that are not included in the preset
modules. COMSOL also provides a large built-in library of meshing tools, numerical solvers, and
results visualization capabilities.
In this study, numerical simulations employing 2-D (hereafter, 2-D model refers to the
planar 2-D model) and 3-D models were conducted for studying soil water and salt transport
processes and were compared with the field observations. On these bases, hypothetical numerical
experiments were further performed considering different irrigation durations and emitter spacings
for sandy and loamy soils to investigate the irrigation conditions suitable for 2-D modelling of the
above processes. With these quantitative simulations, the study would provide broader insight into
the irrigation conditions suitable for simulating 3-D mulched drip irrigation processes into 2-D.
4.2.

MATERIALS AND METHODS

4.2.1.

Site description

The experiment of mulched drip irrigation was conducted in 2015 and 2016 at Aksu
National Water Balance Station (40°37′N, 80°45′E, 1028.0 m a.s.l.) in southern Xinjiang, China.
The study site is located at a typical cotton production area under a continental arid climate with
mean annual temperature of 11.2 ℃. The average annual precipitation is 45.7 mm which mostly
occurs from June to October, while the average annual evaporation from free water surface is 2500
mm. The average depth of the groundwater table is about 2.75 m and the soil texture is mainly loam
and silt loam (Table 4.1).
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TABLE 4.1 PARTICLE SIZE FRACTIONS AND CORRESPONDING SOIL HYDRAULIC
PARAMETER VALUES USED IN THE MODEL
θs

θr

Particle size fraction (%) in mm range

(cm)

<0.002

0.002−0.02

0.02−2

0–32

6.90

39.94

53.16

0.45 0.036 1.81

1.47 0.5

34.56

32–100

8.36

55.27

36.37

0.44 0.053 1.10

1.49 0.5

17.28

(cm3 cm−3)

α

Ks (cm
day−1)

Soil depth

(m−1)

n

l

θs is the saturated water content, θr is the residual water content, α, n, and l are van Genuchten shape parameters, and Ks
is the saturated hydraulic conductivity

4.2.2.

Field experiments

Three treatments were conducted with specified irrigation amounts of 46.8 mm (T1), 39.6
mm (T2), and 28.8 mm (T3), with the irrigation interval of about 7 d in 2015 and 2016. As shown
in Fig. 4.1, the "narrow mulch" planting mode was employed in 2015 (Fig. 4.1a), and "wide mulch"
mode was adopted in 2016 (Fig. 4.1b). Each plot was of 66.5 m × 6 m with four pieces of plastic
mulch in 2015 and of 66.5 m × 6.75 m with three pieces of plastic mulch in 2016. In the "narrow
mulch" mode, a piece of plastic mulch covered four rows of cotton and one drip tube, and the distance
between neighbouring mulches was 60 cm. The widths of wide and narrow strips were 65 cm and
10 cm, respectively. In the "wide mulch" mode, the wider plastic mulch covered six rows of cotton
and two drip tubes, and the widths of wide, narrow, and bare strips were consistent with the "narrow
mulch" mode.

FIG. 4.1. Schematics of the planting modes, modeling domains and boundary conditions for soil water flow
in 2015 (a) and in 2016 (b), e is no-flux boundary condition, f is time-variable pressure head boundary
condition, o is atmospheric boundary condition, and l is variable flux boundary condition.
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Soil samples were collected at every 20 cm depth interval up to 100 cm in wide and bare
strips for the measurement of soil water and salt contents. Soil water contents (cm3 cm−3) were
measured twice between two irrigation events using the oven drying method, and soil salt contents
(g kg−1) were measured weekly by drying the 1:5 soil water extract and weighting the solid residue.
Meteorological data were collected from the nearby meteorological station.
In 2014, a cosmic ray neutron probe was installed in the cotton field at Aksu Station. To
convert neutron counts into soil water content, soil samples at the distances of 25, 75, and 175 m
away from the cosmic ray probe, were collected in four directions on July 20 and July 26 (Fig. 4.2).
At each sampling point, soil samples were collected at every 10 cm depth interval up to 40 cm in
wide and bare strips for the measurement of gravimetric soil water content.

FIG. 4.2. The cosmic ray neutron probe and soil sampling points.

4.2.3.

Numerical experiments

COMSOL (version: 5.2, COMSOL Group, Sweden) was used for studying soil water and
salt transport processes under mulched drip irrigation. Firstly, the simulations employing 2-D and 3D models were performed according to the field experimental setup. In addition, to investigate the
feasibility of the 2-D simulation for different irrigation conditions, numerical experiments employing
2-D and 3-D models were performed considering different emitter spacings (i.e. from 10 to 60 cm
with a 5-cm interval) and irrigation durations (i.e. of 6, 12, 18, and 24 h, with corresponding irrigation
amounts of 10.3, 20.6, 30.9, and 41.2 mm, respectively) for sandy and loam soils, respectively. The
details of the modeling development are described below.
4.2.3.1. Governing partial differential equations
Soil water flow was simulated in 2-D and 3-D domains in a Cartesian coordinate system.
The Richards equation governing soil water flow in a variably saturated domain in the presence of
root water uptake is described as,

 
h  K  h 
(1)

S
 K h 

t

xi 

xi 

x1

where θ is the volumetric water content, h is the pressure head, t is time, K(h) is the hydraulic
conductivity, S is sink term accounting for water uptake by plant roots, and xi are spatial coordinates
(i = 1, 2 in the 2-D model, and i = 1, 2, 3 in the 3-D model, where x1 is the vertical space coordinate).
Soil hydraulic properties were described using the van Genuchten model [23].
The mobile-immobile (MIM) model is a physically based approach to describe solute
transport behavior and separates the porous medium into mobile and immobile regions. The
convective-dispersive process is restricted to the mobile zone, and the solute exchange between
mobile and immobile regions is described as a first-order process. The solute adsorption by the solid
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phase is described with a linear adsorption isotherm. Based on the above conceptual model, the
equations governing the solute transport in a mobile-immobile domain [24, 25] are described in Eqs.
2 (a-d)
  m cm    im cim   
c    ui m cm 


  m Dij m  
t
t
xi 
x j 
xi
  im cim 
   cm  cim 
t

(2a)
(2b)

m  m  fmbKd

(2c)

im  im  1  f m   b Kd

(2d)

where θm = θ − θim, fm = (θs − θim)/θs, θs is the saturated water content, θm and θim are the mobile and
immobile water contents, respectively, fm and (1 − fm) are adsorption fractions in the mobile and
immobile regions, respectively, cm and cim are the resident solute concentrations in the mobile and
immobile regions, respectively, ρb is soil bulk density, Kd is liquid/solid partitioning coefficient, γ is
the first-order exchange coefficient, ui (i = 1, 2 in the 2-D model, and i = 1, 2, 3 in the 3-D model) is
the averaged pore water velocity and uiθm equals to the flow rate qi, Dij (i, j = 1, 2 in the 2-D model,
and i, j = 1, 2, 3 in the 3-D model) is the dispersion tensor, given by Bear [26],
Dij   ij  T u  D    L  T  ui u j / u
(3a)
where δij is the Kronecker delta (δij = 1 if i = j and δij = 0 if i ≠ j), λL and λT are the longitudinal
and transverse dispersivities, respectively, u 
coefficient, given by [27],
D  D0  10/3 / s2



u

i

2

, D is the effective molecular diffusion



(3b)

where D0 is the molecular diffusion coefficient in water.
4.2.3.2. Domain geometry, initial and boundary conditions
For 2-D simulation, the domains were set as vertical planes (of 75 cm × 100 cm in 2015
and 112.5 cm × 100 cm in 2016) perpendicular to the drip tube (Fig. 1). For the case in 2015, the 3D domain has a length of 75 cm, a width of 30 cm (i.e. the distance between the neighboring emitters),
and a height of 100 cm.
The initial pressure head and salt concentration values were set as 2-D/3-D interpolation
functions based on the measured soil water and salt contents before drip irrigation. In the MIM model,
we assumed that a physical equilibrium existed between the mobile and immobile regions, and the
initial salt concentrations in the two regions were identical [25].
A time-variable flux boundary condition was applied to the boundary elements representing
the emitter. During irrigation, the 3-D model flux was set according to the dripper discharge rate (q),
and the 2-D model flux (q＇) was calculated based on the q, emitter spacing (Ld), and the radius of
the drip tube (r) [28]. After irrigation, the flux is equal to zero.
q 

q

.
(4)
 Ld r
Apart from the boundary representing the emitter, the others of 2-D model parameters were
identical with those of the 3-D model. A time-variable pressure head boundary condition, which
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corresponded to the soil water content measured at regular interval, was applied along the bottom
boundary for water flow. No-flux condition was established at the lateral boundaries. The upper
boundary was divided by the mulch into two parts: mulched and bare soil surface. No-flux boundary
condition was imposed at the mulched surface as the plastic mulch prevented passage of evaporation
and precipitation, and the time-dependent atmospheric boundary condition was used at the bare soil
surface. For solute transport, the irrigation water salinity was taken into account, while the rainwater
salinity was neglected due to the small precipitation amount. Third-type Cauchy boundary conditions
were used along all domain boundaries.
The potential evaporation and transpiration were calculated based on the meteorological
data. Reference crop evapotranspiration (ETo) was calculated using the FAO Penman-Monteith
method, and the potential evapotranspiration of cotton (ETP) was further obtained by multiplying
ETo with the crop coefficient. The leaf area index was used to divide ETP into potential evaporation
(EP) and potential transpiration (TP) using the empirical formula in the CERES model [29].
4.2.3.3. Sink term
The sink term, S, was used to account for root water uptake, which was calculated using the
macroscopic approach, described by Šimůnek et al. [30] as follows for the 2-D model:
S  h, ECw , x1, x2   1  h 2  ECw  b x1, x2  TPLt ,
(5)
where ECw is the electrical conductivity of soil water, α1(h) is a water stress response function
described according to Feddes et al. [31], α2(ECw) is a salinity stress response function described as
the threshold-slope model of Maas [32], b(x1, x2) is the normalized root density distribution function,
and Lt is the width of the soil surface associated with the transpiration process. The parameters for
soil salt transport and root water uptake are summarized in Table 4.2.
4.2.3.4. Model calibration and validation
The model was calibrated using the experimental data in 2015 and was further validated
using the experimental data in 2016. The calibrated soil hydraulic parameter values are given in
Table 4.1. To evaluate the model performance, the mean absolute error (MAE) and the root mean
square error (RMSE) were calculated to reflect the correspondence between the simulated and
observed values, as given in Eq. 6 and Eq. 7.
TABLE 4.2 PARAMETER VALUES USED IN THE MODEL
Parameter description
Immobile water content, θim
Exchange coefficient, γ
Liquid/solid partitioning coefficient, Kd
Longitudinal dispersivity, λL
Transverse dispersivity, λT
Solute diffusion coefficient in water, D0
Threshold parameter for the Feddes model, h1
Threshold parameter for the Feddes model, h2
Threshold parameter for the Feddes model, h3
Threshold parameter for the Feddes model, h4
Threshold value for the Maas model, ECT
Slope value for the Maas model, s

Units
cm3 cm–3
d–1
m3 g–1
cm
cm
cm2 d–1
cm
cm
cm
cm
dS m–1
dimensionless

Value
0.1
0.01
1.79×10–6
12
1.2
1.296
–10
–25
–500
–14000
15.4
0.026
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MAE 

1
N

N
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,

i 1 Oi  Pi 
N

RMSE 

N

(6)
2

,

(7)

where 𝑂 and 𝑃 are observed and simulated values, respectively, N is the number of observations.
4.3.

RESULTS AND DISCUSSION

4.3.1.

Soil water contents measured by the cosmic ray neutron probe

The soil water contents measured by the cosmic ray neutron probe are shown in Fig. 4.3. The cosmic
ray neutron probe is a convenient and non-destructive method to monitor soil moisture fluctuations
in a small region (with a radius of about 300 m). As irrigation amount and time were different for
each field at the Aksu station, two fields (i.e., the probe installation field and the flood irrigation field)
were selected to analyze the effect of irrigation on the probe measured data. The soil water contents
ranged from 0.07 to 0.39 g g-1 and increased with the irrigation and precipitation. The cosmic ray
neutron probe responded well to the irrigation and precipitation.

FIG. 4.3. The cosmic ray neutron probe measured soil water content.

4.3.2. Error analysis caused by simplifying 3-D mulched drip irrigation processes into
2-D ones
The changes of soil water distribution during the 24-h irrigation event for T1 are shown in
Fig. 4.4a. Soil around each emitter was firstly wetted as a hemisphere, and then the wetting patterns
of two adjacent emitters began to gradually overlap. With the irrigation proceeding, the overlap area
of two wetting patterns extended, and the water distribution between two adjacent emitters became
relatively uniform after a 12-h irrigation.
Similarly, soil salt content started to decrease at the beginning of the irrigation event within
a small region, and the size of the desalination area gradually increased with the irrigation proceeding
(Fig. 4.4b). However, the remaining soil salt did not become uniform between two adjacent emitters
during the entire 24-h irrigation event, and its content increased with increasing distance from the
emitter. In addition, the desalination area was smaller than the wetting pattern, and the horizontal
radius of the desalinated region at the end of the irrigation event was less than 20 cm.
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To compare the 2-D and 3-D simulated results, soil water and salt contents at the vertical
cross-section under the drip tube in the 3-D domain (marked as cross-section A) were compared with
those at the corresponding vertical line under the emitter in the 2-D domain (marked as line A). In
addition, the simulated values at three vertical lines at distances of 0, Ld/4, and Ld/2 away from the
emitter (marked as lines A1, A2, and A3, respectively) were compared for the cross-section A in the
3-D domain. As shown in Fig. 4.5, soil water contents at A1, A2, and A3 were different at the 0−20
cm layer after 2-h irrigation, but then tended to uniformity at the 0−100 cm layer after 12-h irrigation.
Soil salt contents at A1, A2, and A3 were different at the 0−10 cm layer after 2-h irrigation.
Surprisingly, the difference in soil salt contents among A1, A2, and A3 always existed, and appeared
at the 0−26 cm layer after 24-h irrigation. In addition, the 2-D model simulated values were close to
the mean values of the 3-D simulation (i.e., the mean values of A1, A2, and A3) across the irrigation
event.
The results suggested that soil water infiltration process at the beginning of a mulched drip
irrigation event was different from that of a line-source one. Such difference diminished over the
propagating wetting fronts and nearly vanished upon a complete merging of two adjacent wetting
patterns, when the 2-D model was able to describe the soil water dynamics under the mulched drip
irrigation. However, the 2-D model couldn’t precisely describe soil salt content for the wide strip
across the entire irrigation event. In addition, the 2-D model simulated soil water and salt
distributions were close to the average between two adjacent emitters.

FIG. 4.4. Simulated soil water (cm3 cm−3) (a, top) and salt (g kg−1) (b, bottom) distributions in 3-D domain
(75 cm × 30 cm × 90 cm) along an entire irrigation event, with sampling time from left to right of 2, 6, 12,
18, and 24 h. Values of soil water and soil salinity were given in the legends on the right.
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FIG. 4.5. Comparison of simulated soil water (a) and salt (b) contents using 3-D (black lines) and 2-D (red
lines) models along a continuous irrigation event. The blank dash lines represent the simulated results of A1,
A2, and A3 in 3-D domain, respectively, and the blank solid lines are the average results of the three lines.
Red lines mark the simulated results of A in 2-D domain.

4.3.3.

Comparison of the 2-D model simulated and measured values

The 2-D model simulated soil water contents were compared with the measured values at
different observation points, and the results of T1 in 2016 are shown in Fig. 4.6. The simulated
fluctuations of soil water content were more drastic in the upper layer as compared with those of the
lower layers, and in wide strip as compared with those of the bare strip due to irrigation, evaporation,
and transpiration. The MAE and RMSE values between the measured and simulated soil water
contents are summarized in Table 3. The MAE values ranged from 0.023 to 0.033 cm3 cm−3, and
RMSE values ranged from 0.030 to 0.040 cm3 cm−3, indicating a good agreement between the
measured and simulated soil water contents. Other studies [9, 33, 34] also showed a similar
magnitude of difference between measured and simulated soil water contents.
The comparison between simulated and measured soil salt contents at different sampling
times of T1 in 2016 is shown in Fig. 4.7. Since a small quantity of irrigation water reached to the
bare strip, the irrigation-driven salt leaching mainly occurred under the mulch. Evaporation took
place at the exposed soil surface, which led to the salt accumulation in the bare strip. The salinity
difference between the mulched and exposed areas was found mainly within 40 cm below the soil
surface. The MAE values between simulated and measured soil salt contents ranged from 0.78 to
1.89 g kg-1, and the RMSE values ranged from 1.14 to 2.27 g kg-1, which are acceptable for a complex
and highly dynamic soil system. These statistical results indicated that the calibrated model
implemented by COMSOL could describe soil water and salt transport under the mulched drip
irrigation.
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FIG. 4.6. Measured (dots) and simulated (lines) soil water contents for wide and bare strips at different depths
for T1 in 2016.

FIG. 4.7. Measured (dots) and simulated (lines) soil salt contents for T1 on (a) July 1, (b) July 21, (c) August
4, and (d) August 23, 2016.

TABLE 4.3 STATISTICAL COMPARISON OF OBSERVED AND SIMULATED VALUES IN
2015 AND 2016
Year
2015

2016

Treatment
T1
T2
T3
T1
T2
T3

Soil water content (cm3 cm–3)
MAE
0.032
0.026
0.033
0.029
0.023
0.026

RMSE
0.037
0.032
0.040
0.034
0.030
0.032

Soil salt content (g kg-1)
MAE
1.89
0.97
1.82
1.26
0.78
0.83

RMSE
2.27
1.35
2.18
1.69
1.54
1.14
62

4.3.4.

Analysis of irrigation conditions suitable for the 2-D simulation

To investigate the feasibility of the 2-D simulation for different irrigation conditions,
numerical experiments were performed considering different emitter spacings and irrigation
durations, respectively. In the 3-D domain, three sets of observation nodes were located at three
horizontal positions between two emitters (i.e., 0, Ld/4, and Ld/2 away from the emitter, denoted as
3-D1, 3-D2, and 3-D3, respectively) and at the depths of 0, 10, 20, 30, and 40 cm, which
corresponded to a set of observation nodes at the same depths under emitters in the 2-D domain to
obtain soil water and salt contents. The RMSE values between the simulated soil water contents of
3-D1 and 3-D3 were calculated to quantify the uniformity of soil water distributions between two
emitters in the 3-D domain, and those between the 2-D simulated soil water contents and the mean
values of the 3-D domain (i.e., the average results of the simulated values of 3-D1, 3-D2, and 3-D3)
were used to quantify the correspondence between the simulated results of 2-D and 3-D models. In
addition, mean relative error (MRE) values [35] were used to quantify these comparisons for soil
salt content.
4.3.4.1. Soil water flow
The statistical comparisons between the simulated soil water contents using 3-D and 2-D
models for two types of soils, five emitter spacings (only a portion was listed) and four irrigation
durations are summarized in Table 4.4. The RMSE values between 3-D1 and 3-D3 for the sandy soil
were generally larger than those for the loam soil under the same irrigation conditions. It was
primarily due to the higher hydraulic conductivity of the sandy soil, which increased the horizontal
heterogeneity of the soil water distribution. As the emitter spacing increased, whether for sandy or
loam soil, the RMSE values between 3-D1 and 3-D3 increased. When irrigation duration increased,
the RMSE values between 3-D1 and 3-D3 gradually decreased as the 3-D water flow under mulched
drip irrigation became similar with the infiltration process under a line source. The changing pattern
of the RMSE values between 3-D and 2-D models was similar with that between 3-D1 and 3-D3 as
the relatively uniform water distribution between two emitters is beneficial to the simplified 2-D
simulation. For each case, however, the RMSE values between 3-D and 2-D models were much
smaller than those between 3-D1 and 3-D3.
The results indicated that the 2-D model performed better at smaller emitter spacing for
describing the soil water distribution under mulched drip irrigation, and the upper limit value of
emitter spacing suitable for 2-D simulation increased with the prolonged irrigation duration. In
addition, the 2-D model could, to some extent, predict the average soil moisture condition in the
mulched drip irrigated field. Specifically, the RMSE values for both comparisons were less than 0.05
cm3 cm−3 when emitter spacings were shorter than 15 cm for the sandy soil and 35 cm for the loam
soil, even for the short irrigation duration, evidencing a reliable simplified simulation using the 2-D
model.
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TABLE 4.4 STATISTICAL COMPARISON OF SIMULATED SOIL WATER CONTENTS USING
3-D AND 2-D MODELS AT THE END OF THE NUMERICAL EXPERIMENTS WITH
DIFFERENT EMITTER SPACINGS AND IRRIGATION DURATIONS
Soil texture
Sand

Emitter
spacing (cm)
15
20
30
40
50

Loam

20
35
40
50
60

RMSE (cm3 cm−3) at hour

Comparison

6
0.047

12
0.046

18
0.046

24
0.046

3-D with 2-Db

0.004

0.003

0.003

0.003

3-D1 with 3-D3

0.052

0.051

0.051

0.051

3-D with 2-D

0.007

0.006

0.006

0.006

3-D1 with 3-D3

0.064

0.062

0.061

0.061

3-D with 2-D

0.012

0.011

0.011

0.011

3-D1 with 3-D3

0.076

0.072

0.072

0.071

3-D with 2-D

0.017

0.016

0.016

0.015

3-D1 with 3-D3

0.092

0.084

0.082

0.082

3-D with 2-D

0.022

0.020

0.019

0.019

3-D1 with 3-D3

0.017

0.013

0.012

0.011

3-D with 2-D

0.006

0.005

0.004

0.004

3-D1 with 3-D3

0.038

0.025

0.021

0.019

3-D with 2-D

0.012

0.009

0.008

0.007

3-D1 with 3-D3

0.053

0.030

0.025

0.022

3-D with 2-D

0.015

0.010

0.009

0.008

3-D1 with 3-D3

0.095

0.047

0.035

0.030

3-D with 2-D

0.024

0.014

0.011

0.010

3-D1 with 3-D3

0.144

0.074

0.050

0.038

3-D1 with 3-D3

a

3-D with 2-D
0.040
0.019
0.014
0.012
3-D1 with 3-D3, the comparison between the simulated values under the emitter and halfway between two
emitters in 3-D domain. b 3-D with 2-D, the comparison between the simulated mean values of 3-D domain and
the simulated values of 2-D domain.
a

4.3.4.2. Soil salt transport
For soil salt transport, each case was considered in two situations: in the presence of solute
reaction (e.g., adsorption and precipitation) or not. The statistical comparison of soil salt content for
five emitter spacings (only a portion was listed) and four irrigation durations is shown in Table 4.5.
Similar to the soil water flow, the MRE values for soil salt content between 3-D1 and 3-D3 or
between 3-D and 2-D models both increased with the increasing emitter spacings. However, different
changing patterns of MRE values could be observed with the increasing irrigation duration. For
example, when the emitter spacing was 35 cm for the loam soil, the MRE values gradually decreased
without consideration of solute reaction, but gradually increased in the presence of solute reaction.
It was primarily because adsorption or precipitation would likely retard the salt leaching process.
The 2-D model performed better at smaller emitter spacing for describing the soil salt
distribution under mulched drip irrigation. Specifically, the degree of solute reaction should be taken
into account for the feasibility of the 2-D simulation. In the cases without consideration of solute
reaction, the MRE values for both comparisons were less than 10% when emitter spacing were
shorter than 20 cm for the sandy soil and 30 cm for the loam soil, respectively. However, the upper
limit value of the emitter spacing suitable for the 2-D simulation reduced when the solute reaction
was obvious.
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TABLE 4.5 STATISTICAL COMPARISON OF SIMULATED SOIL SALT CONTENTS USING 3D AND 2-D MODELS AT THE END OF THE NUMERICAL EXPERIMENTS WITH
DIFFERENT EMITTER SPACINGS AND IRRIGATION DURATIONS
Emitter
Soil
spacing Comparison
texture
(cm)
Sand 20
3-D1 with 3-D3
3-D with 2-D
25
3-D1 with 3-D3
3-D with 2-D
30
3-D1 with 3-D3
3-D with 2-D
40
3-D1 with 3-D3
3-D with 2-D
50
3-D1 with 3-D3
3-D with 2-D
Loam 20
3-D1 with 3-D3
3-D with 2-D
30
3-D1 with 3-D3
3-D with 2-D
35
3-D1 with 3-D3
3-D with 2-D
40
3-D1 with 3-D3
3-D with 2-D
50
3-D1 with 3-D3
3-D with 2-D

4.4.

MRE (%) at h
(without solute reaction)
6
12
18
24
6.0
3.9
2.8 2.1
1.3
1.3
0.8 1.1
11.7 8.6
6.2 4.4
1.9
1.8
1.1 0.8
19.0 15.2 11.2 8.5
3.1
2.5
2.0 1.3
34.4 34.1 28.2 22.8
6.8
6.3
4.7 5.1
46.6 55.7 51.6 44.1
9.9 11.5 10.2 9.8
4.4
3.1
2.3 1.8
0.9
0.6
0.4 0.3
9.7
8.5
7.1 6.0
1.7
1.2
0.9 0.7
12.3 12.3 10.5 9.0
2.1
1.4
0.9 0.6
14.13 16.6 14.8 13.04
3.48 2.7
2.0 1.73
17.01 25.0 23.9 22.35
5.07 4.8
4.1 3.67

MRE (%) at h
(with solute reaction)
6
12
18
11.9 11.4 10.3
3.0
2.7
2.8
14.8 16.6 16.4
3.7
4.0
4.2
16.8 20.7 22.1
4.1
5.0
5.5
17.7 23.8 28.9
4.6
5.8
7.2
18.7 25.5 30.9
5.1
6.3
7.5
10.4
9.4
8.3
2.1
1.9
1.5
14.9 17.4 17.7
3.2
3.9
3.9
15.3 19.0 20.6
3.0
4.0
4.4
16.2 20.9 23.4
3.8
4.8
5.5
17.1 22.6 26.4
4.3
5.3
6.4

24
9.3
2.0
15.8
3.4
22.4
4.9
30.8
7.5
35.0
8.2
7.5
1.3
17.4
3.7
21.0
4.4
24.9
5.7
29.2
6.9

CONCLUSIONS

The planar 2-D model was able to precisely describe the 3-D soil water flow under mulched
drip irrigation, except for the early stage of an irrigation event. However, the planar 2-D model had
a poorer performance in predicting the salt distribution in wide strip during the entire irrigation event.
In addition, the planar 2-D model could, to some extent, predict the averaged soil moisture and
salinity conditions in the mulched drip irrigated field.
The planar 2-D model performed better at smaller emitter spacings for delineating soil water
and salt transport processes under mulched drip irrigation, and the upper limit value of the emitter
spacing suitable for the planar 2-D simulation increased with the prolonged irrigation duration. If
the effect of solute reaction on retarding solute transport was obvious, the emitter spacing suitable
for the planar 2-D simulation should relatively decrease.
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Abstract

Salinization of land and water scarcity is a big threat to food security and agriculture
in the Zayandeh Rood Basin of Islamic Republic of Iran. Developing best practices for
sustainable and efficient use of land and water resources in this area is critical to avoid
desertification. Accurate crop development models are important tools in evaluating the effects
of different irrigation scenarios on crop yield or productivity and predicting yields to optimize
irrigation under limited available water for enhanced sustainability and profitable production.
A field study using a randomized complete block design with a split plot arrangement in three
replications was established. The main plots were 35, 55 and 75% Soil Moisture Depletions
(SMD) and the sub-plots were five wheat cultivars. The objectives of this study were to
investigate the effect of different scenarios of irrigation (crop growth stages) on wheat yield, to
separate evaporation (E) and transpiration (T) using isotopic techniques. Different soil moisture
depletion levels had significant (p<0.001) effects on wheat grain yield. The maximum harvest
index occurred at 55% soil moisture depletion and the lowest HI % was observed at 75% soil
moisture depletion. A sensitivity analysis of the model was conducted. AquaCrop model
successfully simulated grain yield and biomass in saline-sodic conditions with high accuracy.
Average values of normalized root mean square error (NRMSE), index of agreement (d), and
coefficient of determination (R2) of simulated grain yield were 6.2%, 0.91, and 0.89,
respectively while these indices were 3.8%, 0.94, and 0.92, respectively for biomass. The
highest yield loss was simulated in scenarios where saline water for irrigation was used at
sowing, tillering and booting stages. Salinity stress at these stages is likely to affect leaf growth,
tiller generation, canopy development and other crop traits which resulted in decreasing
biomass production and final grain yield. For simulation of soil water content, the average value
of NRMSE was 13.7%, while for the simulation of soil salinity it was 27.6%. Therefore, the
error of the model in simulating soil salinity is greater than that in simulating soil water content.
The proportion of evaporation to total evapotranspiration was smaller when wheat was sown in
early November. Adjusting planting date by AquaCrop model indicated that higher biomass and
grain yield are likely to be obtained when winter wheat is sown in early November than in
October possibly due to better crop canopy cover.
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5.1.

INTRODUCTION

Land degradation by salinization and alkalization and scarcity of water are the major
problems affecting food security and agriculture in central parts of Islamic Republic of Iran. In
these areas, soluble salts accumulate in soil, resulting in a gradual decline of crop production
[1]. Isfahan province, which is situated in the center of Islamic Republic of Iran (Fig. 5.1), has
more than 60 000 ha of agricultural lands affected by different forms of salinity. The main
reasons for such high scale soil salinization include dry climatic conditions, high temperature,
high wind speed, high evaporation, low rainfall, and poor farming practices [2]. The steady
growth of the region, coupled with the onset of climate change, have taken their respective tolls,
leading to increasing water scarcity. The increasing water demand in this area is putting pressure
on the Zayandeh Rud’s water resources as well as having negative impacts on the livelihood of
the people and ecosystems. As a result of climate change, temperatures have been rising
constantly, while annual rainfall has been declining and changing in this area. The increasing
water demand by different water users is leading to increased competition [3]. Farmers in this
area are uncertain about the use of land and availability of water resources for future agricultural
activities.

FIG. 5.1. Map of the study area

In Islamic Republic of Iran, the Zayandeh Rud River is regarded as a special resource
and it means “the life-giving river”. This river originates in the Zagros Mountains with a cold
and humid climate, which passes 405 km from the west to the east, providing irrigation water
to agricultural lands of Isfahan, and finally reaches the Gavkhuni marshes that are located 140
km south-east of the city of Isfahan, with an arid climate. Thus, the average annual precipitation
ranges from 1,500 mm at the Zagros Mountains, where the Zayandeh Rud River originates, to
only 80 mm near the desert [3].
Sustainable use of freshwater resources and their conservation is important in this area
because of the increasing water demand by the humans, industrial and municipal sectors. Due
to increased water demand by all sectors, water availability for agriculture is becoming limited,
thus affecting agricultural production and livelihoods of farmers in the area. Due to the limited
availability of freshwater, farmers mainly rely on using saline water for agriculture. Using saline
water for irrigation may lead to a decrease in crop yield and salinity build-up in the long run.
Studying the effect of using saline water for irrigation during sensitive growth stages under field
conditions is laborious as well as expensive. In such scenario, a modeling approach including
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the AquaCrop model which has the most potential as a useful tool to develop best irrigation
strategies. In this study, the AquaCrop model version 6.1, developed in 2018, was applied to
evaluate the effects of different irrigation scenarios on grain yield and water productivity of
wheat under a dry climate with saline-sodic soils. The soil moisture neutron probe (SMNP) was
used to measure soil water contents for irrigation scheduling in this study.
The agricultural sector in Islamic Republic of Iran is one of the most important
economic sectors, but limited water availability has a negative impact on the production of
many crops including wheat. More than 90 percent of the renewable water in the country is used
for agriculture, but this can’t meet the country’s water demand for irrigation because Islamic
Republic of Iran is situated in one of the most arid regions of the world. The average annual
precipitation is 252 mm (one-third of the world’s average precipitation), where 179 mm (71%
of the total annual rainfall) is lost through unproductive water use (evaporation) [4]. To develop
best practices for efficient use of water on-farm, one needs individual assessment of water losses
by evaporation (E) and transpiration (T). At the farm level, evapotranspiration (ET) can be
measured using conventional methods such as Bowen ratio, eddy covariance, gradient systems
and weighting macro-lysimeters, but these methods can’t differentiate between E and T, which
are controlled by different biotic and abiotic factors [5–8].
Two isotopic methods have been developed to separate E and T, including isotope
mass balance (IMB) and the Keeling Plot. Compared to the Keeling Plot, IMB is a relatively
simple technique for assessing time-averaged fluxes of E and T under field condition. IMB is
also a simple method to partition between E and T, because of its reliance on mass balance of
the amount (mass) and isotopes of water. Meanwhile, it is also simple in operation and can be
used for plot experiments in the field, because it does not measure the isotopic composition of
water vapor, which is generally difficult under field conditions. However, it only provides a
time-averaged estimation of soil evaporation for a given period within the entire crop [9–11].
In our study, the IMB method was applied to separate E and T from ET for analyzing the
evapotranspiration components.
5.2.

MATERIALS AND METHODS

5.2.1.

Study site

The Roudasht region (32º 29' N, 52º 10' E and elevation of about 1,560 m above mean
sea level) is located in the southeast area of Isfahan, in the central part of Iran, with about 50,000
ha of salt affected soils. This area comprises fertile agricultural land with a relatively flat
topography and medium to heavy textured soils. The climate is dry with low annual rainfall (<
100 mm) and high evapotranspiration demand (>1,500 mm). Agriculture is the main economic
activity of the region. Since there is insufficient rainfall (less than 100 mm per year) to leach
salts from the soil profile, soluble salts accumulate in the soil. The soil was classified as fine,
mixed, thermic, typic Haplosalids with ochric epipedon and salic horizon, containing sporadic
carbonates and small amounts of gypsum.
5.2.2.

Experimental design

A randomized complete block design with split plot arrangement in three replications
was used in our study. The main plots were 35, 55 and 75% Soil Moisture Depletions (SMD)
(I1, I2, and I3) and the sub-plots were five wheat cultivars namely: Parsi (V1), Arg (V2), Bam
(V3), Roshan (V4) and Ofogh (V5) (Fig. 5.2).
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In the region, wheat production varies with the quality and quantity of irrigation water.
Usual agronomic practices include, plowing and levelling field plots, applying triple super
phosphate (100 kg ha-1) as base fertilizer, followed by sowing wheat at 250 kg seed ha-1. Urea
fertilizer was applied at 200 kg N ha-1 in 3 split applications. Irrigation water was applied using
the surface flood method (basin irrigation) without runoff. Weeds were effectively controlled,
and no pests or disease were observed during the growing seasons.

FIG. 5.2 Layout of the experiment

5.2.3.

Physical and chemical characteristics of the soil

Soil samples were collected from four depths (0-30, 30-60, 60-90 and 90-120 cm) to
determine key soil physical properties. Particle size analyses were determined using the
hydrometer method. To determine bulk density, undisturbed soil samples were taken and mass
of dry soil was divided by the bulk volume of soil. Field capacity (FC) and permanent wilting
point (PWP) were measured using the pressure plate method (Table 5.1). Soils in the area are
alluvial deposits and are fine textured. The groundwater level is around 6.5 m below the surface.
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TABLE 5.1 PHYSICAL CHARACTERISTICS OF THE SOIL AT THE STUDY SITE
Depth

Distribution (g kg-1)

Moisture (volume %)

ρb

Ksat

Sat

FC

PWP

(g cm-3)

(mm day-1)

Silty clay loam

49

36

21

1.3

72

Texture
(cm)

Clay

Silt

Sand

0-30

390

430

180

30-60

550

380

70

Clay

52

32

22

1.4

51

60-90

610

340

50

Clay

47

36

23

1.5

21

90-120

490

420

90

Silty clay

43

34

21

1.6

30

>120

350

550

100

Silty clay loam

42

32

19

1.8

37

Sat, saturation; FC, field capacity; PWP, permanent wilting point

Composite soil samples taken from 0-30 and 30-60 cm depths before planting were
used to determine chemical properties. Soil electrical conductivity (EC) was measured by an
EC meter in the soil-saturated paste extract, and soil pH was measured by a glass electrode in
the soil-saturated paste. Water-soluble Na was determined in the saturation extract using a flame
photometer. Water-soluble Ca and Mg were measured by Atomic Absorption
Spectrophotometry. HCO3– and SO42- were measured by titration and acetone methods.
Chloride concentration was measured using titration with AgNO3. Soil organic carbon (C) was
determined using the Walkley-Black method. Total soil nitrogen was measured by the Kjeldahl
method. Available P was measured by the Olsen method, and available K by the ammonium
acetate method adjusted at pH 7. The sodium adsorption ratio (SAR) was calculated (Table 5.2).
TABLE 5.2 CHEMICAL CHARACTERISTICS OF THE SOIL AT THE STUDY SITE
Depth
(cm)

EC
(dS m-1)

pH

Ions (meq l-1)
Ca

Mg

Na

HCO3-

Cl

-

(mg kg-1)

Ions (ppm)

SO42-

N

OM

K

P

SAR

0-30

12.7

7.6

26

26

94

2.8

83

60

0.8

8.7

248

6.4

18.6

30-60

9.6

7.6

18

16

73

2.8

50

54

0.6

6.0

300

3.4

17.6
5

EC, electrical conductivity; OM, organic matter; SAR, sodium adsorption ratio

5.2.4.

Soil moisture measurement using neutron probe

Soil moisture measurements are critical in studies of soil-plant-water relationships. A
moisture neutron probe is a quick and less sensitive device to measure soil water content under
saline condition.
To calibrate the SMNP, aluminium access tubes were installed in the field to 2.2 m
depth. Wet site plots were established by irrigating to field capacity by berming the area and
ponding water until the wetting front descended below the bottom of the access tubes, and then
waiting until the soil drained to field capacity. Also, soil samples were taken close to each
access tube at each depth of reading (Fig. 5.3). For the surface soil, the equation for the 10 cm
soil depth was different from the equations for deeper layers. Reasonable calibration equations
were obtained separately for 10-60, 60-100, and 100-200 cm depth ranges (Table 5.3).
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FIG. 5.3. Images of SMNP calibration

TABLE 5.3 CALIBRATION EQUATIONS FOR THE SOIL LAYERS
Soil layer

RMSE

Row

Equation*

R2
(m3 m-3)

(cm)
1

0-10

𝜃 = 0.826

𝐶
+ 0.074
𝐶𝑠

0.92

0.025

2

10-60

𝜃 = 0.841

𝐶
− 0.017
𝐶𝑠

0.91

0.005

3

60-100

𝜃 = 1.127

𝐶
− 0.171
𝐶𝑠

0.88

0.009

4

100-200

𝜃 = 0.979

𝐶
− 0.092
𝐶𝑠

0.83

0.006

* where C and Cs referred to neutron probe counts and standard counts, respectively.

5.2.5.

Isotope mass balance method

Soil pits were excavated, and soil samples were removed from different depths. Soil
samples were sealed and stored frozen until analysis for soil-water was carried out. High-speed
centrifugation was used for deeper layers soils, while for surface soil, vacuum distillation was
used to extract the water from the soil, and samples were analyzed with a laser spectrometer.
5.2.6.

Yield data

After harvest, data including the number of fertile and infertile tillers per square meter,
grain, straw and total yields (t ha-1), weight of a thousand seeds (g), plant height (cm), spike,
peduncle and awn lengths (cm), numbers of nodes, grains per spike and tillers per plant were
measured for 35, 55 and 75% Soil Moisture Depletions (SMD) in different wheat cultivars.
Analysis of variance (ANOVA) using the mixed Model in SAS 9.4 was carried out to
determine the effect of different treatments. Tukey's Honestly Significant Difference (HSD)
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values at (P<0.05) were calculated when the treatment effect was found to be statistically
significant.
5.2.7.

Calibration and validation of the AquaCrop model

The performance of the calibrated model was evaluated against the experimental data
of 2014–2015 and 2017–2018 cropping seasons which were not used for model calibration
(Table 5.4). After model validation, the model was used to evaluate the effects of different
scenarios on grain yield and water use efficiency.
TABLE 5.4 CALIBRATION AND VALIDATION OF THE AQUACROP MODEL

5.2.8.

Calibration

Validation

2013-2014

2014-2015

2015-2016

2017-2018

Remote sensing indices

Soil salinization, a dynamic phenomenon, is extremely variable (both spatially and
temporally), thus posing the greatest challenge to researchers to accurately predict salinization.
Using conventional methods of salinity assessment is challenging and time consuming.
Therefore, finding an effective and robust method is essential for salinity assessment,
monitoring and mapping. Many researchers emphasize remotely sensed data techniques such
as airborne imagery, in-situ spectroradiometry and also combining spectral indices derived
from various sensors with the geochemical laboratory measurements for salinity measurement
[12, 13]. Remote sensing methods are reliable, cost effective (spatially in large areas), easy to
use in different time and spatial scales [14]. Currently, the most used source of imagery for
salinity detection remains multispectral remote sensing with the Landsat series sensors [15, 16].
Salinity researchers usually apply remote sensing as a tool for computing the Salinity Index
(SI). The different salinity indices can be calculated by the infrared and visible spectral
reflective bands in the electromagnetic spectrum [17].
We used three indices; Normalized Difference Vegetation Index (NDVI), Normalized
Difference Salinity Index (NDSI) and Normalized Difference Water Index (NDWI). Multispectral LANDSAT series of 1994, 1998, 2014 and 2017 were applied. The semi-automatic
classification plugin of QGIS was employed for satellite data pre-processing, namely the
radiometric calibration and the atmospheric correction. Due to using multi-temporal images of
different sensors, we were faced with changing sensor characteristics, atmospheric conditions
and acquisition characteristics which caused radiometric inconstancy [18, 19]. To reduce these
effects and increase the sensitivity, correction is necessary. As the study area is in Isfahan
Province, Iran, the path/row of the acquired satellite data is 163 and 38 (WRS-2). Landsat 5
was used for 1994 and 1998, and Landsat 8 for 2014 and 2017; the NDVI, NDSI and NDWI
indices during the month of April in the mentioned periods were applied to monitor salinity,
water and vegetation status, and then to delineate the salt affected soil.
Salt affected soils usually have poor vegetation due to osmotic and ion imbalance.
Among several vegetation indices, Normalized Difference Vegetation Index (NDVI) was used
to characterize crop growth conditions influenced by salinity. NDVI is the most common
vegetation index, but it also has its limitation, affected by the soil substrates and its brightness
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[20]. Dry soil generally has high reflectance and no absorption in the red spectrum; the unmixed
pixel is reported to be the main issue in dry lands for calculation of NDVI.
The NDVI was calculated via the following equation [20]:
NDVI =

NIR − Red
NIR + Red

where Red and NIR are the surface reflectance values in the red and near-infrared bands [21];
they are bands of 5 and 4 in Landsat 8 (OLI), but bands 4 and 3 in Landsat 5, respectively.
The Normalized Difference Salinity Index (NDSI) as a salinity index is the ratio of the
difference of two short-wave infrared (SWIR) bands divided by their sums [22, 23].

NDSI =

SWIR1 − SWIR2
SWIR1 + SWIR2

•

Landsat 8: SWIR1 = B6, SWIR2 = B7

•

Landsat 5: SWIR1 = B5, SWIR2 = B7

The Normalized Difference Water Index (NDWI) is the ratio of the difference of the
near-infrared and short-wave infrared (SWIR) bands divided by the summation of the two bands
[24].
NDWI =

•

Landsat 8: SWIR2 = B7, NIR = B5

•

Landsat 5: SWIR2 = B7, NIR = B4

5.3.

RESULTS AND DISCUSSION

5.3.1.

Vegetation status

NIR − SWIR2
NIR + SWIR2

According to NDVI results, vegetation cover decreased from 1994 to 2017 (Fig. 5.4),
with the area with low vegetation completely converting to bare land. This can be attributed to
climate change, high evapotranspiration and low precipitation, in these years. On the other
hand, deficiency of suitable water for irrigation caused salt accumulation as a result of
vegetation degradation.
5.3.2.

Salinity status

The high salinity area decreased from 1994 to 2017, while saline land increased
moderately (Fig. 5.5). Vegetation, as shown in the NDVI results, changed with salinity
variation. For instance, the area with low salinity and low vegetation in 1994 converted to
moderately saline land with no vegetation in 2017.
75

5.3.3.

Water content of vegetation

NDWI computation showed that dry lands increased from 1994 to 2017 (Fig. 5.6). In
general, it can be concluded that low vegetation as well as salinity is in coincidence with low
water index which can be investigated clearly in the 2014 evaluated indices.

FIG. 5.4. Normalized Difference Vegetation Index (NDVI) in different years.
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FIG. 5.5. Normalized Difference Salinity Index (NDSI) in different years.

FIG. 5.6. Normalized Difference Water Index (NDWI) in different years.
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5.3.4.

Harvest data analysis

Analyses of variance (ANOVA) of harvest data are given in Tables 5.5 and 5.6.
TABLE 5.5 ANALYSIS OF VARIANCE OF YIELD AND AGRONOMIC PARAMETERS
Yield (t ha-1)

Source of
variation

df

Year (Y)

Grains
spike-1

Tillers
plant-1

1000-grain
HI (%)
weight (g)

Grain

Straw

Total

3

107**

106**

412**

337**

8.6ns

3172**

338**

Y × Rep (R)

8

0.27

4.5

5.9

11.3

2.8

5.6

27

Irrigation (I)

2

67**

48**

226**

209**

12.8**

640**

226**

Y× I

6

3.9**

0.48ns

6.8ns

30ns

1.89*

69**

30**

16

0.71

1.11

3.3

13.1

0.58

7.6

2.1

Y×I×R
Variety (V)

4

16.7**

1.24ns

22.3**

1192**

1.88**

311**

232**

V×I

8

3.66**

5.7**

17.1**

54**

0.45ns

42**

17.6**

Y×V

12

0.92ns

0.26ns

1.06ns

10.4ns

0.21ns

14.2**

10.9*

Y×V×I

24

0.83ns

1.19ns

5.0ns

13.8ns

0.11ns

3.8ns

1.4ns

Error

96

0.66

1.30

4.8

17

0.39

3.25

5.7

CV (%)

-

12.1

12.9

5.2

12.3

16.1

11.6

5.6

TABLE 5.6 ANALYSIS OF VARIANCE OF PHYSIOLOGICAL PARAMETERS

Fertile

Infertile

Plant
height
(cm)

3

816807**

300**

2832**

138**

272**

25.5**

2.4**

Y × Rep (R)

8

31239

3.4

56

1.6

3.0

0.50

0.08

Irrigation (I)

2

27605ns

1251**

812**

13**

203**

0.92ns

0.09ns

Y×I

6

5468**

42**

24ns

0.85ns

6.2ns

0.005ns

0.004ns

Y×I×R

16

17958

4.2

23

0.51

5.8

0.27

0.04

Variety (V)

4

49302**

14.4**

2968**

60**

448**

182**

1.7**

V×I

8

19013*

20.0**

56ns

0.66ns

7.4ns

0.26ns

0.03ns

Y×V

12

1418ns

8.4*

27ns

5.8**

13.8**

0.76**

0.12**

Y×V×I

24

570ns

10.4**

8.0ns

0.11ns

2.8ns

0.05ns

0.02ns

Error

96

1523

3.7

31

0.34

5.7

0.15

0.04

CV (%)

-

12.9

10.5

6.8

5.3

7.5

7.9

5.9

No. of tillers (m-2)

Source of
variation

df

Y (Y)

Length (cm)
Spike

Peduncle

Awn

No. of
nodes

78

The analysis of variance indicates that in all traits, except the number of tillers, there
was a significant difference between two different years (α = 0.01). Also, the triple interactions
between factors of year, irrigation and variety of all traits are not significant except for the
number of infertile spikes m-2 (α = 0.01). In addition, the interaction between irrigation and
variety showed significant differences for the traits of fertile and infertile spikes, grain and straw
yields, 1000-grain weight, number of grains spike-1, total yield and harvest index (α = 0.01).
Among the five wheat cultivars (Fig. 5.7-8)), V4 (Roshan) produced the lowest grain
yield (Table 5.7). The grain yield decreased 16.2, 19.1, 25.0 and 17.4% in V4 (Roshan),
respectively, compared to those of V1 (Parsi), V2 (Arg), V3 (Bam) and V5 (Ofogh). The highest
number of grains per spike was observed in the V5 (Ofogh) cultivar. Different wheat cultivars
showed significant effects in 1000-seed weight, which decreased significantly in V5 (Ofogh)
compared to the other cultivars. The Roshan cultivar (V4) had the lowest HI % compared to
the other wheat cultivars due to low grain yield. Cultivars V4 (Roshan) had the highest plant
height and lowest awn and spike lengths (Table 5.8).
TABLE 5.7 GRAIN, STRAW AND TOTAL YIELDS, NUMBERS OF GRAINS PER SPIKE
AND TILLERS PER PLANT, WEIGHT OF A THOUSAND SEED AND HARVEST INDEX
OF WHEAT CULTIVARS
Yield (t ha-1)
Grain

Straw

Total

Grain
spike-1

V1

6.68 b

8.85 a

15.53 abc

31.6 b

3.9 ab

43.4 a

42.7 b

V2

6.92 b

8.78 a

15.70 ab

33.2 b

3.5 b

43.0 a

43.7 ab

V3

7.47 a

9.12 a

16.59 a

33.7 b

3.8 ab

42.7 a

44.6 a

V4

5.60 c

8.79 a

14.39 c

27.2 c

4.2 a

43.5 a

38.2 c

V5

6.78 b

8.61 a

15.39 bc

42.9 a

3.8 ab

36.6 b

43.8 ab

Treatments

Tillers
plant-1

1000-grain
weight (g)

HI (%)

HI, harvest index; Data within a column followed by different lowercase letters are significantly different (P <
0.05)

TABLE 5.8 THE MEAN NUMBER OF FERTILE AND INFERTILE TILLERS PER
SQUARE METER, PLANT HEIGHT, SPIKE, PEDUNCLE AND AWN LENGTHS AND
NUMBER OF NODES OF WHEAT CULTIVARS
No. of tillers (m-2)
Fertile

Infertile

Plant
height
(cm)

V1

657 b

17.3 b

76 c

11.9 a

28.1 c

6.9 a

3.2 c

V2

715 ab

18.8 a

80 b

11.2 c

33.4 b

5.3 b

3.2 c

V3

679 b

18.9 a

79bc

11.5 bc

33.5 b

5.6 b

2.9 c

V4

750 a

18.0 ab

98 a

8.7 d

36.3 a

1.0 c

3.6 a

V5

679 b

18.2 ab

78 bc

11.7 ab

28.4 c

5.5 b

3.4 b

Treatments

Length (cm)
Spike

Peduncle

Awn

No. of
nodes

Data within a column followed by different lowercase letters are significantly different (P < 0.05)
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The applied water led to significant reductions in grain, straw and total yields and
weight of thousand seed in the I3 treatment (75% soil moisture depletion) compared to I1 and I2
treatments (35 and 55% soil moisture depletions) (Table 5.9). Such decreases were attributed to
using long intervals between irrigation at the time when evapotranspiration was very high.
TABLE 5.9 THE EFFECT OF DIFFERENT SOIL MOISTURE DEPLETIONS ON GRAIN,
STRAW AND TOTAL YIELDS, NUMBERS OF GRAINS PER SPIKE AND TILLERS PER
PLANT, WEIGHT OF A THOUSAND SEED AND HARVEST INDEX
Yield (t ha-1)
Grain

Straw

Total

Grains
spike-1

I1

7.20 a

9.50 a

16.70 a

34.89 a

3.70 b

43.31 a

42.72 b

I2

7.39 a

9.18 a

16.58 a

34.74 a

4.36 a

44.13 a

44.51 a

I3

5.47 b

7.80 b

13.28 b

31.58 b

3.48 b

38.11 b

40.64 c

Treatments

Tillers
plant-1

1000-grain
weight (g)

HI (%)

Data within a column followed by different lowercase letters are significantly different (P < 0.05)

The number of tillers per plant in I1 and I3 treatments decreased about 15.1 and 20.2
% compared to the I2 treatment (Table 5.10). In the 75% soil moisture depletion treatment, the
number of grains per spike decreased significantly by about 9.5 and 9.1%, respectively,
compared to 35 and 55% soil moisture depletion treatments (Table 5.10). The maximum harvest
index was exhibited at 55% soil moisture depletion and the lowest in the 75% soil moisture
depletion treatment.
TABLE 5.10 THE EFFECT OF DIFFERENT SOIL MOISTURE DEPLETIONS ON
NUMBER OF FERTILE AND INFERTILE TILLERS PER SQUARE METER, PLANT
HEIGHT, SPIKE, PEDUNCLE AND AWN LENGTHS AND NUMBER OF NODES
No. of tillers (m-2)

Length (cm)

Fertile

Unfertile

Plant height
(cm)

I1

720 a

14.1 c

85 a

10.9 b

32.7 a

4.9 a

3.3 a

I2

688 a

17.5 b

84 a

11.5 a

33.3 a

5.0 a

3.3 a

I3

679 a

23.1 a

78 b

10.6 b

29.8 b

4.7 a

3.2 a

Treatments

Spike

Peduncle

Awn

No. of
nodes

Data within a column followed by different lowercase letters are significantly different (P < 0.05)

FIG. 5.7. Different varieties of wheat
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5.3.5.

Sensitivity analysis of the AquaCrop model

A qualitative sensitivity analysis was conducted, following the method of Geerts et al.
[25] which provides guidelines for the model calibration, and allows for a better interpretation
of the simulation results. The results of this analysis can be considered in the planning of further
field experiments. The classes low, moderate and high correspond to changes in the model
response of less than 2%, 2 to 20%, and more than 20%. The agronomic, soil and meteorological
data as well as irrigation management data were considered for sensitivity analysis. The results
of SA for input parameters to simulate grain yield are presented in Table 5.11.
Normalized water productivity (WP*) and reference harvest index (HIo) had a high
influence on the simulated yield; this is logical as Normalized water productivity is the
proportionality factor that allows derivation of biomass production from transpiration, and HI0
is the proportionality factor used to derive yield from biomass. Also, the maximum rooting
depth is a critical parameter in AquaCrop. The crop coefficient for transpiration, planting date,
canopy growth coefficient and maximum canopy cover had a moderate influence on crop
simulations. The canopy decline coefficient (CDC) had only a small influence on the simulation
results. The soil water content at saturation had a low influence on the model output. It has been
proposed as a redundant parameter that could be removed from AquaCrop for model
simplification [26]. Saturated hydraulic conductivity (Ksat) had no noticeable influence on our
simulation results. Model outputs were highly sensitive to the water salinity, SWC at FC and
EC of the saturated soil paste extract. The maximum air temperature had a moderate influence
on crop simulations.
TABLE 5.11. SENSITIVITY CLASSES OF AQUACROP INPUTS FOR WINTER
WHEAT
Input parameter

High sensitivity

Moderate sensitivity

Low sensitivity

Crop parameters

Normalized water
productivity (WP*)

Crop coefficient for
transpiration (Kc Tr)

Canopy decline
coefficient (CDC)

Reference harvest index
(HI0)

Planting date

Maximum rooting depth

Canopy growth
coefficient (CGC)
Maximum canopy
cover (CCX)

Soil parameters

SWC at field capacity

SWC at permanent
wilting point

Saturated soil paste
extract (ECe)
Management
irrigation
Climate parameters
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SWC at saturation
Saturated hydraulic
conductivity (Ksat)

Water salinity
Maximum air
temperature

5.3.6.

Application of the AquaCrop model to simulate the biomass and yield

The simulated grain and biomass yields showed good agreement with the measured
wheat yields. The AquaCrop model could very well predict biomass and grain yield of winter
wheat. Biomass was better simulated by the model than grain yield. The simulated grain yield
varied from 5 to 8.8 t ha−1, while the measured yield varied from 4.8 to 8.7 t ha−1 in both
cropping seasons. The low NRMSE values and the relatively high index of agreement (d) for
grain yield and biomass confirm the performance of the model in simulating biomass and grain
yield under saline-sodic conditions (Table 5.12).
TABLE 5.12 THE PERFORMANCE OF THE AQUACROP MODEL IN
PREDICTING GRAIN YIELD AND BIOMASS
Cropping
year
2014-2015

2017-2018
Index
NRMSE (%)
d
R2

Treatment
I1
I2
I3
I1
I2
I3

Biomass (t ha−1)

Grain yield (t ha−1)

Predicted

Observed

Predicted

Observed

20.1
19.7
18.1
17.3
17.0
16.5

19.8
20.1
18.2
16.9
17.2
16.0

8.8
8.1
7.7
6.7
6.3
6.1

8.4
8.7
7.9
6.3
6.7
5.8

3.8
0.94
0.92

6.2
0.91
0.89

5.3.7. Application of the AquaCrop model to simulate soil moisture water content and
soil salinity
The average electrical conductivity of the saturation soil extract (ECe) was determined
in each 0.2 m layer up to 0.8 m depth five times after sowing in all treatments. Statistical
comparison of observed and predicted soil water content and salinity are presented in Table
5.13. The model’s accuracy for simulation of soil water content was higher than the accuracy
for simulation of soil salinity. For simulation of soil water content, the average value of
normalized root mean square error (NRMSE) was 13.7%, while for simulation of soil salinity
it was 27.6 %. Therefore, the error of the model in simulating soil salinity is greater than that
in simulating soil water content. The coefficient of the residual mass (CRM) values for soil
salinity simulation were positive, which indicated underestimation of soil salinity by the model.
However, the model tended to overestimate the soil water content, which could be attributed to
evaporation through the soil cracks which was not detected by the model. The AquaCrop model
is based on the Convection-Diffusion Equation (CDE). The processes of sorption of salts,
degradation and sedimentation are not considered in soils with accumulations of gypsum and
lime.
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TABLE 5.13 OBSERVED AND PREDICTED SOIL WATER CONTENT AND SALINITY
Parameter
Soil water content

Soil salinity

Method

NRMSE (%)

d

CRM

R2

Calibration

13.1

0.79

–0.08

0.75

Validation

14.3

0.73

–0.09

0.71

Calibration

27.2

0.60

0.24

0.56

Validation

28.1

0.55

0.26

0.51

Statistical comparisons of measured and simulated soil water content and salinity at different
depths are presented in Table 5.14. The NRMSE is reduced with increasing depth for simulation
of soil water content and soil salinity.
TABLE 5.14. MEASURED AND SIMULATED SOIL WATER CONTENT AND
SALINITY AT DIFFERENT DEPTHS
Parameter

Soil water content

Soil salinity

5.3.8.

Depth (cm)

NRMSE (%)

d

CRM

R2

0 - 20

16.1

0.63

–0.09

0.58

20 - 40

14.4

0.69

–0.09

0.67

40 - 60

13.7

0.78

–0.08

0.76

60 - 80

12.8

0.85

–0.08

0.79

0 - 20

29.4

0.50

0.27

0.48

20 - 40

28.2

0.56

0.26

0.51

40 - 60

27.7

0.54

0.26

0.52

60 - 80

27.0

0.58

0.25

0.54

Model application for irrigation management scenarios

The AquaCrop model was used to simulate different scenarios. The highest yield loss
was simulated in scenarios where saline water for irrigation was used at sowing, tillering and
booting stages. Salinity stress at these stages can affect leaf growth, tiller generation, canopy
development and other crop traits which resulted in decreasing biomass production and final
grain yield. For the studied area, it can be concluded that using about 700 mm of irrigation with
an average water salinity level of 4 dS m-1, crop yields for winter wheat are expected to be
around 70% of the yield potential of 10-ton ha-1. The analysis of different scenarios showed that
the highest grain yield could be obtained by applying eight irrigations and using freshwater
three times until April. A further salinization of irrigation water to 8 dS m-1, will decrease the
crop yield for winter wheat to 80% of potential obtainable.
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FIG. 5.8. Winter wheat in saline-sodic soil

5.3.9.

Adjusting planting date by the AquaCrop model

Winter wheat obtained higher biomass and grain yield when planted in early
November than in October due to better crop canopy cover (Fig. 5.9). The crop canopy cover
affects the rate of transpiration and consequently biological yield and grain yield accumulation.

FIG. 5.9. Adjusting planting date by the AquaCrop model.

5.3.9.1. Isotope mass balance method
The isotope mass balance method was applied to determine the fractions of water lost
through soil evaporation and leaf-transpiration under different management strategies. The
proportion of evaporation to total evapotranspiration was smaller when the crop was planted in
early November (Table 5.15), indicating that the AquaCrop model gives good results for
adjusting planting date in this region.
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TABLE 5.15 THE RATIO OF SOIL EVAPORATION TO EVAPOTRANSPIATION (E/ET)
AND THE DURATION OF GROWTH STAGES FOR WINTER WHEAT
Year

Planting date

2013December 11
2014

2014November 9
2015

2015November 23
2016

5.4.

E/ET

Emergence Tillering

Stem
elongation

Booting

Total

E/ET

0.33

0.64

0.43

0.38

0.44

Time period

31/12/13
06/01/14

26/02/14
04/03/14

25/03/14
31/03/14

25/04/14
01/05/14

E/ET

0.37

0.45

0.30

0.25

Time period

19/11/14
25/11/14

26/01/15
01/02/15

02/03/15
08/03/15

29/03/15
04/04/15

E/ET

0.37

0.48

0.34

0.29

Time period

02/12/15
08/12/15

08/02/16
14/02/16

14/03/16
20/03/16

10/04/16
16/04/16

0.34

0.37

CONCLUSIONS

The AquaCrop model can be a vital tool to improve water productivity and crop yields
under saline-sodic conditions. The sensitivity analysis of the model under local conditions
provided useful information about the needed parameters and input variables for model
predictions. The highest yield loss was simulated in scenarios where saline water for irrigation
was used at sowing, tilling and booting stages, while the highest grain yield could be obtained
by applying eight irrigations and using freshwater for three times till April. Winter wheat
obtained higher biomass and grain yield when planted in early November than in October or
December due to better crop canopy cover. The crop canopy cover affects the rate of
transpiration and consequently total and grain yield accumulation. For the studied area, it is
concluded that with proper management of water, crop yields for winter wheat are expected to
be around 70% of the yield potential, otherwise soil degradation will occur. It seems that more
inputs of soil characteristics are needed to improve AquaCrop estimations. Adding CEC seems
necessary. In soils with different amounts of sodium, the negative effects of sodium may be
affected by other salts. If the concentration of other salts is not high, adding % ESP to the model
is essential, but warrants further testing.
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6.

APPLICATION OF ISOTOPIC TECHNIQUES FOR ASSESSMENT OF
SALT TOLERANCE AND N2-FIXATION BY TREES IN A MULTI-SPECIES
AFFORESTATION PROJECT
A. KHAMZINA
Korea University, Seoul
Republic of Korea
Abstract

In Central Asia, decades of intensive irrigation led to the desiccation of the Aral Sea
as well as elevated groundwater tables in irrigated agricultural areas, resulting in ubiquitous soil
salinization and an adverse impact on crop production. As an alternative to water-intensive
reclamation by leaching of highly salinized croplands, some degraded landscapes can be
converted to tree plantations of salt-tolerant species. The 12-year continuous monitoring in a
multi-species afforestation site established on degraded, highly salinized cropland shows that
water availability does not preclude the afforestation due to effective utilization of shallow
saline groundwater by trees. However, soil salinity increased significantly as the tree plantations
matured under non-irrigated conditions, requiring occasional salt leaching at the plantation sites
which therefore are not entirely independent of irrigation. Monitoring of foliar δ13C appears
promising for interpreting the relative salt tolerance among the tree species, given the consistent
δ13C variations for tree species and the responsiveness of δ13C values to salt leaching.
The efficient N2-fixation by actinorhizal E. angustifolia greatly contributed to selfsufficiency in nitrogen nutrition of the afforestation system under non-fertilized conditions.
Including E. angustifolia as a nursing plant in tree plantations may assist in restoration of P.
euphratica dominated native riparian forests and in revegetation of degraded croplands. The
15
N natural abundance method allows quantification of biological nitrogen fixation in trees but
the results need to be carefully interpreted considering the sampling material used (foliar or
whole-plant), plant age, and reference species due to the confounding of 15N signals during the
successional changes in tree stands over time.
Long-term studies provide an appropriate timeframe for understanding tree
community dynamics under changing environmental conditions in afforestation schemes and
for devising appropriate management options to inform land restoration practices. Therefore,
further monitoring is required including the use of C and N isotopic methodologies effective in
revealing important physiological responses of the candidate afforestation species to prevailing
salinity and nutrient deficiency stresses in degraded croplands.
6.1.

INTRODUCTION

In Central Asia, up to 50% of the irrigated land is affected by degradation, mostly due
to soil salinization and waterlogging. Agricultural yields reportedly declined by 20–30%,
resulting in annual losses of agricultural production as high as $2 billion from soil salinization
alone [1]. In the downstream area of Uzbekistan, where natural outflow of the groundwater is
restricted due to the low-lying land with a flat relief, a shallow groundwater table is reported
on over 80% of the cropland [2]. The salinity has been exacerbated by intensive irrigation
which, in the absence of appropriate drainage, raises the groundwater table, thus causing
movement of salts through capillary rise and their accumulation in the crop rooting zone [3].
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The common measure to cope with soil salinity is salt leaching and engineering
drainage. Such a practice requires a high input of freshwater and might be uneconomical for
severely degraded arid areas in view of precarious water supplies further reduced by upstream
water utilization and climate change. An alternative to the water-intensive reclamation by
leaching is an adaptive option of converting highly salinized cropland into multi-purpose
systems of salt-tolerant trees [4, 5]. The impact of afforestation on soil salinity is not uniform
and depends on a variety of factors, including hydro-geological conditions of the landscape,
strategies for tree planting and management as well as tree species characteristics, such as salt
tolerance and transpiration rates [6].
There is a body of published research indicating a reduction in soil salinity due to the
bio-drainage by trees, whereas studies in groundwater discharge zones reported a gradual
increase in salinity of the afforested soils due to the accumulation of salts excluded from the
root water uptake by salt-tolerant tree species [7]. This may eventually result in salinity stress
for tree plantations thus reducing their biomass production and supply of important ecosystem
services. Analyzing the mutual impact of soil salinity and tree growth is of interest for decisions
about appropriate silvicultural management i.e. rotation period, need for occasional leaching,
species choice. Soil salinity per se might not explain biomass yield variations, as plants differ
in salt tolerance which, particularly in perennial vegetation, also depends on growth stage. It
was argued by [8] that δ13C of plants, which reflects the cumulative salinity impact experienced
by plants over time, might be a more robust indicator for salinity stress.
Next to salt tolerance and phreatophytic features (ability to effectively utilize shallow
saline groundwater) of candidate species used in re- and afforestation, their success is
influenced by the ability to re-establish on degraded soil depleted of essential nutrients. Tree
species associated with salt-tolerant N2-fixing bacteria [9, 10] might therefore be useful in revegetating poor soils, enhancing organic matter and in consequence, facilitating the
successional development of vegetation on lands after decades in agricultural use.
Quantification of biological nitrogen fixation via actinorhizal symbioses, most common in tree
species, over time horizons beyond the seedling stage remains scarce in contemporary
published research. Such information based on continuous observations is essential for
quantifying the role of N2-fixing tree pioneers in rehabilitation of degraded forest and
agricultural sites. Besides the logistical difficulty of sampling large-sized plants there are
methodological shortcomings in field applications that ensue as the tree stands mature. The 15N
natural abundance method is considered most reliable for N2-fixation estimation of woody
perennials, large scale and field grown [11].
This report is focused on studies relying on the use of isotopic methodologies [12] for
the analysis of salinity-induced stress and of biological nitrogen fixation in afforestation species
under saline conditions. These studies particularly concern the question of long-term
sustainability of tree plantations established on nutrient-poor and salinized cropland soils.
Specific CRP-related objectives included the monitoring of soil salinity and moisture as well
as plant carbon and nitrogen parameters since tree planting and over 12 consecutive growing
seasons (2003–2014) for the assessment of:
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Root-zone soil water and salt dynamics in afforested plots;
Changes in 13C discrimination in afforestation species as a proxy of salt stress;
Efficiency of N2-fixation in afforestation species using the 15N natural abundance method.

6.2.

MATERIAL AND METHODS

6.2.1.

Description of the study region and research site

The study area is located in the Aral Sea Basin of northern Uzbekistan and covers
irrigated croplands of the Khorezm region and southern part of the autonomous Republic of
Karakalpakstan in the lower reaches of the Amudarya River. The total area is 854,500 ha, with
the irrigated cropland occupying about 410,000 ha. The study area is characterized by an
extremely arid, continental climate. The annual average air temperature is 13.4 °C with seasonal
temperatures ranging between 40 °C in summer to freezing in winter. Average precipitation
totals approximately 100 mm per year and occurs mostly outside the crop growing season
(April-October). Crop cultivation therefore is entirely dependent on irrigation, with the Amu
Darya River as the principal water source. The major crops are cotton, grown in rotation with
winter wheat on most of the territory, followed by rice and maize. Land degradation due to
secondary soil salinization is particularly widespread in these lowland areas, mainly due to
inefficient irrigation and drainage practices which cause a rise in groundwater tables and
threaten crop yields [3].
6.2.2.

Plantation and tree species characteristics

The study was conducted on a ~2.5 ha tree plantation (4165 N, 6062 E, 102 m a.s.l.)
established as an afforestation trial in March 2003 on a strongly salinized cropland in the
Khorezm region of Uzbekistan. The plantation was established on former riparian forest land
that had been cultivated with annual crops for about 20 years until the severe loss in land
productivity due to soil salinization. Two leaching events were performed at the site, prior to
tree planting in February-March 2003 and in the 9th year of afforestation in February 2012. At
each event about 1,500 mm of fresh to slightly saline water (≤2 dS m-1) was applied. The trees
received 80160 mm year-1 of irrigation (via drip or furrow) during the first two growing
seasons and thereafter relied entirely on the groundwater [13].
The winter-deciduous tree species of the afforestation experiment are two native
species: actinorhizal Elaeagnus angustifolia L. (Elaeagnaceae), principal species of native
riparian forest Populus euphratica Oliv. (Salicaceae), and an introduced timber species Ulmus
pumila L. (Ulmaceae). At the onset of the experiment, one-year-old saplings were arranged in
36 mono-specific, completely randomized plots (12 plots per species, 36 plots in total), spaced
3.5 m from each other. Each experimental plot initially included 70 one-year-old planted
saplings. Subsequently, over the period of 2003‒2014, the plots were gradually thinned from
5,714 to less than 4,000 trees ha-1. Survival rates of E. angustifolia, U. pumila, and P. euphratica
respectively averaged 97, 92%, and 57% during 2003‒2005. Thereafter no further mortality
was observed but a vigorous vegetative and sexual propagation of P. euphratica via root suckers
and wind-dispersed seeds was recorded in its own as well as in the neighbouring species plots.
Soils at the experimental site are old-irrigated meadow alluvial soils classified as salic
Fluvisols of a predominantly silt loamy texture with a high CaCO3 content (≈ 16%), slightly
alkaline reaction (pH ≈ 8) and a high water-holding capacity (available water content ≈ 190
mm) [4, 13]. Initial concentration of total N and available P (in fall 2003) were low, averaging
respectively 0.52 g kg-1 and 3.8 mg kg-1, but in subsequent years a build-up of the nutrients was
observed, particularly in plots of E. angustifolia [9]. Irrigation activities in surrounding
cropland regulated the groundwater level fluctuations and impacted the soil water-salt regime
in afforestation sites [14]. The concentrations of major nutrients in the groundwater, measured
at the end of the growing seasons, were low except for several peaks due to the short-term
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presence of mineral fertilizer leached from neighbouring cropping fields during fertilization
events [9].
6.2.3.

Plant sampling for dry matter measurements

The initial size of saplings i.e., dry matter of stem, twigs, coarse and fine roots, was
measured on 30 individuals of each species prior to planting. Over the course of the study, every
second row in each of the 7-row plots (i.e. 1-10 trees) was gradually harvested for
measurements of the biomass accumulation at the end of the growing seasons 2006, 2007, 2009,
and 2011, 2013, and 2014 (when trees grew from five to thirteen years of age). At harvest, the
trees were felled at ground level and separated according to the biological stem, branch fractions
of various diameter classes, woody necromass, foliage, and reproductive fractions. Coarse roots
were completely excavated by hand tools, separated and grouped by diameter and washed free
of soil. For the above-ground biomass fractions, the total dry matter (DM) was estimated from
the total and sub-sample fresh weights at harvest and the sub-sample dry weight. Due to the
prolonged time required for root excavations and associated moisture loss from roots, the dry
weights of entire root systems were measured. All plant parts were dried at 103 C to constant
mass.
6.2.4.

Plant isotopic analyses

Foliar sampling was conducted before the leaf fall (September-October) to provide the
most stable measure of isotopic signals accumulated at the end of the growing season [9, 15].
Sub-samples of about 200 g of fresh weight were collected at harvest from one tree per plot.
These sub-samples were collected from the total tree biomass and bulked for each of the major
fractions (i.e. leaves, stem, branch, coarse roots, fine roots, nodules, and fruits) to account for
the within-tree variations. In case of foliage, only healthy, green, fully unfolded leaves were
selected. In addition, the foliage of root suckers of P. euphratica was sampled from all native
and invaded plots. The samples were dried at 60 C for 72 h, finely ground (<2mm) and
analyzed for C and N concentration, 15N natural abundance and 13C discrimination with a stable
isotope mass spectrometer (ANCA-SL/20-20, SerCon, UK). The isotopic analyses were
conducted with 25 replicates per sample, depending on the within-sample variability. Several
samples showing a coefficient of variability above 10% after five replicated measurements were
suspected of contamination and omitted from the data analysis.
To determine N concentration and 15N natural abundance, samples collected during
20032005 were stored and analyzed all at the same time in 2005, afterwards, during 20062014 the samples were analyzed in the same year of collection in the field. The analysis of foliar
C concentration and 13C discrimination was performed in 2014 on same samples as measured
for the N-related parameters. Before this analysis, the samples were stored in zip-bags in a cool,
dry room. However, the oldest of the samples, collected in 2003–2007, had been already
destroyed due to laboratory maintenance, restricting the analysis of C-related parameters to the
remaining samples, originating from years 2008–2014.
6.2.5.

Quantification of N2-fixation by E. angustifolia

Fixation of N2 by E. angustifolia was quantified by the
technique according to [16]:
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where %Ndfa is the proportion of N derived from atmospheric N2, 15Nref is the 15N natural
abundance of the reference (non-fixing) species P. euphratica or U. pumila, 15Nfixing is the
15N of the N2-fixing E. angustifolia, and B is the 15N value of the same N2-fixing species grown
with N2 as the sole nitrogen source.
For years 2006, 2007, 2009, and 2011, 2013, and 2014 the efficiency of N2-fixation
(%Ndfa) was calculated using a weighted mean of 15N based on whole-plant samples and
whole-plant B values previously determined for actinorhizal species [15, 17], ranging from
values of –1.4 to –2.0‰. Based solely in foliar 15N signatures, the %Ndfa was quantified for
the entire observation period 2003–2014. The published B-values exceeded the foliar 15N
values of E. angustifolia trees in the afforestation trial, rendering the %Ndfa estimations
unvalid. Therefore, to determine the %Ndfa based solely on the foliar 15N approach [18] was
followed, using the minimal field-observed foliar 15N (measuring –2.5 in September 2007) as
the B-value.
6.2.6.

Soil and groundwater sampling and analyses

In September–October of each growing season, soil (in 20 cm layers down to 1 m
depth) and groundwater were sampled from all experimental plots. The groundwater level was
monitored through a network of 36 observation wells installed at a depth of 3 m at each
experimental plot. Samples for the analysis of soil EC and water content were collected with an
auger every 1530 days in all plots, 0.3 m distant from a tree stem, down to 1 m depth in 20 cm
layers. Electrical conductivity of the soil-water suspension (EC1:1) was measured with an EC
meter. The EC1:1 values were converted to ECe based on the relationship ECe = 3.6EC1:1 [19].
Soil water content was measured gravimetrically (103 C) and converted to volumetric values
based on soil bulk density [13].
6.3.

RESULTS AND DISCUSSION

6.3.1.

Root-zone soil salinity dynamics

The groundwater table level remained shallow over the growing seasons (April‒
October) during 2003‒2014, on average fluctuating within 133‒193 cm below the ground
surface. Groundwater salinity ranged between 0.7 and 5.1 dS m-1 during the growing seasons,
peaking in May 2011 but at all times showing a slight to moderate degree of salinity [20]. Due
to the shallow groundwater table, the mean root-zone water content exhibited little variation
and was close to field capacity, which ranged from 27 to 38% within the soil profile of 0‒100
cm. Therefore, the soil water availability was not a constraint for plant growth. In contrast, the
degree of soil salinity [21] has risen significantly as evidenced by the ECe measurements over
the 12 growing seasons (Fig. 6.1).
The highest ECe level, above the threshold for a very strong degree of soil salinity
(>16 dS m-1), was observed prior to establishing the tree plantation. Following the pre-planting
salt leaching in winter 2003, the soil salinity declined to the moderate degree (4‒8 dS m-1) and
mostly remained within this range over two subsequent growing seasons, when irrigation was
applied, and for another season after the irrigation was discontinued. However, a gradual
increase in salinity occurred under non-irrigated conditions in the following years, typically
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peaking at the end of each growing season. The second leaching event was only marginally
successful due to the malfunctioning of the on-farm drainage system that was not able to
effectively convey the effluent off the site. As a result, after a temporary drop the salt load was
restored in the soil profile in the course of the next three years, approaching the pre-leaching
level. The differences in the root-zone soil salinity among the three species were statistically
insignificant, suggesting that salinity was largely controlled by the shallow saline groundwater
dynamics despite the appreciable differences in water/ solute uptake by the species [4, 14].

Electrical conductivity, dS m-1

24
20

Soil

Irrigation 80-160 mm
1st salt leaching 1,500 mm

Groundwater

yr-1
2nd salt leaching 1,500 mm

16
12
8
4
0

FIG. 6.1. Root-zone electrical conductivity measured in 0‒100 cm soil profile during 12 consecutive
growing seasons (April‒October) in 2003‒2014. Bars represent standard errors of the mean of 36
values measured at the experimental afforestation plots. Connecting lines are for viewing aid only. Red
lines signify the duration of the irrigation period and timing of two salt leaching events.

6.3.2.

Dynamics of δ13C in plant tissues

Foliar δ13C values measured during 2008‒2014 ranged from –27.4 to –30.4, with
highly significant variations for species. Specifically, P. euphratica showed most negative
values at each observation while the values of the two other species were either only marginally
different from each other or were more negative in E. angustifolia (Fig. 6.2).
These differences among the species are indicative of their relative salinity tolerance
[8], suggesting that P. euphratica experienced the least salt stress despite the considerable
presence of salts in the soil profile at the afforestation site (Fig. 1). Visual comparison suggests
the similarity between soil salinity and foliar δ13C trends in that for all species the values tended
to increase over time, temporarily dropped after the salt leaching event in 2012 and went on
increasing thereafter. However, statistical comparison of the trends did not reveal significant
relationships between the soil ECe and foliar δ13C, possibly because (i) variations in the plant
isotopic signature were consistent among the tree species whereas the species differences were
lacking for soil salinity dynamics; (ii) soil ECe showed high variability within each growing
season whereas the plant parameters were not captured with the same frequency, which
compromised the correlation analysis.
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FIG. 6.2. Dynamics of foliar δ13C in three afforestation species on saline soil and subjected to a salt
leaching event in the 9th year after tree planting. Bars represent standard errors of the mean of 36.
values measured at the experimental afforestation plots. Connecting lines are for viewing aid only. Red
arrow indicates the time of the leaching event.

6.3.3.

Dynamics of 15N signals of plant tissues

Besides the greater salt tolerance and efficient uptake of groundwater [4], the
dominance of P. euphratica was reflected in its vigorous self-propagation across the
afforestation plots, which might be attributed to an increased soil N stock and availability
measured by [9]. Some N might have been supplied via the groundwater due to leaching of
fertilizers when they were applied on the neighboring cropland [9]. However, the more reliable
N supply was probably provided through the N2-fixation by E. angustifolia, as suggested by the
long-term changes in the species 15N signatures.
Except in 2003, the 1st year after planting, foliar 15N signals of the non-N2-fixing
species (P. euphratica and U. pumila) were virtually identical until 2009 when the deviation
was first observed, persisted and increased over the subsequent years (Fig. 6.3). The 15N
abundance of both non-fixing species tended to decline from highly positive values (ranging
from +2‰ to +5‰) in 2003 towards nil or negative values during 2009‒2014. There was little
15N variation during early growth of N2-fixing E. angustifolia (except in the transplanted
seedlings) until year 2010, when foliar 15N values rose from –2 to –1‰. Consequently, due to
the 15N depletion of the non-fixing plants, on the one hand, and 15N enrichment of the N2-fixer,
on the other hand, the difference in foliar values between E. angustifolia and U. pumila reduced
from about 4‰ to less than 2‰, while no significant differences were any longer detected
between E. angustifolia and P. euphratica at the end of the study period. The foliar 15N of P.
euphratica root suckers invading its own and the other species plots increased from –2‰ since
the first measurement in 2012 to about 0‰ in 2014.
In comparison to the foliar values, largely similar patterns were observed in
aboveground woody fractions (stem and branches) but with some time lag and different
magnitude of values. In contrast, 15N discrimination of coarse roots of E. angustifolia did not
show a clear temporal trend and root nodules remained significantly depleted in 15N. The
belowground 15N signatures of the non-fixing species tended to decline, less obviously so in U.
pumila, in which case significant differences with the N2-fixer persisted. The weighted mean
of all fractions (calculated for the period from 2006 to 2014) was greatly influenced by the
values measured in aboveground wood fractions, which constituted the bulk of the total biomass
(Fig. 6.3).
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FIG. 6.3. 15N natural abundance in three tree species in individual fractions and as a weighted mean in
September–October 2003–2014. Legend: E. angustifolia; P. euphratica; U. pumila, foliage of
root sprouts of P. euphratica. Bars indicate standard errors of the mean. Connecting lines between
points are for viewing aid only.

6.3.4.

%Ndfa of Elaeagnus angustifolia

The lack of required differences in 15N signals (at least 2‰) [22] between the reference
and N2-fixing plants impose restrictions for %Ndfa estimates when using P. euphratica as a
reference for the later growth stage of the plantation, particularly if the estimations were based
solely on the 15N of foliage. However, the differences in whole-plant weighted 15N remained
sufficiently large to allow for the %Ndfa estimates using U. pumila signals as reference over
the entire observation period. During the 12 consecutive growing seasons following the
afforestation, %Ndfa fluctuated from 22 to 100% depending on tree age and the measuring
technique (Fig. 6.4).
whole-plant sampling
100

foliar sampling

%Ndfa

80
60
40
20
0

FIG. 6.4. The efficiency of N2-fixation (%Ndfa) by E. angustifolia using U. pumila as the reference plant
and based on whole-tree weighted mean and sole foliar 15N natural abundance measurements during
12 consecutive growing seasons since the afforestation.
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The 15N natural abundance method revealed efficient N2-fixation of 75–100% by
young trees (except transplanted seedlings in 2003), but a significant tendency towards decline
was observed as the plantation matured, particularly if judged by the %Ndfa values estimated
through solely foliar 15N signatures. The divergence between %Ndfa estimations based on foliar
and whole-tree 15N measurements were subtle in the early growth stage of trees but increased
almost 3-fold over time. The declining %Ndfa in the older tree stand might be attributed to
increasing soil N stocks and availability [9] due to nutrient release from decomposing leaf litter
and belowground residues [23]. The increasing soil nutrient availability in older stands reduces
the need for the physiologically costly process of biological nitrogen fixation. However, the
apparent decline in N2-fixation can be at least partly attributed to the limitations of the 15N
natural abundance method due to the apparent confounding of 15N signals in mature, mixedspecies tree stands [24].
The gradual confounding 15N signals is evident through visual comparisons of the
spatio-temporal variations in foliar 15N (‰) observed at the experimental site during 2007–
2014 (Fig. 6.5). The comparisons reveal a decreasing range of values over time while the spatial
distribution of 15N natural abundance tended to homogenize throughout the afforestation site.
Although the experimental plots were initially segregated according to the species, the
encroachment of P. euphratica in plots of E. angustifolia (and U. pumila) could have resulted
in the uptake by P. euphratica of soil N as affected by the decomposing litter of N2-fixing E.
angustifolia [23]. This was reflected in the increasing convergence between the 15N of the two
reference species and declining 15N values in both of them, with U. pumila being less affected
than P. euphratica (Fig. 6.3). The dominance of P. euphratica over the other afforestation
species is consistent with its relative abundance in the native riparian forests [25] and reflects
the natural forest successional process that was assisted by the afforestation in the experimental
site.
Despite the recognized limitations, the 15N natural abundance method is still
considered the only appropriate technique for quantifying biological nitrogen fixation by trees
in a shallow groundwater environment. In particular for older trees, the method is superior to
the 15N dilution method which could only be applied to saplings in lysimeters, restricting the
tree root growth over time [26]. The total N-difference method also showed low applicability
for older trees due to higher N yields of the reference species P. euphratica [9].
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FIG. 6.5. Spatio-temporal patterns of foliar 15N natural abundance (‰) resulting from the interpolation
of values measured at the individual species plots (n=36, indicated by symbols) at the experimental
afforestation site in the fall of 2007, 2010, 2012, and 2014. The dimension of the mono-specific plots
are 105 m2 spaced 3.5m from each other.

6.4.

CONCLUSIONS

The 12-year continuous monitoring in the afforestation site established on degraded,
highly salinized cropland shows that water availability does not appear a constraint for growing
tree plantations due to the contribution from the shallow saline groundwater table. However,
soil salinity increased significantly as the tree plantations matured under non-irrigated
conditions. The salinity levels exceeded salt tolerance of many non-halophytic plant species,
requiring occasional salt leaching at the plantation sites which therefore are not entirely
independent of irrigation. Among the studied species, P. euphratica seems most well-adapted
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to the environmental conditions at the plantation site in the long-run and should be included in
tree planting efforts on degraded lands. Monitoring of δ13C is a promising approach for
interpreting the relative salt tolerance among the tree species, given the consistent δ13C
variations observed for the three tree species and the responsiveness of δ13C values to salt
leaching. Future studies should analyze 13C patterns in other afforestation sites covering greater
soil salt and water gradients and multiple tree species, to aid in further interpretation of δ13C
values as an indicator of the salinity-related growth stress. Due to high temporal variability in
soil salinity and plant δ13C values, both parameters need to be measured simultaneously and
with the same frequency.
The efficient N2-fixation by actinorhizal E. angustifolia greatly contributed to selfsufficiency in nitrogen nutrition of the afforestation system under non-fertilized conditions.
Including E. angustifolia as a nursing plant in tree plantations may assist in restoration of P.
euphratica native riparian forests and in revegetation of degraded croplands. The 15N natural
abundance method allowed the evaluation of the efficiency of biological nitrogen fixation but
the results need to be carefully interpreted considering the sampling material used (foliar or
whole-plant), plant age, and reference species due to the spatial interference of 15N signals
during the successional changes (encroachment of P. euphratica) in tree stands over time.
Long-term studies provide an appropriate timeframe for understanding tree
community dynamics under changing environmental conditions in afforestation schemes and
for devising appropriate management options to inform land restoration practices. Therefore,
further monitoring is required including the use of C and N isotopic methodologies, effective
in revealing important physiological responses of the candidate afforestation species to
prevailing salinity and nutrient deficiency stresses in degraded croplands.
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Abstract

Crop growth modeling can be used to assess various crop management options and
water productivity for higher crop production under different environments. In the present
study, FAO’s AquaCrop model was calibrated and evaluated to simulate the effect of irrigation
water quality / strategies on barley yield and water use efficiency grown on saline soil in the
semi-arid environment of Pakka Anna, Pakistan. The model was calibrated using two years
(2016-17 and 2017-18) datasets measured from different combinations of soil and irrigation
water salinity. The data of soil moisture (measured using neutron moisture probe), in-season
biomass and canopy cover, biomass, grain yield at harvest and water use efficiency based on
biomass and grain yield was used to calibrate the model. The calibrated model was then
evaluated using three years (214-15, 2105-16 and 2016-17) independent datasets measured
from the experiments involving saline soil and different irrigation regimes. Evaluation with the
measured data showed that performance of the model was realistic as indicated by the
acceptable %D, RMSE, nRMSE and d-index between measured and simulated values of soil
moisture, biomass and grain yield at harvest. However, the performance was less satisfactory
for high soil moisture stress applied to the crop grown under higher soil and irrigation water
salinity.
7.1.

INTRODUCTION

Salinization of agricultural soils is one of the major processes resulting in low crop
productivity. Yokoi et al. [1] estimated that 50% of agricultural land is salt stressed in the arid
and semi-arid regions of the world, which is a serious threat limiting crop production [2].
Scarcity of freshwater and its non-availability for agricultural production is the main
impediment that leads to secondary salinization of prime agricultural lands. African and South
Asian countries contain 183 M ha of salt-affected land [3], of which 91 M ha has electrical
conductivity of the saturation extract (ECe) levels of 1500 mS m-1 within the upper 0.75 to 1.25
m of soil. Pakistan is no exception where 6.8 million hectares of land is reported to be affected
by salinity to varying degrees. The groundwater in most of the agricultural areas is also brackish
and thus unfit for irrigation. Reclamation of vast areas of saline lands is impractical due to
several factors such as scarcity of good quality water, higher costs of drainage systems and
expensive energy inputs required to operate such schemes. Therefore, alternate options for
utilization of saline land and saline water resources need to be explored.
Qureshi and Barrett [4] have provided a comprehensive review of the salinity problems
and management options for productive use of salt-affected lands by growing salt tolerant plants
with saline water. Among crop plants, barley is rated as salt tolerant and is suitable for grain as
well as forage production on saline soils [5].
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Besides salt tolerance of plants, water quality and availability are a major constraint to
plant productivity in saline environments. Due to higher salt contents, higher irrigation inputs
are recommended to leach the salts from the root zone that in turn add more salts to the soil. On
the other hand, lower inputs of saline irrigation water lead to accumulation of salts in the topsoil.
Therefore, cautious practices are necessary to manage saline irrigation to sustain productivity
of farming systems particularly in salt-affected environments.
To evaluate various crop management options under a saline environment for higher
crop production and productivity, it is necessary to integrate these factors into a comprehensive
cropping system approach. Crop growth models may provide an efficient way to study such
complex mechanism of crop production, and to develop appropriate crop management
strategies. This technique supports decision making to develop optimal crop management
strategies in varied soil, water and environmental conditions. Various crop models have been
developed during past decades. AquaCrop is a crop growth model developed by the Food and
Agriculture Organization of the United Nations that has the ability to simulate both salinity and
irrigation water stress independently and in combination [6]. It can simulate growth and
development in a daily time step from planting to harvest based on physiological processes
which describe the response of the crop to soil-weather conditions and management options.
The model can synthesize results and provide alternatives for extrapolation of results to other
areas with different soil characteristics and climatic conditions. The application domain of
AquaCrop has evolved significantly and includes the evaluation for dry land wheat [7],
irrigation management [8], estimation of wheat yield at field and district scales [9], rice
development and water balance [10], deficit or optimal irrigation [11, 12] and regional crop
information [13]. However, few studies have tested the model under saline conditions.
Moreover, in Pakistan, application of crop growth models as decision support tools is limited
and there is a general scarcity of literature related to the use of crop growth models applied
under saline soil and irrigation water supply conditions.
The study presented here was a part of three-years (2014-2017) of experiments
conducted to assess the impact of soil and water salinity on barley yield and productivity and
to devise crop management strategies for sustainable crop production. Thus, the objective of
this study was to calibrate and evaluate the AquaCrop model for barley grown on normal and
saline soil, irrigated with fresh and saline water under different irrigation regimes for its further
use at the landscape level.
7.2.

MATERIAL AND METHODS

Data from barley (Hordeum vulgare L.) experiments conducted to determine the
response of barley grown under optimal and sub-optimal irrigation application, quality of soil
and irrigation water were used in this study. These experiments were conducted at the Biosaline Research Station (BSRS), Pakka Anna, Pakistan (longitude 73o05’E and latitude
31o24’N, 190 m above sea level). The climate is semi-arid (BWh) in the Köppen–Geiger
classification with an annual average rainfall of 325 mm, most of which (about 80%) falls
during the monsoon (July - September). Normal monthly rainfall (P; mm) at BSRS, Pakka Anna
during the barley growing months of November, December, January, February, March and
April is 7, 9, 20, 34, 32 and 33 mm, respectively. Average monthly maximum temperature
(Tmax) during the barley growing season in the present study was 27 oC, which is similar to the
normal Tmax in this area. However, the mean Tmax for the crop growing months of November,
December, January, February, March and April during the study period was 28±3, 22±2, 20±2,
23±3, 30±4 and 36±3 oC. The mean minimum temperature (Tmin) for November, December,
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January, February, March and April was 13±3, 8±2, 6±2, 9±2, 15±3 and 21±2 oC, respectively
during the study period; whereas the mean Tmin for these months is 14, 8, 7, 6 12 and 18 oC,
respectively.
7.2.1.

Soil and water resources of the study site

The major constraint for crop production is unavailability of freshwater resources.
Presently, the study area has no fresh/surface water supplies and the groundwater is commonly
used for irrigation. The water quality used in the current study is presented in Table 7.1 which
shows that the water quality is not fit for irrigation.
TABLE 7.1. CHEMICAL ANALYSIS OF IRRIGATION WATER USED AT BSRS PAKKA
ANNA
Characteristics

Value

ECw (dS m-1)

6.6

pH

8.6

CO3 (meq L-1)

1.5

HCO3 (meq L-1)

24.5

Ca2+ + Mg2+ (meq L-1)

3.21

SAR

40.8

RSC

22.4

Na+ (meq L-1)

51.8

K+ (meq L-1)

0.6

Cl- (meq L-1)

14.2

SO4 (meq L-1)

15.3

The soil of the area is saline-sodic to sodic with medium to light texture. Soil salinity
is highly variable; electrical conductivity (ECe) ranges from <5 dS m-1 in the sandy patches to
>50 dS m-1 but is mostly between 10 to 20 dS m-1. The CaCO3 content ranges from 1.2 to 2.3%
in the 0–30 cm soil depth. Higher spatial variability of the soil ECe necessitated initial soil
sampling from 0-25 and 25-50 cm soil depth from 5.0 hectare to select a suitable area for the
field experiments. The selection criterion was based on minimum difference between the ECe
levels. After selecting an area of 0.3 ha, detailed analysis of the experimental field was
performed by exposing the soil profiles up to 2.0 m (2 m × 3 m × 3 m) at three different points.
Soil samples (in triplicate) were taken from each depth and sampling point using a bulk density
corer from different depths (25 to 200 cm) to determine bulk density and soil texture. In-situ
hydraulic conductivity at different depths was measured using a constant head permeameter
(Guelph Permeameter). Water-retention characteristics were determined with the pressure-plate
apparatus (Table 7.2).
7.2.2.

AquaCrop calibration

Data from the experiments conducted during crop seasons 2016-17 and 2017-18 were
used to calibrate AquaCrop model. The data collected for barley production and water use
efficiency under different combinations of soil and water salinity was used for this purpose.
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The calibration treatments included (1) Normal soil applied with good quality irrigation water
(S1W1), (2) Saline soil applied with good quality irrigation water (S2 W1), (3) Normal soil
applied with poor quality ground water (S1W2) and (4) Saline soil irrigated with poor quality
ground water (S2 W2).
TABLE 7.2. SOIL PROPERTIES OF DIFFERENT LAYERS OF EXPERIMENTAL FIELD
AT BSRS, PAKKA ANNA
Soil depth
(cm)
0-25
25-75
75-100
100-125
125-200

Sand
Clay
-1
(g kg )
670
140
420
80
500
320
210
120
850
140

ECe
(dS m-1)
7.6
8.1
13.4
14.4
10.8

BD

Sat.
-3

(g cm )
1.52
1.53
1.42
1.44
1.52

41
46
47
46
41

FC
WP
(volume %)
23
27
25
26
22

09
10
12
13
10

Ksat
(mm day-1)
1200
575
225
575
1200

1.
ECe, electrical conducitivity; Sat., saturation; FC, field capacity; WP, wilting point; Ksat, saturated
hydraulic conductivity

Prior to establishing the experiment, the leaching requirements of the experimental
plots which were selected on the basis of lower/similar ECe values and used for good soil
conditions was calculated. Salts were leached from the soil profile up to 1 m soil depth through
application of canal water using water tankers. Initial conditions of soil ECe and soil moisture
at crop planting in both the crop seasons are presented in Table 7.3. The quality of ground
water used for saline irrigation water treatment is provided in Table 7.1.
TABLE 7.3. INITIAL CONDITIONS OF SOIL MOISTURE (SMC; MM) AND ECE (DS M) AT CROP SOWING IN CROP SEASON 2016-17 AND 2017-18

1

Soil depth
(cm)
0-25
25-50
50-75
75-100

Crop Season
2016-17
2017-18
Low ECe (S1)
High ECe (S2)
Low ECe (S1)
High ECe (S2)
ECe
SMC
ECe
SMC
ECe
SMC
ECe
SMC
3.8
16.4
6.2
17.0
3.3
16.7
7.2
16.5
4.0
13.8
6.1
14.3
4.2
19.4
8.0
18.0
4.5
14.2
6.4
13.7
4.4
22.2
8.3
20.4
4.8
13.5
6.0
14.4
4.5
19.6
9.5
21.0

Individual values are mean of 9 samples (3 samples collected each replicate)

Barley cultivar Haider-93 was planted at a seed rate of 125 kg ha-1, pre -treated with
fungicide and placed at 4–5 cm soil depth with a row-to-row spacing of 15 cm using a tractor
mounted seed drill. Phosphorus as single super phosphate (SSP, 80 kg P2O5 ha-1) was applied
at seedbed preparation. Nitrogen as urea (100 kg N ha-1) was applied in two equal splits at
planting and with the 2nd irrigation. All other agronomic practices (except irrigation
treatments/soil moisture) such as weeding, intercultural practices and plant protection measures
were kept uniform in all experimental plots and crop seasons. Soil moisture measurements were
taken approximately at 10-day interval using the neutron moisture probe. Irrigation was applied
with water collected in a water tanker and attached with a flow meter to measure the quantity
of irrigation applied to each treatment plot.
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For growth analysis, a randomly selected area of 1 m2 was harvested from each
replicate plot and dried to constant weight at 70 oC for 48 hours. In-season canopy growth was
determined with duplicate photographs taken 1–1.5 m above the canopy to include a fair
number of plants with the viewing plane of the camera parallel to the ground surface. The
photographs were taken between 12:00-13:30 hours and digitized using a JAVA Program
(Image-J) for calculation of canopy cover. The crop was harvested at physiological maturity,
and total biomass and grain yield were determined.
The model calibration was started with the basic information for the barley cultivar
provided within the model. The adjustments in the crop parameters were made sequentially,
starting with phenology including days to flowering and maturity. After achieving appropriate
adjustments for phenology, adjustments for biomass, canopy growth and crop yield parameters,
i.e., accumulated biomass and grain yield were made. The simulated results were compared
with observed data and the calibration process was repeated until further possibilities for
improvement in the simulated versus measured values were negligible.
7.2.3.

Model evaluation

After calibration, AquaCrop was evaluated with the data collected from the
experiments comprising four levels of irrigation water application that corresponded to 120,
100, 80 and 60 % of crop requirement in cropping season 2014-15 and five levels i.e., 150, 125,
100, 75 and 50 % of the ETc in both 2015-16 and 2016-17 cropping seasons (Table 7.4).
TABLE 7.4. IRRIGATION TREATMENTS AND SOWING DATE OF BARLEY USED
FOR AQUACROP CALIBRATION
Study
Year
2014-15
2015-16
2016-17

Date of
Sowing
22.11.2.14
25.11.2015
11.11.2016

Irrigation treatments (% of ETc)
120
150
150

100
125
125

80
100
100

60
75
75

50
50

Irrigation water applied to other treatments was calculated using 100% of ETc
irrigation level as the reference. Irrigation was scheduled when 50 mm of moisture from the
field capacity had been depleted from the 0-100 cm soil depth in 100% of the ETc treatment.
Irrigation water applied to other treatments calculated using 100% ETc irrigation level as the
reference. To assess the changes in soil moisture content in the root zone during active crop
growth, moisture status at different soil depths was measured using on-site calibrated neutron
moisture meter (NMM).
At maturity, the whole of the treatment/replicate sub-plot was harvested and
aboveground biomass was air dried to constant weight. After computing total aboveground
biomass (straw and grain), grain was thrashed manually and subsequently measured. Harvest
index (HI) was calculated as grain percentage of total biomass. Water use efficiency for both
biomass production (WUEb) and grain yield (WUEg) as affected by different irrigation
treatments were calculated as a ratio of biomass or grain yield produced per unit of water evapotranspired (ETc) in the respective treatment. Initial conditions of soil moisture and soil salinity
measured at crop planting and used for model evaluation are presented in Table 7.5.
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7.2.4.

Statistical analysis

The field data collected for biomass, grain yield, HI, WUEb and WUEg were subjected
to statistical analysis using computer based Statistix 8.1 software. The goodness of fit between
simulated and observed values for biomass at harvest and grain yield was determined with the
percent deviations (%D) within 15%. A negative %D indicates an under prediction while a
positive %D indicates an over prediction. Values for %D were calculated using the following
formula [14].
TABLE 7.5. SOIL ECE AND SOIL MOISTURE DISTRIBUTION IN DIFFERENT SOIL
LAYERS AT CROP SOWING IN THREE SEASONS USED FOR MODEL EVALUATION
ECe (dS m-1)

Soil depth

Initial SMC (% volume)

(cm)

2014-15

2015-16

2016-17

2014-15

2015-16

2016-17

0-25

8.3

5.0

9.6

0.13

0.17

0.19

25-50

8.5

6.0

8.7

0.19

0.16

0.20

50-75

9.8

7.1

8.2

0.24

0.24

0.24

75-100

12.6

13.6

14.0

0.28

0.21

0.21

100-125

14.1

15.1

13.9

0.27

0.21

0.21

125-150

11.3

12.2

14.1

0.18

0.23

0.17

150-175

10.4

10.5

10.4

0.13

0.20

0.17

175-200

8.8

9.4

10.5

0.10

0.17

0.15

%D = 100 ×

𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑

Correlation coefficient (r) and coefficient of determination (R2) are used to determine the
association between simulated and measured values. Average error estimates in measured and
simulated in-season biomass growth, biomass at harvest and grain yield were calculated using
root mean square error (RMSE) and normalized root mean square error (nRMSE), as suggested
by Wallach and Goffinet [15] and Loague and Green [16], respectively, using the following
relationships.
∑

𝑅𝑀𝑆𝐸 =

𝑁𝑅𝑀𝑆𝐸 =

∑

(𝑆 − 𝑂 )
𝑛
(𝑆 − 𝑂 )
100
×
𝑛
𝑀

where Si and Oi are the simulated and measured values for studied variables, M is the mean of
measured values and n is the number of observations. The relative size of the average difference
and nature of the difference in time course simulation, widely used descriptive measure for
cross comparison, i.e., Willmott index of agreement (d) [17, 18] was used in this study.
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𝑑 =1−

∑

∑ (𝑆 − 𝑂 )
(|𝑆 − 𝑀| + |𝑂 − 𝑀|)

Model performance improved as the d value approaches unity while RMSE reaches zero.
NRMSE gives a percent measure of the relative difference between simulated and measured
values. The simulation was considered excellent when NRMSE values were less than 10%,
good with values greater than 10% but less than 20% and poor with nRMSE greater than 30%
[19].
7.3.

RESULTS AND DISCUSSION

7.3.1.

AquaCrop calibration

7.3.1.1. Root-zone soil moisture and crop evapotranspiration
Time series analysis of root-zone moisture during the barley growing season and the
relationships between simulated and measured soil moisture contents (mm) under different
irrigation treatments are presented in Fig. 7.1.
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FIG. 7.1. Simulated and measured soil moisture contents as affected by
different combinations of soil and irrigation water salinity.

Among individual crop growing seasons, model simulation for soil moisture was
comparatively better for growing season 2017-18 with nRMSE ranging from 5-7%. For crop
season 2016-17, the range of r and RMSE was from 0.69-0.88 and 17-21 mm, respectively. The
slope of regression lines for the pooled data of simulated and measured values (n = 99) was
1.03 when intercept was set to zero. Generally, the model slightly over predicted SMC but the
overall statistical indicators of R2, r, RMSE and nRMSE showed excellent model predictions
to simulate soil moisture contents.
Crop evapotranspiration (ETc) was measured using the water balance approach for all
irrigation treatments for both study years. To calculate simulated ETc, the model outputs for
evaporation from the soil surface and transpiration from the plant canopy was added. The
simulated and measured data of crop evapotranspiration is presented in Table 7.6. The measured
crop evapotranspiration in the 2016-17 season was 280, 248, 244 and 227 mm for S1W1, S1W2,
S2W1 and S2W2 treatments, respectively, with corresponding simulated ETc of 239, 219, 211
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and 194 mm. Similarly, in crop season 2017-18, the measured and simulated ETc for S1W1,
S1W2, S2W1 and S2W2 was 264, 269, 257, 232 mm and 286, 252, 232 and 195 mm,
respectively. The correlations (Pearson; r) between simulated and measured ETc was calculated
as 0.77 with NRME and nRMSE of 31 mm and 12%, respectively, indicating a good
relationship between simulated and measured ETc values.
TABLE 7.6. SIMULATED AND MEASURED CROP EVAPOTRANSPIRATION (ETC) OF
BARLEY GROWN IN CROP SEASON 2016-17 AND 2017-18 AT BSRS, PAKKA ANNA
Input

Measured water balance
Ia

R

Δ

Aquacrop water balance

ETc

E

T

D

ETc

Difference
(%)

2016-17
S1W1

225

47

8

280

55

181

-

239

–14

S1W2

225

47

–24

248

66

153

-

219

–18

S2W1

225

47

–28

244

78

133

-

211

–14

S2W2

225

47

–45

227

9

103

-

194

–14

2017-18
S1W1

250

17

–3

264

44

242

-

286

8

S1W2

250

17

2

269

51

201

-

252

–6

S2W1

250

17

–10

257

68

164

10

232

–10

S2W2

250

17

–35

232

75

120

33

195

–16

a

I = Irrigation (mm), R = Rainfall (mm), Δ = change in soil moisture at sowing and at harvest, E = Evaporation
from soil, T = crop transpiration, D = Drainage below 1 m of soil depth

7.3.1.2. In-season biomass and canopy cover
AquaCrop was calibrated for in-season biomass production (t ha-1) and comparison
was made between measured and simulated values on a daily basis for all the studied treatments
(Fig. 7.2). In-season biomass production was accurately simulated by the model. This is shown
by the high index of agreement (d = 0.99) and satisfactory nRMSE (9% ≤ nRMSE ≤ 16%) in
different crop growing seasons and treatments. Similarly, for percent canopy cover (Fig. 7.3),
model predictions were good for both the crop seasons and irrigation treatments. Correlations
(r) between simulated and measured CC ranged from 0.93 to 0.99 and index of agreement 0.980.99. The range of RMSE (2.4% ≤ RMSE ≤ 10%) and nRMSE (9% ≤ nRMSE ≤ 16%) for years
and treatments showed satisfactory behaviour of the model to predict in-season canopy growth.
Simulated and measured in-season biomass data pooled across the evaluation years,
closely followed a 1:1 line of perfect agreement (Fig. 7.4). Generally, the model under predicted
in-season biomass growth with the linear relationship of Sb = 0.92Mb + 0.27 (where Sb and Mb
are simulated and measured in-season biomass). The slope of the line (0.92) closer to unity
indicates an excellent relationship between the two while a positive y-intercept shows model
under prediction of 0.27 t ha-1. However, the higher coefficient of determination (R2, 0.98)
along with the two year mean r, RMSE, nRMSE and d of 0.98, 0.71 t ha-1, 12% and 0.95
respectively, shows satisfactory behaviour of the model to predict in-season biomass.

109

FIG. 7.2. Simulated (line) and measured (symbol with SD) in-season biomass (n = 3) of barley as
affected by different combinations of soil and irrigation water salinity during crop season 2016-17 (left)
and 2017-18 (right).

Model- predicted %CC showed good agreement with the observed data. Simulated and
measured canopy growth values pooled across study years closely followed a 1:1 line.
Generally, the model under predicted %CC. The linear equation relating simulated and
measured canopy cover (Scc = 0.90Mcc + 9) showed lower simulated compared to measured
CC. Nevertheless, the higher coefficient of determination (R2) of 0.90 for %CC along with two
year mean values of r, RMSE, nRMSE and d of 0.88, 6, 11% and 0.87, respectively, indicated
an excellent performance of the model to predict canopy growth.
7.3.1.3. Biomass and grain yield at harvest
Among individual study years (Table 7.7) and for crop season 2016-17, the percent
difference (%D) between simulated and measured biomass ranged between –2 to 3%. The
model over predicted biomass in saline soil applied with saline irrigation water (S2W2). A
similar trend was observed for grain yield with 9, 8 and 6% under prediction in S1W1, S1W2
and S2W1 treatments, while 5% over prediction for the S2W2 treatment. However, the trend
was opposite for the crop season 2017-18 with over prediction in S1W1 (7%), S1W2 (8%) and
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S2W1 (1%) and under estimation for S2W2 (6%). Approximately the same trend was observed
for grain yield in crop season 2017-18. Nevertheless, overall model simulations were in good
agreement with measured data as indicated by high r (0.98-0.99), nRMSE (4-11%) and
sufficient d index (0.82-0.9).

FIG. 7.3. Simulated (line) and measured (symbol with SD) percent canopy cover (CC, n = 9) of
barley as affected by different combinations of soil and irrigation water salinity during crop season
2016-17 (left) and 2017-18 (right).

Averaged across treatments, measured above-ground biomass of barley varied
significantly among years with average biomass of 12.5 t ha-1 in crop season 2016-17 and 10.9
t ha-1 in crop season 2017-18 (Fig. 7.5). Similarly, measured grain yield was 3.5 and 2.9 t ha-1
in crop season 2016-17 and 2017-18, respectively. Mean simulated biomass and grain yield in
crop season 2016-17 and 2017-18 were 12.1, 11.3 t ha-1and 3.3, 3.1 t ha-1, respectively. The
overall percent difference in simulated and measured biomass averaged across treatments was
–3 and 3% with respective grain yield differences of –5 and 7%.
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FIG. 7.4. The relationship between overall simulated vs. measured values of in-season biomass (n
=40) and canopy cover (n= 52).

TABLE. 7.7. SIMULATED AND MEASURED BIOMASS AND GRAIN YIELD AT
HARVEST IN BARLEY GROWING SEASONS 2016-17 AND 2017-18 AT BSRS, PAKKA
ANNA
Treatment
S1W1
S1W2
S2W1
S2W2
r
RMSE
nRMSE
D
a

Biomass
Ma
S
15.7 15.4
14
13.3
11.9 11.4
8.2
8.4
0.99
0.47
4
0.9

2016-17
Grain yield
%D
M S
%D
–2
4.6 4.2 –9
–5
4
3.7 –8
–4
3.3 3.1 –6
3
2.2 2.3 5
0.99
0.27
8
0.82

Biomass
M
S
13.7 14.7
12
13
9.8
9.9
7.9
7.4
0.99
0.75
7
0.85

2017-18
Grain yield
%D M
S
7
4.1
4
8
3.3
3.7
1
2.3
2.7
–6
1.8
2
0.98
0.3
11
0.82

%D
–2
12
17
–13

M = measured value; S = Simulated value; %D = 100 × (S-M) / M
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FIG. 7.5. Simulated and measured biomass and grain yield of barley grown in crop season 2016-17
and 2017-18 at BSRS, Pakka Anna.

Among irrigation treatments, the overall biomass production averaged across years
was significantly higher for S1W1 (14.7 t ha-1) followed by S1W2 (13.1 t ha-1), S2W1 (10.9 t
ha-1) and lowest for S2W2 (8.03 t ha-1). The model was able to predict the same trend of higher
biomass production in S1W1 (15.1 t ha-1) followed by 13.2, 10.7 and 7.9 t ha-1 for S1W2, S2W1
and S2W2 treatments, respectively. The overall percent difference between simulated and
measured biomass was 2, 1, –2 and –1 % for S1W1, S1W2, S2W1 and S2W2 treatments,
respectively. The model was able to predict accurately the grain yield with respective simulated
and measured values of 4.1, 3.7, 2.9, 2.2 t ha-1 and 4.3, 3.7, 2.9 and 2.0 t ha-1.
7.3.1.4. Water use efficiency based on biomass and grain yield at harvest
Simulated and measured water use efficiency for biomass (WUEb; kg ha-1 mm-1) and
grain yield (WUEg; kg ha-1 mm-1) calculated using simulated and observed biomass, grain yield
(Table 7.7) and crop evapotranspiration (Table 7.6) is presented in Table 7.8.
TABLE.7.8. SIMULATED AND MEASURED WATER USE EFFICIENCY (KG HA-1 MM1
) OF BARLEY FOR CROP SEASON 2016-17 AND 2017-18 AT BSRS, PAKKA ANNA
2016-17

Treatment
S1W1
S1W2
S2W1
S2W2
r
RMSE
nRMSE
d

113

*M
56
57
48
36

WUEb
S
64
61
54
43
0.97
7
13
0.6

%D
15
7
13
20

M
16
17
13
9

2017-18
WUEg
S
18
17
15
12
0.96
2
13
0.70

%D
10
13
32

M
52
45
38
34

WUEb
S
51
52
43
38
0.93
5
11
0.67

%D
–1
15
12
12

M
15
12
9
7

WUEg
S
14
15
12
10
0.89
3
23
0.5

%D
–6
22
29
47

Among individual crop growing seasons and irrigation treatments, percent difference
between measured and simulated WUEb in crop season 2016-17 was comparatively higher for
S2W2 (20%) compared to S1W1, S1W2 and S2W1 with respective values of 15, 7 and 13%.
Similarly, in crop season 2017-18 the respective %D for S1W1, S1W2, S2W1 and S2W2 was
–1, 15, 12 and 12%. An approximately similar trend was observed for WUEg values. The model
generally over predicted the WUE values under high soil and irrigation water salinity levels as
indicated by high nRMSE and lower d-index values.
Depending on measured biomass and ETc, measured WUEb averaged across irrigation
treatments (Fig. 7.6) varied non-significantly between crop seasons with mean values of 49 and
42 kg ha-1 mm-1 for crop seasons 2016-17 and 2017-18.
Similar differences were observed for WUEg (14 kg ha-1 mm-1 for crop season 201617 and 11 kg ha-1 mm-1 for 2017-18). The AquaCrop simulated WUEb value for crop season
2016-17 (56 kg ha-1 mm-1) was 16% higher than crop season 2017-18 (47 kg ha-1 mm-1).
Similarly, simulated WUEg for crop season 2016-17 (15 kg ha-1 mm-1) was 13% higher
compared to crop season 2017-18 (13 kg ha-1 mm-1). The overall percent difference between
simulated and measured WUEb was 15% for crop season 2016-17 and 11% for 2017-18.
Moreover, the %D between simulated and measured WUEg was higher (17%) for crop season
2017-18 than calculated for 2016-17 (10%).

FIG. 7.6. Simulated and measured water use efficiency for biomass (WUEb) and grain production
(WUEg) of barley grown in crop seasons 2016-17 and 2017-18 at BSRS, Pakka Anna.

Averaged across study years, measured WUEb was not significantly different for
S1W1 (54 kg ha-1 mm-1) and S1W2 (51 kg ha-1 mm-1). However, significantly lower values
were observed for S2W1 and S2W2 with mean values of 43 and 35 kg ha-1 mm-1. A similar
trend was observed for WUEg with mean values of 16, 14, 11 and 8 kg ha-1 mm-1 in S1W1,
S1W2, S2W1 and S2W2 treatments, respectively.
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Analysis of the pooled data of both crop seasons showed satisfactory performance of
the model to predict water use efficiency (Fig. 7.7). Overall mean r, RMSE, nRMSE and d for
WUEb was calculated as 0.95, 6.0 kg ha-1 mm-1, 13% and 0.98, respectively. Similarly, the
values of r (0.92), RMSE (1.98 kg ha-1 mm-1), nRMSE (16%) and d (0.97) showed satisfactory
performance of the model to predict WUE under saline soil and irrigation water supply
conditions.

FIG. 7.7. Simulated and measured water use efficiency (kg ha-1 mm-1) of barley for crop seasons 201617 and 2017-18.

The comparison of simulated and measured values for soil moisture, crop
evapotranspiration, in-season biomass and canopy growth, above-ground biomass and grain
yield at harvest and finally water use efficiency based on biomass and grain yield shows a
satisfactory calibration of the AquaCrop model. Final values of different parameters after
calibration are given in Table 7.9.
7.3.1.5. AquaCrop evaluation
After achieving a reliable agreement between simulated and measured values during
calibration, evaluation of the model was performed with data other than that used in calibration.
The process involved 14 independent data sets collected over 3 years (2004-15 to 2016-17) at
the same experimental field. The performance of the model was evaluated from its ability to
predict soil moisture contents, biomass and grain yield at harvest.
7.3.1.6. Soil moisture content
The measured soil moisture using the NMM during the crop growing period in
different years and irrigation treatments was compared with model predicted soil moisture
contents. The model performance to simulate soil moisture during evaluation was satisfactory
with acceptable nRMSE ranging from 3.1 to 21.6% (Table 7.10).
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The overall efficiency of the model to simulate root zone soil moisture was satisfactory
for crop seasons 2014-15 and 2015-16. The mean nRMSE ≤ 10% of different irrigation
treatments in these years shows excellent performance of the model to predict soil moisture
contents. However, for crop season 2015-16 a higher difference between simulated and
measured soil moisture was observed (RMSE = 34.4-36.2 mm). Nevertheless, model
performance was satisfactory on the basis of nRMSE (17.3-21.6%).
TABLE 7.9. CALIBRATION PARAMETERS OF AQUACROP FOR BARLEY UNDER
SALINE SOIL AND WATER QUALITY OF BSRS, PAKKA ANNA, PAKISTAN
Number of plants

160 plants m-2

ECe thresholds

Canopy size (seedling)

1.5 cm2 plant-1

Upper

4 dS m-1

Time to emergence

8 days

Lower

15 dS m-1

Time to maximum canopy

60 days

Maximum canopy cover

90%

Water

Maximum effective rooting depth

0.6 m

p (upper)

0.15

Time to maximum rooting depth

67 days

p (lower)

0.60

Time to flowering

91 days

Shape factor

3.0

Flowering Duration

8 days

Senescence

107 days

Canopy decline

34 days

Maturity

133 days

Water productivity

16 g m-2

Harvest Index

27%

TABLE 7.10. STATISTICAL INDICATORS OF MODEL PERFORMANCE TO
SIMULATE SOIL MOISTURE IN DIFFERENT STUDY YEARS AND IRRIGATION
TREATMENTS DURING MODEL CALIBRATION
Season
2014-15

2015-16

2016-17

Treatment
(% of ETc)
120
100
80
60
150
125
100
75
50
150
125
100
75
50

RMSE
(mm)
14.5
14.1
18.5
18.4
36.2
34.4
40.0
36.4
35.9
8.3
10.1
12.3
20.7
21.3

nRMSE
(%)
5.1
4.9
6.6
6.5
18.1
17.3
21.6
20.4
21.4
3.1
3.9
4.8
8.2
8.6

D
0.55
0.57
0.41
0.50
0.46
0.47
0.33
0.29
0.30
0.94
0.89
0.86
0.63
0.55
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7.3.1.7. Biomass and grain yield at harvest
Measured above-ground biomass of barley was significantly different among years
and irrigation treatments. However, the difference between irrigation treatments in different
years was variable due to growing season rainfall and initial soil salinity levels at crop sowing.
Comparatively higher rainfall in crop season 2014-15 (125 mm) and 2015-16 (133 mm) resulted
in lesser differences among irrigation treatments. AquaCrop was able to simulate this trend in
biomass and yield production well (Fig. 7.8).
Overall measured biomass in crop season 2014-15 was 13.4, 12.5, 11.2 and 9.8 t ha-1
compared to simulated values of 12.9, 12.0, 11.7 and 11.5 t ha-1 for 125, 100, 75 and 50% of
ETc treatments, respectively. The percent difference (%D) in simulated and measured biomass
was 4, 6, –4 and –17 % for 120, 100, 80 and 60 % of ETc treatment. The model was able to
predict accurately the grain yield (3.6 t ha-1) in the 120% ETc treatment for crop season 201415. However, like biomass the model under predicted the grain yield by –14 and –63 % for
irrigation treatment 80 and 60 % of ETc. Overall statistical indicators of r, RMSE and nRMSE
for biomass i.e., 0.83, 0.98 and 8% and grain yield (0.7, 0.64 and 21%) indicated appropriate
simulation by the model for crop season 2014-15.
In crop season 2015-16, %D between simulated and measured biomass was 2, 6, 4, –
8 and –9%, whereas for grain yield it was 10, –1, 1, –19 and –37% for 150, 125, 100, 75 and
50 %ETc treatments, respectively. The model generally under predicted the grain yield for water
stressed conditions. However, analysis of pooled data indicated good relationships between
simulated and measured values with r, RMS and nRMS of 0.96, 0.58 kg ha-1, and 5%,
respectively, for biomass and 0.98, 0.29 kg ha-1 and 10% for grain yield in crop season 201516. A similar trend was observed for simulated and measured biomass for crop season 201617. However, the overall model predictions were better in crop season 2016-17 compared to
2015-16 with better r, RMSE and nRMSE. The overall effect of irrigation treatment with mean
data of crop seasons 2015-16 and 2016-17, showed appropriate simulations made by the model
for irrigation application. In general, the model under predicted the biomass and grain yield
from 13 to 31% under water stressed conditions. Nevertheless, the statistical indicators showed
appropriate simulations by the model to predict biomass and grain yield at varying irrigation
levels.
Crop growth models are an organization of processes controlled by different specific
genetic encryptions with its context-related expressions. Lack of understanding and inherent
complexity of processes involved limits the capabilities of these models to provide a full
description of specific process under investigation. However, the model should be able to
simulate/predict the behaviour or process close enough to the real values before its application
to test any hypotheses. After certain specific adjustments i.e., calibration, the capability of the
model to predict the real system can be evaluated by comparing the experimental data collected
under similar conditions before its application to test the hypothesis under study i.e., model
application.
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FIG. 7.8. Simulated and measured biomass and grain yield of barley in different years and irrigation
treatments.

7.4.

CONCLUSIONS

This three-year field study conducted on barley indicated that barley yield was affected
by soil, irrigation water salinity and irrigation regimes. Generally, soil salinity had higher
impact on barley biomass (32% reduction) and grain yield (21% reduction) compared to
irrigation water salinity (21% reduction). In the experiments with the crop grown on saline soil
and applied with saline irrigation water under different irrigation regimes, barley grain yields
obtained under higher soil moisture stressed conditions were significantly lower than those
obtained with 100 %ETc and higher irrigation levels. The results indicated deficit irrigation with
saline ground water may reduce the growth and yield due to the compounded effect of water
deficit and soil/irrigation water salinity. The water use efficiency for biomass and grain yield
were also affected by irrigation treatments and soil/irrigation water quality. The FAO AquaCrop
model predicted accurately soil moisture contents, crop evapotranspiration, in-season biomass
(9% ≤ nRMSE ≤ 16%) and canopy growth (9% ≤ nRMSE ≤ 16%), yield (8% ≤ nRMSE ≤ 11%)
and water use efficiency (13% ≤ nRMSE ≤ 23%) during model calibration. However, the
performance of the model during evaluation was comparatively less satisfactory to simulate
yield under higher soil moisture stressed conditions of the 60%ETc treatment (D = 63%) for
crop season 2014-15. The model generally under-predicted biomass and grain yield under water
stressed conditions. However, this under prediction was 8% for biomass and 15% for grain
yield for the pooled data of crop seasons 2015-16 and 2016-17 for the 75 %ETc treatment. These
results confirm that AquaCrop was able to simulate with acceptable accuracy barley yield under
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saline conditions and limited irrigation water. As a result of this research, full irrigation or 25%
higher than crop water requirement is recommended for irrigation of barley crop under saline
soil and irrigation water supply conditions. However, it may accelerate secondary salinization
if a sufficient amount of rainfall or a minimum amount of freshwater to leach the salts below
the root zone is not available. In case of water scarcity, the irrigation application may be reduced
by 75-80% of full crop water requirements.
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Abstract

Assessment of the soil water content, bulk electrical conductivity, and pore water
electrical conductivity is critical in the evaluation and management of irrigation and leaching
regimes for crop production in salt-affected soils. Soil water content sensing systems based on
electromagnetic (EM) properties of water are problematic in salt-affected soils due to severe
interference from the bulk electrical conductivity, which can vary greatly throughout an
irrigation season and across a field. In these soils, capacitance-based EM measurements have
been shown to be nearly useless whereas the neutron probe can provide accurate soil water
sensing but is labor intensive and subject to regulations. We investigated several new
technologies suitable for evaluation of field soil water contents including (i) time domain
reflectometry (TDR) probes with pulse generation directly-coupled to the electrodes (ii)
prototypes of profiling soil water sensors based on directly-coupled TDR and (iii) a cosmic ray
neutron probe (CRNP) that senses background fast neutrons generated by cosmic rays as well
as background thermal neutrons. Laboratory investigations of the directly coupled TDR probes
demonstrated that they can estimate soil water contents with accuracies of ≤ 0.03 m3 m-3 at bulk
electrical conductivities up to 2.5 to 3.0 dS m-1 in fine textured soils (clay ≤ 400 g kg-1) with a
soil specific calibration. In coarser textured soils, accurate estimation of soil water content using
these sensors is feasible up to a bulk electrical conductivity of ~5 dS m-1. The corresponding
electrical conductivity of the pore water at saturation would range from 5 to 10 dS m-1. Several
prototypes of the profiling soil water sensor were designed, evaluated, and found to be
satisfactory. However, the principal difficulty was achieving a structural design that could
withstand the forces of installation while keeping manufacturing costs reasonable. The CRNP
was evaluated during two seasons and found to respond positively to elevated near-surface
atmospheric humidity and be sensitive only to water within a shallow soil depth (<0.3 m).
Consequently, the CRNP data would have little relevance for irrigation management for the
field crops commonly grown in the Southern Great Plains. Field evaluations of arrays of EM
sensors deployed at multiple depths demonstrated that sensed changes in stored profile water
could resolve daily changes in evapotranspiration (ET) and correlated strongly with changes in
storage determined with the neutron probe. This indicates the possibility that properly deployed
EM sensors of the types used here could provide change in storage data accurate enough to
determine ET from the soil water balance.
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8.1.

INTRODUCTION

Existing in-situ soil water content sensing systems based on electromagnetic (EM)
properties of water are problematic in salt-affected soils due to severe interference from the
bulk or apparent electrical conductivity (EC), which can vary greatly throughout an irrigation
season and across a field. In particular, the systems based on capacitance measurements have
been shown to be nearly useless in such soils [1–3]. At the same time, it is important to be able
to assess the soil water content, bulk electrical conductivity, and pore water electrical
conductivity in order to effectively manage irrigation and leaching regimes and to study effects
of irrigation management and water quality on crop production. The neutron probe is capable
of accurate water content sensing in salt-affected soils but has the disadvantages of (i) being
labor intensive, (ii) not able to be left unattended in the field, (iii) subject to onerous regulations
and (iv) unable to sense salinity. There are, however, two new technologies that are promising.
One is the profiling soil water sensor or waveguide-on-access-tube (WOAT) system based on
time domain reflectometry (TDR) principles [4]. This system may be less sensitive to
interference from soil bulk EC than are conventional TDR systems, and it makes accurate
measurements of both soil water content and bulk EC from the soil surface to user-chosen
depths exceeding 2 m. The other technology is the Cosmic Ray Neutron Probe (CRNP) which
is a method for detecting soil water content by sensing fast neutrons generated by cosmic rays
and also sensing the thermal neutrons resulting from collisions with hydrogen [5]. Because it is
based on neutron detection, the CRNP is relatively immune to salinity effects. It responds to
the soil water content in the surface layers and to the near-surface atmospheric humidity and
vegetation water content over a large area (radius of approximately 165 m) [6].
The profiling EM soil water sensor, while carefully evaluated [7–11], is a newly
introduced system that requires design improvements to facilitate manufacturability and reduce
cost as well as testing for irrigation and salinity management. The direct-coupled TDR circuits
developed by Acclima Inc.4 were concurrently being developed for both the profiling soil water
sensor and for individual probes similar to conventional TDR technology. Although with pulse
generation and waveform capture in the probe head and directly coupled to the waveguide
electrodes. The quality and interpretability of TDR waveforms acquired from both the profiling
and stand-alone TDR soil water sensors, especially in lossy media, is a key consideration for
their accuracy in a range of soils and their usefulness in assessing soil water balance. The CRNP
has a limited effective measurement depth that can change with soil and environmental
conditions, which potentially confounds its usefulness for irrigation management. The
objectives of this research were to (i) develop and further evaluate the WOAT for soil water
monitoring in irrigation management (ii) evaluate individual TDR and other sensors in the
laboratory and field for use in soil water and bulk EC monitoring with some consideration of
the useful range in salt affected soils and (iii) evaluate the CRNP in assessing field soil water
balance in an agricultural setting with irrigation.

4

The use of trade, firm, or corporation names in this article is for the information and convenience of the reader.
Such use does not constitute an official endorsement or approval by the United States Department of Agriculture
or the Agricultural Research Service of any product or service to the exclusion of others that may be suitable. It
also does not imply any intention to infringe proprietary rights, nor should it be construed as an endorsement or
recommendation on the part of the IAEA.
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8.2.

MATERIALS AND METHODS

8.2.1.

Profiling soil water sensor

The profiling soil water sensor that is being developed by Acclima Inc. in collaboration
with USDA-ARS Scientists at Bushland, Texas, initially consisted of a tube with a series of
0.20-m long electrodes mounted longitudinally on the exterior surface and corresponding
electronic circuitry for acquiring time domain reflectometry (TDR) waveforms for the
determination of soil water content and bulk electrical conductivity. A patent for the apparatus
[4] was granted on 3 Feb 2015. These prototypes consist of a tube of varying length with
electrodes and circuitry for the acquisition of individual TDR waveforms at 0.3-m depth
increments, oftentimes with a pair of modules for every depth increment on opposite sides of
the tube (Fig. 8.1). The unit is controlled by an SDI-12 data recorder wired to the tube head,
and there are plans to incorporate access via wireless communications. The electronic circuitry,
consisting of a pulse generator and voltage receiver for capturing waveforms, and the associated
firmware for evaluating travel time, water content and bulk electrical conductivity were similar
to circuitry later developed for the TDR-315 and TDR-315L standalone TDR probes (described
below). The principal challenge remaining has been achieving a structural design associated
with the mounting of the transmission rods and embedding of electronics that can withstand the
forces of installation while keeping manufacturing costs reasonable.

FIG. 8.1. Prototypes profiling soil water sensors included (A) one evaluated in January 2015 showing
the TDR circuits being inserted into the body installed into the soil, another prototype (B) installed into
the soil in September 2015 and the prototype (C) used for laboratory investigations.
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On 15 January 2015, a prototype WOAT was installed in Bushland, Texas, to evaluate
the structural design (Fig. 8.1A). This prototype consisted of a 1.2 m exterior tube installed by
auguring within and a separate and removable core consisting of 12 TDR modules inserted into
the exterior tube after installation. A field test of the second WOAT prototype with Acclima
Inc. was carried out in September 2015 at Bushland, Texas. The WOAT (total length = 1.5 m)
consisted of six 0.20-m segments, each with a single TDR circuit and rods. In contrast to the
previous prototype, the TDR circuits were mounted directly into the body of the WOAT and
potted in epoxy (Fig. 8.1B). The unit was installed using a hydraulic push probe mounted on a
tractor. The WOAT was incrementally pushed into the soil after augering within the tube each
time to remove excess soil at the bottom. The WOAT was removed using the hydraulics of the
push probe and reinstalled using a gasoline powered T-post driver again while augering within
the tube. After each installation process, the TDR circuits were tested.
A 0.40-m WOAT prototype similar to the field version but modified to accommodate
two TDR units per 0.20-m depth, was also evaluated in the laboratory in January 2016. We note
that, unlike TDR-315 probes, measured travel time with the profiling probe depends not only
on the soil permittivity but also the permittivity of a portion of the plastic body to which the
electrodes are attached. A specialized approach is therefore required for calibrations that
remove the effects of the probe body. In this prototype, four stainless steel straps run along the
length of the probe to fasten individual 0.20-m units together and also serve as ground rods
(Fig. 8.1C). The WOAT was evaluated in a cylindrical test chamber that isolated the two 0.2m segments from the lower portion so that mass changes in the soil volume would only be
reflected in the depth increments where water content (i.e. travel time) was being measured.
8.2.2.

Directly coupled time domain reflectometry evaluations

The Acclima TDR-315 is a standalone digital TDR sensor with all electronics required
for pulse generation and waveform acquisition embedded in the probe handle. We evaluated
this sensor in early 2015 prior to it being commercially available in June 2015. Operationally,
a step function triggered by a timing generator launches a series of step pulses down a 0.15 m
transmission line and samples the reflections to construct a digitized waveform consisting of
amplitudes at successive time increments. A voltage comparator is used to digitize the
amplitude of the analog signal compared with reference amplitude at a given time offset. The
sensors employ a ~3.5 GHz step pulse with a 10 – 90% rise time of 100 ps (20 – 80% rise time
of 64 ps). In comparison, the Tektronix 1502C cable tester typically used for conventional TDR
measurements has a 1.75 GHz bandwidth with a 10 – 90% rise time of 200 ps. Because
conventional TDR uses interconnects, cables, and multiplexers to transmit the pulse to the
transmission rods of the probe, the effective bandwidth of the transmitted and reflected pulses
is typically less than 1.0 GHz [12]. Bulk electrical conductivity (σa) can dominate the low
frequency dielectric loss spectrum in soils, causing changes in the real permittivity and errors
in estimated water content. Maintaining a bandwidth of greater than 1.0 GHz is necessary to
minimize the bulk EC dependency of apparent permittivity important for accurate water content
measurements in salt affected soils [3].
In the spring of 2015, 10 prototype TDR-315 sensors provided by Acclima Inc. were
evaluated and compared with conventional TDR. The TDR-315 sensors consisted of a planar
three-conductor transmission line with rod diameters of 3.2 mm, an outer rod separation
distance of 38 mm, and were approximately 150 mm in length. The TDR-315 sensors were
compared with two conventional TDR probes (each with a 8.5-m low-loss coaxial cable), with
rod diameters of 3.2 mm, an outer rod separation distance of 60 mm, and a length of 150 mm.
Waveforms were acquired from conventional TDR probes using a cable tester (model 1502C,
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Tektronix, Beaverton, OR). A coaxial cable length of 8.5 m was used in this study because it
more properly represented the attenuated signal used to acquire travel times for estimation of
soil water contents in the field than would an arbitrarily short cable.
The TDR-315 sensors were calibrated for apparent permittivity (Ka) using waveforms
acquired at 20 ps intervals in air and deionized water. Conventional TDR was also calibrated in
the same manner using 251-point waveforms in air and water (13.5 and 53.4 ps intervals,
respectively). Amplitudes, V, acquired from the TDR-315 were converted to reflection
coefficients, ρ as



2 V  V0
V0

where V0 is the measured amplitude at long times (20 ns) in air (open circuit). Short circuit
measurements with the TDR-315 invariably yielded an amplitude of zero at long times.
Water content calibrations of the Ap horizon (0 – 0.15 m) of the Pullman clay loam
were carried out for six TDR-315 probes and two conventional TDR probes. Packed columns
(0.101 cm inside diameter by 0.20 m long Schedule 40 rigid polyvinyl chloride) were prepared
using soil sieved through a 12.7-mm by 12.7-mm mesh screen. A range of volumetric water
contents were achieved by combining air-dry soil with different ratios of deionized water,
thoroughly mixing to achieve uniformity, and packing the mixture into the columns in 20-mm
increments. Four replicate waveforms were acquired at room temperature (20°C), a refrigerator
(6°C), and in a water-jacketed incubator (40°C) after permitting the columns to equilibrate for
one day at each temperature regime. The refractive mixing model [13] was fitted to measured
apparent permittivity using measured volumetric water contents.
Bulk EC calibrations were completed for two TDR-315 sensors and conventional TDR
with the σa estimated using the longtime amplitudes at 3 μs and based on the Giese and Tiemann
thin section approach [14]. Calibrations were evaluated using CaCl2 solutions with
conductivities ranging from 1 μS cm-1 (deionized water) to 7.3 dS m-1. Electrical conductivity
of solutions was measured using a bench top meter with conductivity reported at ambient
temperatures (20°C ± 2°C). Bulk electrical conductivity (σa) using the conventional TDR
probes was determined [15] with open (air) and short circuit measurements to evaluate the
scaled reflection coefficient ρscale at 3 μs.
We also examined the dependence of measured apparent permittivity (Ka) on σa in soil
using both conventional TDR and the TDR-315 during near saturated solute displacement
experiments. Sensors were installed in columns packed with Pullman clay loam. Displacement
experiments were completed by first equilibrating columns with 0.25 dS m−1 CaCl2, introducing
a step pulse of 7.3 dS m−1 CaCl2 and, after equilibration, displacing the resident solution with
0.25 dS m−1 CaCl2.
In all of the experimental evaluations, waveforms acquired from the TDR-315 probes
and Tektronix 1502C using conventional TDR were evaluated for travel time using the AWIGF
algorithm [16]. Travel time estimated using AWIGF was also compared with the firmware
determined travel time. Further details of the methodologies of this study are described in [17].
The electronics for measuring soil water content (i.e. travel time) were redesigned by
Acclima Inc. to use lower cost silicon chips for the step-pulse generator instead of the silicon125

germanium technology used by the TDR-315. These sensors (TDR-315L) have approximately
a 20% lower power requirement than their predecessors. The new probe has a 10 – 90% rise
time of 360 ps that yields an approximate bandwidth of 1 GHz. In February through April 2016,
the TDR-315L was evaluated in air, water, and Pullman soil (40% clay) saturated with 1 and 7
dS m-1 CaCl2 solutions and compared with the TDR-315 sensors. Methodologies were similar
to that reported for the TDR315.
8.2.3.

Cosmic ray neutron probe evaluation

A cosmic ray neutron probe (CRNP) was installed at the Bushland USDA-ARS
Laboratory in 2012 at the northeast (NE) large weighing lysimeter (35° 11’ N, 102° 06’ W,
1170 m elevation above MSL), which is centered in a 4.4 ha, 210 m × 210 m field. The soil is
a Pullman silty clay loam (fine, mixed, superactive, thermic Torrertic Paleustoll). The field is
subsurface drip irrigated with drip lateral lines buried at 0.30 to 0.34 m depth with a 1.52 m
lateral spacing that placed a drip lateral in the center of every other interrow. Drip laterals and
row crops were placed using GPS guided tractors with an average accuracy of ± 2 cm. The field
slope is less than 0.3%. The large (3 m × 3 m × 2.4-m deep) precision weighing lysimeter is at
the field’s center. It was calibrated using masses traceable to NIST (RMSE of calibration = 0.04
mm equivalent water depth). Lysimeter ET and precipitation amounts were calculated [18,19].
In 2013 a maize (Zea mays L.) crop was planted on 22-23 May and subsurface drip
irrigation (SDI) was applied to meet crop water requirements not otherwise met by
precipitation. Plant height, leaf area index (LAI) and above-ground biomass (wet and dried)
were measured periodically in order to assess the effect on the CRNP of green biomass
accumulation over time and eventual senescence of the crop. Microclimatological
measurements were made at the lysimeter and at an immediately adjacent research weather
station over mowed grass. Field water contents and soil profile water storage were determined
by neutron probe (NP) weekly during the crop growing season using eight NP access tubes to
2.4-m depth with measurements in increments of 0.2 m beginning at 0.1-m depth using a depth
control stand to ensure accuracy at the 0.1-m depth. The eight access tubes were arranged in a
grid around the weighing lysimeter as illustrated in Fig. 8.2. Irrigation amounts were measured
using a total flow meter for the entire field and individual flow meters for each of the 20 SDI
zones.
A wireless sensor network consisting of 40 CS655 sensors (Campbell Scientific Inc.,
Logan, Utah) was installed, with five sensors adjacent to each NP access tube. At each access
tube, sensors were installed horizontally in the side of a pit at depths of 0.05, 0.10, 0.15, 0.20
and 0.25 m in order to monitor the rise of water from the SDI system, the infiltration of water
from precipitation, and to monitor the drying of the surface layers of the soil after irrigation and
precipitation events. The sensors were inserted into the soil in a direction perpendicular to the
crop row so that the electrodes of each sensor were centered under the row (0.38 m horizontal
offset from the drip tape). Data recorded from the CS655 sensors were the soil apparent
permittivity, bulk electrical conductivity and temperature. Apparent permittivity was corrected
using the linear relationship between CS655 permittivity values and those determined by
conventional TDR [20], and corrected values were then used to estimate soil water content
(RMSE = 0.01 m3 m-3, and r2 = 0.973) using the Pullman Ap horizon time domain reflectometer
(TDR) calibration [21]. Depth weighted mean profile water content in the 0-0.30 m deep profile
at hourly intervals was calculated from the five CS655 sensors at each NP location. CRNP soil
water content (θCRNP, m3 m-3) data were acquired on an hourly basis and were smoothed using
a 12-hour boxcar filter. Filtered water content data from the CRNP were compared with data
from the neutron probes, wireless CS655 network, and lysimeter. The CRNP installed at the
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weighing lysimeter location sensed the entire 4.4-ha field and likely beyond into adjacent
irrigated fields, although sensitivity beyond the field perimeter was likely much reduced [6].

FIG. 8.2. Locations where electro-magnetic (EM) soil water sensors were installed in the lysimeter
field. The cosmic ray neutron probe was located 2 m east of the lysimeter. Eight locations had
CS655 sensors installed, six at each location in; and eight locations had TDR-315L sensors
installed only in 2017, six at each location. Depths of installation were 0.05, 0.10, 0.15, 0.20 and
0.25 m in 2013 and 0.06, 0.20, 0.35, 0.50, 0.70 and 1.00 m in 2017. Eight neutron probe (NP)
access tubes were installed in the field and read periodically (usually weekly) at center depths of
0.10 to 2.30 m in 0.20-m increments. Two NP access tubes were installed in the lysimeter and read
in the same depth increments to 1.9 m.

In 2017, soybeans (Glycine max), were planted in the field surrounding the CRNP, but
a hailstorm on 2 July (DOY 183) destroyed the young soybean crop, and the field was plowed
to terminate the remaining crop. Thereafter, the field remained in fallow for the duration of the
summer. During this year, EM sensors were installed at 16 locations in the field surrounding
the lysimeter, with six sensors at each location (Fig. 8.2). Half the sensors were model CS655
(Campbell Scientific, Inc., Logan, Utah) and half were model TDR-315L (Acclima Inc.,
Meridian, Idaho). At each location, sensors were installed at depths of 0.06, 0.20, 0.35, 0.50,
0.70 and 1.00 m. The top two sensors were installed horizontally whereas the bottom four
sensors were installed vertically so that the installation depth was halfway along the length of
the electrodes. The deepest three sensors were installed into the bottoms of individual auger
holes and re-packed using the removed soil. Sensors were installed midway between the drip
lateral and the crop row, that is, approximately 0.19 m from the drip lateral and 0.19 m from
the crop row. Sensors were connected to dataloggers (model 206X, Campbell Scientific, Inc.,
Logan, Utah) and readings of apparent permittivity, soil temperature and bulk electrical
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conductivity were made every hour. The TDR-315L EM sensor arrays began recording data on
day of year (DOY) 170 in 2017, with the CS655 arrays starting nine days later, and both
continued recording until DOY 349 when the dataloggers were removed from the field. Soil
water contents were based on calibrations described for the 2013 season but with a change in
the intercept for both horizons to the value of –0.176 m3 m-3 obtained for a range of soils [22].
8.2.4.

Field evaluation of soil water sensors

An estimation of soil water depletion and pore water electrical conductivity is
necessary to evaluate crop response to water and salinity stress, schedule irrigations, and
forecast optimal water distribution to irrigated crops. These assessments are being made within
the framework of MOPECO, an economic optimization model for irrigation water management
[23]. The principal objectives of this evaluation are to (i) compare sensor technologies, (ii)
evaluate soil profile changes in water content resulting from irrigations and daily
evapotranspiration.
Experimental field plots were established and planted to purple garlic (Allium sativum)
to evaluate the effect of deficit irrigation strategies on soil water depletion, crop development,
and yield. The field plots were located near Aguas Nuevas, Albacete, Spain, and were equipped
with mini-lysimeters and a surface drip irrigation system. The soils in the experimental field
plots are Petrocalcic Calcixerepts with a petrocalic horizon at approximately 0.50 m and a clay
loam texture. Eighteen experimental plots in a randomized complete block design were
established to examine five irrigation treatments in which the crop received a volume of
irrigation water equal to at 70, 80, 90, and 100 percent of typical crop irrigation requirements
in the area, and full irrigation as the control, with irrigation scheduling determined using
MOPECO [24]. Lateral drip lines with a 0.5 m emitter spacing were placed between each of
the rows, and flow meters recorded applied irrigation to each of the plot replicates. All
irrigations were completed during nighttime. Further details of the study can be found in [25].
Soil water sensors (TDR-315; Acclima Inc., Meridian, Idaho) were installed on March
2017 during garlic dormancy at 0.1, 0.2, 0.3, and 0.4 m below the surface with probes oriented
perpendicular to the rows and between the dripline and the rows. Two sensor arrays were
installed in one of the plot replicates of the 70, 80, 90, and 100% irrigation treatments. Besides
the TDR-315, WaterMark (Irrometer, Inc., Riverside, California) granular matrix sensors (0.2
and 0.4 m depths; 8-hour measurement frequency), MPS6 (Meter Group, Inc., Pullman,
Washintton) granular matrix sensors (0.2 and 0.4 m depths; 1-hour measurement frequency),
and the PR2/4 (Delta-T Devices, Cambridge, UK) profiling capacitance sensor (0.1, 0.2, 0.3,
and 0.4 m depths; 1-hour measurement frequency) were also installed in the plots. Within each
of the plot replicates, one profile each of the WaterMark, MPS6, and PR2/4 were installed all
in close proximity to one another and the two TDR-315 arrays (<5 m). The factory calibration
was used to estimate soil water content using apparent permittivity measurements for the TDR315. Water contents estimated using the TDR-315 and the PR2/4 sensors were integrated with
depth to obtain profile water contents to 0.45 m depth. Applied irrigation and rainfall depths
were estimated using TDR-315-measured soil water contents by evaluating change in storage
(0-0.45 m) and assuming a soil water content at the surface of 0.09 m3 m-3 prior to wetting. This
water content represents approximately the mean lower limit of water contents recorded at 0.1
m among all plots during the study.
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8.3.

RESULTS AND DISCUSSION

8.3.1.

Profiling soil water sensor

The installation of the initial prototype of profiling soil water sensor in January 2015
was successful and high-quality waveforms were acquired from the TDR circuits after
installation. However, the manufacturability of this prototype was prohibitively costly for
widespread use. The installation of the prototype in September 2015 using a hydraulic push
probe and the T-post driver was successful. After each installation process, the TDR circuitries
were tested and found to be operational. Waveforms obtained from this installed prototype (Fig.
8.3) were high quality and interpretable for travel time estimation.

FIG. 8.3. Waveforms acquired from the Acclima profiling soil water sensor prototype installed
in September 2015 in Bushland, Texas for each of the TDR circuits that sampled the six depth increments
in the soil profile

FIG. 8.4. Waveforms of the one of the TDR circuits of the profiling soil water sensor acquired
in air and water for range of electrical conductivities.
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Each individual TDR unit of the 0.40-m WOAT prototype yielded similar waveforms
and travel times in water, air, and CaCl2 solution up to 15 dS m-1. Waveform interpretation for
travel time estimation was easily evaluated using AWIGF [16] and stable up to an electrical
conductivity of 5 dS m-1 above which attenuation made it difficult to find the reflection at the
end of each electrode triplet (Fig. 8.4). Signal to noise ratios were lower in these units compared
with the TDR-315 but significantly improved compared with earlier circuit designs [10].
Calibration of this probe in air, water, and ethylene glycol and further testing in soils was
planned but not pursued because water began to leak through into the surface below the
stainless-steel straps and thence into the interior of the tube. We note that although the water
entry did not affect the circuitry, it does influence the measured travel time because water inside
the cylinder is within the electromagnetic field associated with permittivity measurements.
Because of the design problems associated with maintaining a watertight seal during
installation of the profiling soil water sensor, we were unable to evaluate the sensor under field
conditions as planned. In addition, manufacturing costs of these prototypes were still too high
for a commercially acceptable product. Acclima Inc. has been involved in redesign efforts
during the past two years to address these problems. The current design consists of an access
tube made of extruded plastic with channels for the TDR electronics formed into the wall of the
tube.
8.3.2.

Directly coupled time domain reflectometry evaluations

Waveforms in air and water for TDR-315 sensors are similar to conventional TDR
(not shown) except that t1, the time at which the signal enters the media, is offset from the time
of the pulse launch tx1 rather than the transition between the coaxial cable and the probe handle.
Electrical length Le and offset tc for permittivity calibrations of the TDR-315 and conventional
TDR are remarkably similar (see [17]). Variations in calibrated Le and tc among TDR-315
probes result from small variations in the physical rod length and the timing circuit but are dealt
with during factory calibration of each individual sensor.
The fitted water content calibration derived from AWIGF Ka estimates using the TDR315 corresponded closely to the conventional TDR calibration also using AWIGF to evaluate
travel time (Fig. 8.5). The firmware calculated Ka averaged 95% of the TDR-315 AWIGF
calculated Ka and the two estimates were closely correlated (r2 = 0.997). Consequently, the
water content calibration obtained from the firmware estimate of Ka was remarkably similar to
the AWIGF derived calibrations (Fig. 8.5). The firmware water content calibration tended to
underestimate soil water content and had a root mean square error of 0.0324 m3 m-3 compared
with 0.0173 to 0.020 m3 m-3 obtained for the soil specific calibrations (Fig. 8.5).
Apparent permittivity measured using conventional TDR was sensitive to bulk EC,
increasing from 32 to 40 after introduction of the 7.3 dS m−1 CaCl2 step pulse (Fig 8.5). In
contrast, Ka measured using the TDR-315 and evaluated using AWIGF was insensitive to bulk
EC (Fig. 8.6). Both of the above AWIGF-derived estimates of Ka use the default method
whereby t2 is conditionally evaluated using the maximum of the second derivative [16].
Firmware estimates of Ka were slightly sensitive to bulk EC and were subject to reduced
precision at σa > 2 dS m-1 (Fig. 6). Algorithms used for waveform interpretation can influence
the sensitivity to EC of TDR permittivity and water content estimation [16, 26). We note that
the firmware algorithm used to estimated t2 has been modified since the initial commercial
availability of the TDR315 in 2016.
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FIG. 8.5. Refractive mixing model soil water content calibrations of the Pullman clay loam (0.0 to 0.15
m) for conventional TDR and TDR-315 using AWIGF-estimated travel times and the calibration and
the TDR-315 using firmware estimated apparent permittivity (Ka). Also shown is the Acclima factory
soil water content calibration.

The cause of the insensitivity of the TDR-315 measured permittivity to bulk EC
compared with conventional TDR is evident from the waveforms of these two sensors at a high
bulk EC (2.8 dS m-1). The slope of the reflection at the termination of the rods is significantly
larger for the TDR-315 waveform compared with conventional TDR indicating that a greater
proportion of the high frequency component has been preserved (Fig. 8.7). This signifies that
water contents measured by the TDR-315 are less sensitive to salinity fluctuations compared
with conventional TDR.
The electrical conductivity calibrations for both the TDR-315 and conventional TDR
were linear with similar slopes, thus validating the thin-section approach [14] for using these
sensors. Long time reflection coefficients evaluated from the 3 μs amplitudes reported by the
firmware of the newer probes departed from a linear response at electrical conductivities greater
than 3 dS m-1. Initial firmware for the TDR-315 estimated electrical conductivity based on a
long-time amplitude with the timing based on microprocessor cycles [17]. Because of the
nonlinearity problems identified above, Acclima has incorporated a dual time base in all
subsequent sensors so that long time amplitudes could be measured using a precise controller
at 100 ns and independent of the travel time measurements.
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FIG. 8.6. Response of electrical conductivity and apparent permittivity during column displacement for
conventional TDR and TDR-315 sensors in a Pullman clay loam. Apparent permittivities for the TDR315 are plotted using the default AWIGF methodology to estimate the time at which the pulse arrives at
the end of the transmission line. In addition, firmware-calculated apparent permittivities are also
plotted. A lag in the TDR-315 response compared with conventional TDR is due to differing heights
within the soil column.

FIG. 8.7. Waveforms of conventional TDR and the TDR-315 at a bulk electrical conductivity (σa) of 2.8
dS m-1 and the AWIGF-evaluated time at which the pulse arrives at the end of the transmission line (t2).
The waveforms have been horizontally adjusted in time so that the time at which the step pulse enters
the media (t1) is identical.
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A challenge in managing soil salinity under irrigated crop production is the estimation
or measurement of the pore water electrical conductivity (σw). This quantity is required both in
approximating the leaching fraction for the soil profile and estimating the conductivity of the
saturated paste extract to evaluate yield response to salinity [27]. The TDR-315 measures the
apparent bulk electrical conductivity (σa) of the soil, which can be used to approximate σw using
the Hilhorst model [28] or others. Errors in estimated σw can be considerable (e.g. [29]) and
may partly arise from the presence of significant bound water and surface conductance in high
surface area clays and because all sensors measure apparent permittivity rather than a real
permittivity. Using TDR-315 measurements obtained from the column displacement
experiments for a near saturated Pullman clay loam, the Hilhorst model overestimated σw by
30% at a measured σw of 7 dS m-1, with error increasing as σw declined. It is clear that a soil
specific calibration across a range of water contents and salinities will be required to accurately
assess changes in σw for this soil using TDR-315 measurements.
Despite the slower step pulse, interpretation of TDR-315L waveforms indicated its
response was similar to that of the TDR-315 for the media tested. Because of an unavoidable
impedance mismatch at low permittivities for the newer design, there is a discontinuity in
waveform at about 1450 ps just after the launch of the signal (Fig. 8.8). This aberration,
however, was found not to interfere with the detection of the end reflection in air or dry soil.

FIG. 8.8. Acquired waveform from the TDR-315L sensor in air showing the discontinuity
caused by an impedance mismatch.

Accurate travel time measurements were obtained for both technologies in air and
water up to and including 5 dS m-1 CaCl2 solutions (Fig. 8.9). At 7 dS m-1 CaCl2, attenuation of
waveforms in both sensor technologies was too great to reliably evaluate the time associated
with the reflection at the termination of the rods and, consequently, travel time. Waveforms
acquired with both technologies in the Pullman soil saturated exhibited similar responses as the
saturating solution increased from 1 to 7 dS m-1 CaCl2 (Fig. 8.10). The scaled slopes of the
rising limb of the reflection at the end of the rods (important for travel time evaluation) were
similar over a range of electrical conductivities for the TDR-315L and the TDR-315. At high
attenuation levels, the signal to noise ratios were smaller for the TDR-315L compared with the
TDR-315. However, this was found not to influence the standard deviation of the permittivity
measurements in water over a range of electrical conductivities less than or equal to 5 dS m-1.
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Because of slightly greater noise, greater smoothing was used for analysis of these TDR-315L
waveforms using AWIGF. Both the TDR-315 and TDR-315L yielded accurate water content
measurements (within 0.03 m3 m-3) using a previous calibration [17] in the saturated Pullman
soil which had a maximum bulk EC of 3.3 dS m-1.

FIG. 8.9. Waveforms for the TDR-315 and TDR-315L sensors acquired in water for range of electrical
conductivities.

FIG. 8.10. Waveforms for the TDR-315 and TDR-315L sensors acquired in a Pullman clay loam soil
saturated with 1 and 7 dS m-1 CaCl2 solutions. The waveforms have been horizontally adjusted in time
so that the time at which the step pulse enters the media is identical.
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8.3.3.

Cosmic ray neutron probe evaluation

In 2013, leaf area index (LAI) of the maize exceeded 4 m2 m-2 by 22 July (DOY 203),
and the equivalent depth of water stored in the above ground biomass reached a maximum of 5
mm by 21 August 2013 (DOY 233). The crop was completely senesced by 27 Sept 2013 after
which time the water content of biomass was practically zero. Data from the CS655 sensors
(θCS655, m3 m-3) were recorded beginning on DOY 190 (9 July 2013) when field mean LAI was
3.0, so early comparison of CS655 and CRNP water contents were carried out when green
biomass was present.
Trends in the CRNP water contents during the growing season were similar to the
mean 0-0.30 m profile water contents reported by the CS655 sensor (Fig. 8.11). However,
compared with mean CS655 profile water contents, CRNP-reported water contents were clearly
biased by green biomass as evidenced by greater and lower values prior to and subsequent to
senescence, respectively, with a clear crossover during the week of 27 Sept 2013 (Fig. 8.11).

FIG. 8.11. Soil water content as reported by the CRNP (COSMOS) compared with the mean 0-0.30
m profile water content as sensed by the CS655 sensor network from day of year 190 when leaf area
index was at 3.0 through day of year 317 when leaf area index was zero after senescence. Also plotted
are the +/- 1 standard deviation of mean CS655 profile water content and the neutron probe reported
water content for 0.10-m depth and the weighted average of 0.10 and 0.30-m depth neutron probe
readings for the 0-0.30-m profile water content.

Despite being filtered, the CRNP-reported water contents were noisier than the CS655
data. The NP water contents generally were closer to the CS655 data except for DOY 210 and
231, both of which are unexplained. At senescence, the NP reported water content larger than
that reported by either the CRNP or the CS655 sensors, likely due to rapid drying of the soil
surface and the influence of deep soil water on the NP readings due to its increasing volume of
sensing as soil dries.
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The greater water content reported by the CRNP relative to that reported by the CS655
and NP sensors can also be explained as a sensitivity to the humidity of the air within the intercanopy space or after precipitation events that humidify the air. For example, in Fig. 8.12A, the
CRNP data appear to respond to the rainfall event, which causes an increase in lysimeter
storage, but then further increase to a maximum of 20 mm more than that reported by the
lysimeter. The largest increase in CRNP reported water storage occurred after the rainfall ended
and was very likely due to humidification of the near-surface air due to rapid evaporation of
water from the soil surface (Fig. 8.12B).

FIG. 8.12. (A) Comparison of the cosmic ray neutron probe (CRNP) reported water storage variation
with relative water storage on the large weighing lysimeter before, during, and after an 8.4 mm
precipitation event. Relative lysimeter storage was adjusted by a constant amount to match that from
the CRNP before the precipitation event. Circles are 24-hour mean values from the CRNP system. (B)
Relative humidity (%), air temperature (°C) and solar irradiance (W m-2) during the event. Shown for
reference is the lysimeter storage.

The CRNP water content data for the entire period (DOY 190-317) were well
correlated with the mean 0-0.30 m profile water content sensed using the CS655 network, but
with considerable bias (Fig. 8.13). The correlation was progressively reduced as the deeper
CS655 data were progressively excluded from the data used to calculate profile water storage.
These results indicate that the CRNP was sensitive to soil water content at depths between zero
and 0.3 m. The lack of CS655 sensors below 0.30-m depth precluded investigating if sensitivity
extended below that depth during this year.
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In 2017, the combination of plentiful precipitation and lack of plant cover allowed the
soil profile to become very wet (Fig. 8.14). Below 0.06 m depth, soil water contents remained
near field capacity. The CRNP station reported a few faults after DOY 170 but began reporting
more numerous faults on DOY 220. On DOY 272, faults became numerous, so CRNP data after
DOY 271 were not used. Faults were associated with a power supply instability. Level 3 CRNP
data were used in the initial analyses without site-specific calibration. In addition to the
screening completed by the University of Arizona, CRNP data between DOY 170 and 272 were
carefully screened for physically unrealistic values and those were excluded from analysis.
CRNP data, filtered using an 11-h boxcar function, were obviously correlated to precipitation
events that increased surface water content as sensed by the EM sensors (Fig. 8.15).

FIG. 8.13. Cosmic ray neutron probe uncalibrated water content compared with mean 0-0.30 m profile
water content determined using the CS655.

FIG. 8.14. Mean soil water contents at each measurement depth from TDR-315L sensor locations (top)
and CS655 sensor locations (bottom).
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FIG. 8.15. Hourly CRNP data compared with mean EM sensor data water contents calculated for
soil profiles of several depths ranging from the surface (0) to 0.12 m depth to the 0 to 1.15 m depth
(bottom). CRNP data were filtered with a 12-h boxcar filter and the EM sensor data were filtered
with an 11-h boxcar filter.

Regressing the filtered CNRP data against the profile water contents from the EM
sensor sensors showed that correlation was greatest with the 0-0.12 m profile data, and that
correlation steadily decreased as the depth of the soil profile considered was increased. The
correlation coefficient of determination was largest (0.80), slope was closest to unity (1.57) and
intercept was closest to zero (0.11 m3 m-3) for correlations of CRNP data versus the EM sensor
water content for the shallowest profile considered (0-0.12 m). The insensitivity of CRNP data
to soil water content at depths of 0.20 m and greater is consistent with the result of neutron
transport studies by Köhli et al. [6], which predicted a penetration depth of 0.21 m directly
under the sensor for uniform soil water content of 0.30 m3 m-3 and a penetration depth of ~0.15
m at a radial distance of 50 m for that water content.
Examination of Fig. 8.15 indicates that there is a delay between soil wetting events
and the CRNP response similar to the observed response in 2013 after precipitation events. To
investigate the strength of this delayed response, we regressed CRNP data against EM sensor
data offset in time from one day before to 0.5 days after the CRNP data in one-hour increments.
In the cases considered, the r2 of the offset CRNP data was greater than that obtained for zero
offset time. For EM water contents averaged over 0.12 m and shallower, maximal correlation
occurred at negative values indicating a delayed response of the CRNP. This observation and a
moderate to strong correlation with absolute humidity (r2 = 0.70) suggests that soil water
evaporation humidifying the atmosphere after a wetting event had a strong effect on the CRNP
data.
Schwartz et al. [30] discusses the importance of ensuring that soil water contents
estimated using EM sensors are integrated with depth to correctly compare with NP-estimated
water contents, which have a measurement volume approximately two orders of magnitude
greater than EM sensors. Comparison of the NP data to the EM sensor data over the same 01.15 m depth range showed that while mean profile water contents were only moderately
strongly correlated (r2 = 0.75, Fig. 8.16A), which was likely due to spatial variability, the
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change in storage between NP measurement dates was well correlated (r2 = 0.94) and linear
with a slope of 1.02 (Fig. 8.16B), which was likely due to relatively uniform ET across the field.

FIG. 8.16. (A) Linear correlation of profile water content to 1.15 m depth as calculated from EM sensor
data compared to profile water content calculated from NP data. (B) Linear correlation of change in
soil water storage in the 1.15 m deep profile as calculated from the EM sensor data compared to that
calculated from the NP data. In both graphs, data are for the same eight periods from day of year 178
(July 5, 2017) through day of year 349 (December 14, 2017).

8.3.4.

Field evaluation of soil water sensors

Water contents measured throughout the growing season in Spain with the TDR-315
probes (Fig. 8.17) ranged from 0.08 to 0.39 m3 m-3 and exhibited the expected range for this
clay loam soil. Saturation (~0.48 m3 m-3) was never attained most likely because of the manner
in which the plots were irrigated with a line source drip tape. Water contents measured
throughout the growing season with the Delta-T PR2/4 profiling probe (Fig. 8.18) ranged from
0.30 m3 m-3 to greater than 0.70 m3 m-3 and, based on an estimated porosity of 0.48 m3 m-3,
were noticeably overestimated. In addition, there were strong temperature dependencies in the
PR2/4 reported soil water content (Fig. 8.19) that oscillated with an amplitude of ± 0.025 m3
m-3. Soil specific calibrations that include measured temperature may improve the accuracy of
the probe, although problems associated with poor representation of spatial and temporal
behavior of soil water [31] indicate the PR2/4 is unsuitable in fine-textured soils.
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FIG. 8.17. Mean soil water contents (n = 2) measured with TDR-315 probes throughout the growing
season in Aguas Nuevas, Albacete, Spain (Plot 7, 80% Irrigation Level).

FIG. 8.18. Soil water contents measured with the Delta-T PR2/4 profiling probe throughout the growing
season (Plot 7, 80% Irrigation Level) in Aguas Nuevas, Albacete, Spain. Some data for the 40-cm
segment was omitted because of signal problems that yielded unrealistic water contents.

Stored soil profile water (0-0.45 m) estimated using the TDR-315 sensors (Fig. 8.20)
varied with treatment although not in the manner expected based on the irrigation regime.
Evaluation of the change in storage during irrigation showed that this accounted for only 77%
of the applied water under the 100% irrigation treatment and 154% under the 80% level with
the other two irrigation levels exhibiting stored water changes nearly equivalent to irrigation
levels. We hypothesize that the variability in storage changes after irrigation is a result of the
varying distance of the emitter from the TDR-315 arrays leading to smaller storage changes and
progressively greater lag times as this distance increases. In contrast, changes in stored soil
water during a precipitation event on day of year (DOY) 117-118 exhibited similar responses
among treatments with changes ranging from 90 to 102% of measured precipitation depth (18.4
mm).
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FIG. 8.19. Soil water contents measured with the Delta-T PR2/4 profiling probe exhibiting temperature
dependencies in Aguas Nuevas, Albacete, Spain (Plot 7, 80% Irrigation Level).

FIG. 8.20. Mean stored soil water in the 0 to 0.45 m profile estimated with the arrays of TDR-315 probes
throughout the growing season for each of the irrigation treatments in Aguas Nuevas, Albacete, Spain.

Daily changes in profile water content estimated using the TDR-315 clearly exhibit
water loss patterns associated with crop ET of about 4 to 7 mm d-1 (Fig. 8.21). These fluxes
likely reflect some drainage out of the profile as evidenced by nighttime changes in stored soil
water that successively decline and become negligible on the third day after irrigation. During
the first day after irrigation, these changes may also reflect lateral water fluxes into and out of
the volume sensed by the TDR-315 probes, depending on the proximity of the emitter, thereby
141

confounding evaluations of vertical water fluxes associated with ET and drainage. All other
sensing technologies would suffer the same difficulties in assessing soil water contents and
fluxes. For comparison purposes, daily changes in profile water storage calculated using the
PR2/4 profiling probe are shown in Fig. 8.22 and exhibit increases in storage during the
morning hours and decreases in storage during the afternoon that reflect the instruments strong
sensitivity to temperature as well as soil water content.

FIG. 8.21. Mean stored soil water in the 0 to 0.45 m profile estimated with the two arrays of TDR-315
probes showing daily changes in estimated storage resulting from ET (and potentially drainage) after
irrigation (Plot 7, 80% Irrigation Level) in Aguas Nuevas, Albacete, Spain.

FIG. 8.22. Mean stored soil water in the 0 to 0.45 m profile estimated with the PR2/4 profiling probe
showing daily changes in estimated storage (Plot 7, 80% Irrigation Level) in Aguas Nuevas, Albacete,
Spain.
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8.4.

CONCLUSIONS

We examined several sensing technologies for use in assessing the soil water content
and bulk electrical conductivity, soil water balance, and their potential for management of
irrigation and soil salinity. Detailed investigations of the TDR-315 and TDR-315L
demonstrated that they can accurately estimate apparent permittivity at bulk electrical
conductivities up to 2.5 to 3.0 dS m-1 in soils with a large clay fraction (e.g. 400 g kg-1) of which
a considerable proportion consists of high surface area layer silicates. For these types of soils,
accurate (error less than 0.03 m3 m-3) soil water content estimation usually requires a soil
specific calibration, which could include bulk electrical conductivity as well as permittivity as
dependent variables. In coarser textured soils, accurate estimation of soil water content using
these sensors is feasible up to a bulk electrical conductivity of ~5 dS m-1. The corresponding
measurement limits in saturated soils for electrical conductivity of the pore water would range
from 5 to 10 dS m-1 depending on the bulk density and clay content related to solid phase
electrical conductivity. The performance of the CS-655 was similar to the TDR-315L in field
investigations, although this sensor exhibited greater temperature sensitivity and noise in the
permittivity measurements in a clay textured soil.
When calibrated for the Pullman soil in Bushland, Texas and deployed at depths of
0.06, 0.20, 0.35, 0.50, 0.70 and 1.00 m at 16 locations, the model TDR-315L and CS-655
electromagnetic soil water sensors produced profile water contents that were well correlated
with neutron probe data over the same depth range (0 to 1.15 m). Changes in stored profile
water content calculated from the EM sensor data were even more strongly correlated (r2 =
0.94) with change in storage determined with the neutron probe. This indicates the possibility
that properly deployed EM sensors of the types used here could provide change in storage data
accurate enough to determine ET from the soil water balance.
Many of the electromagnetic sensors can measure apparent or bulk electrical
conductivity and therefore are useful for irrigation management of salt affected soils. The TDR315, TDR-315L and CS-655 can measure bulk electrical conductivity up to 8–10 dS m-1.
However, inferring a pure water electrical conductivity from the bulk EC to determine leaching
fraction is still limited by an accurate measurement of permittivity or soil water content, which
occurs only at lower bulk EC values as described above. Estimation of pore water EC based on
the Hillhorst Model was found to be prone to large errors even with an accurate measurement
of apparent permittivity.
The development of the profiling soil moisture probe with a TDR circuit similar to the
TDR-315L was beset by design problems related to the fabrication of a body resistant to
mechanical stresses of insertion and water entry. Although several prototypes were designed,
nominally evaluated, and found to be satisfactory, the costs of manufacturing were excessive
relative to the price point. A new sensor design will be evaluated in the near future.
Water content data from the CRNP was biased to larger values by the presence of a
fully developed maize crop in 2013. In both study years, the CRNP appeared to respond
positively to increase near-surface atmospheric humidity that occurred after precipitation
events. The CRNP was less sensitive to increases in soil water content during and after
subsurface irrigation at 0.30 m. In 2017, the CRNP was sensitive to soil water content mainly
in the shallow (0.02 and 0.06 m) soil depths, and nearly insensitive to soil water content at
depths of 0.20 m and greater. In 2013, however, the CRNP was sensitive to changes in soil
water content at greater depths. These outwardly inconsistent outcomes may be caused by a
greater average radial distance of EM sensors from the CRNP (because of the inclusion of the
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TDR-315L probes) and greater mean soil water contents in 2017 thereby reducing the
sensitivity with depth compared to 2015 [5, 6]. Because of the relatively shallow depth of
sensitivity, CRNP data would have little relevance for irrigation management for the field crops
commonly grown in the Southern Great Plains. Because of the strong correlations with soil
water content near the surface (0.02 and 0.06 m depths) and with absolute humidity of the air
at 2-m elevation, the CRNP could have applications in mesoscale weather forecasting.
Examination of the field performance of the TDR-315 in a clay loam soil in Albacete,
Castilla La Mancha, Spain showed that arrays of sensors deployed at depths of 0.1, 0.2, 0.3,
and 0.4 m at two locations were able to resolve daily changes in profile water content and water
depletion patterns associated with ET. However, because sensor arrays varied with respect to
the distance from the emitters, this likely biased soil water contents (level of depletion) and
cumulative fluxes related to irrigation and daily ET compared with the area averaged values.
Changes in stored soil water during the first day after irrigation may reflect lateral fluxes of
water, thereby biasing estimates of ET. The placement of the sensors with depth and
horizontally relative to the drip emitters will need to be optimized, possibly with a greater
number of sensor arrays, to accurately determine ET from the soil water balance in this surface
drip irrigated field.
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Abstract

The purpose of this study was to search for an appropriate irrigation practice to
replace the traditional practice to mitigate root zone salinity for improving the yield of
the special “fragrance” rice varieties planted on Haplic Salic Fluvisols in a coastal area
of the Hai Hau district, Nam Dinh province, North Vietnam. Isotopic combined with
hydrogeological techniques were applied to investigate the sources of salinity in water
within the root zone. The techniques included (i) determination of the relationship
between deuterium and oxygen-18 signatures (2H and 18O) in the local precipitation,
in the irrigation water, and in water within the root zone (ii) investigation into the
relationship between concentrations of exchangeable Ca2+, Mg2+ and Na+ cations and
concentration of chloride in soil-pore water (iii) investigation into the relationship of the
18O and chloride concentration in water within the root zone. Knowing the source of
salinity in the root zone one should be able to suggest a new irrigation practice to
mitigate the salinity in the cultivated soil.
The stable isotopic signatures in water within the root zone of rice revealed that
it originated from the Ninh Co River that irrigated the field, whereas the coastal tide did
not affect the groundwater table beyond the root zone. Seawater does not intrude into
the shallow aquifer in the study region. Under the traditional farming practice, the
pattern of the variation of 18O in soil pore-water during the meteoric year was similar
to those in the local rain water, but in between the two rice seasons the 18O soil in porewater became more enriched compared to this signature during the cropping period. At
the same time, the chloride concentration in water within the root zone did not change
much within a wide range of the 18O variation, indicating the intensive evaporation of
irrigation water under the traditional cultivation practice. Sodium concentrations in
water within the root zone increased during the cropping period, implying that the Ca2+
cation in irrigation water exchanged with the Na+ cation adsorbed onto the soil surface,
but not from the salt intrusion. It appeared that the traditional irrigation practice with
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drainage of all surface water before rice harvesting followed by cutting and burning
straw, facilitates evaporation of the irrigation water, but maintains salinity within the
root zone. It is clear that the high salinity in water within the root zone mostly resulted
from the dissolution of halides concentrated in the soil layer by the irrigation water,
following the intensive evaporation of the saline water between the two cropping
seasons. The Ca-Na cation exchange between Ca2+ in the irrigation water and Na+
adsorbed onto the soil surface also seems to contribute a part of the salinity in the soil
water.
An alternative irrigation practice including keeping the irrigation water in the field
without burning straw after rice harvesting was investigated. The salinity in water within
the root zone could diffuse downwards throughout the year by gravity, thus reducing the
concentration of salinity in water in the cultivated soil layer. The new farming practice
resulted in an increase in rice yield in the experimental field by up to 5%. The improvement
in rice yield was not pronounced because the rice variety was the traditional one. However,
the local farmers would be happy as 5% increase in yield of the “fragrance rice” allows
them to earn enough profit for compensation for their expense of fertilizer and the irrigation
tax.
9.1.

INTRODUCTION

During a long history of the geological development in the northern part of Viet
Nam, the Red River has created a fertile plain known as the Red River delta (RRD). The
RRD occupies an area of around 15,000 km2 (1.5 million hectares) in which almost 20
million inhabitants are residing. It was estimated that more than 50% of the total RRD’s
area is situated lower than 2 m above the mean sea level [1]. Out of the total area of the
delta, 1.2 million ha is currently used for farming [2]. The annual yield of cereal crops from
the delta was estimated as high as 6.1 million tons [2]. To maintain the yield irrigation was
a priority for the Vietnamese feudal dynasties as well as the local farmers. There a dense
network of earthen dikes that have been constructed since the 13th century to protect the
land against floods from the river system and typhoons from the sea. Recently, the sea dikes
have been modernized by concrete as shown in Fig. 9.1.

FIG. 9.1. Dike along the sea coats of the RRD has been modernized by concrete for more effective
protection against typhoons (Photo was taken from Giao Lac commune, Giao Thuy district, Nam Dinh
province in 2015).
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The main irrigation practice used in the RRD region is paddy rice watering with low
water use efficiency and high electricity expense (around 300 kw ha-1) [3]. Nowadays, in
the RRD the farming practice has been much changed by mechanization. For easier
operating the machines before harvesting rice, the local farmers drain out all water from
their fields and straw is collected and burnt (Fig. 9.2a). In between the two rice seasons the
fields are bare leading to cracking of the soil under the hot weather (Fig. 9.2b). The cracked
soil facilitated evaporation leaving salt in the soil to persist in root zone of 1.0-1.2 m depth.
High salinity in the cultivated soil was thought to be a reason for low crop yields along the
marine coast of the RRD.

(a)

(b)

FIG. 9.2. (a) Rice straw collected and burnt to get the ash-bed effect of additional potassium and (b)
with surface salt accumulation under the hot weather.

The aim of this study was to develop an alternative irrigation practice to improve the
yield of rice cultivated on Haplic Salic Fluvisols with relatively high salinity in the Hai Hau
district, North Vietnam. The research was assisted with the use of isotopic techniques,
namely the use of stable isotopic signatures of deuterium and oxygen-18 in different sources
of water (precipitation, irrigation water, water within root zone) and its relation to the
concentration of chloride as an indicator of sea salt. The isotopic techniques have not
previously been applied for this purpose in Viet Nam.
9.2.

MATERIALS AND METHODS

9.2.1.

Study site

An area of 5 ha in the Hai Thinh commune, Hai Hau district, Nam Dinh province
that is located in the southwest apex of the RRD was chosen for this study. Fig. 9.3 depicts
A sketch of the study location and the field used for the research are shown in Fig. 9.3 and
Fig. 9.4, respectively.
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The Hai Hau district in the Nam Dinh province is known throughout the country, and some
parts of the world for its traditional special “fragrant” rice variety, Tam, that was for a long
time previously exported to France at a premium price. During the last decades the rice
yields have been declining. Vietnamese agronomists determined the reason for the reduced
rice yield in the region was due to be the increase of the salt content in the soil, although the
irrigated water was not saline. The concentration of chloride in the soil water of the study
region was found to be more than 2,500 mg l-1. The pH of the soil both in water and KCl
solution ranges from 5 in the surface soil to 7.8 at a depth of 140-160 cm [4]. The irrigation
practice currently used by the local farmers is traditional paddy field like those in other
coastal regions as mentioned above.

FIG. 9.3. A sketch showing the study area in the Hai Thinh commune, Hai Hau district, Nam Dinh
province which is located in the Southwest apex of the Red River delta (RRD).
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FIG. 9.4. A field of 5 ha was used for the research in the Hai Thinh Commune, Hai Hau district,
Nam Dinh province.

The salt intrusion is currently being studied by Vietnamese as well as International
hydro-geologists and the issue is still under debate. The question is whether the salinity
in the shallow aquifer comes from the sea or it is from diffusion from the pores of the
aquifer sediment.

9.2.2.

Climate in the region

Monthly Air Temperature,
oC

The monthly average air temperature (oC) and precipitation (mm) and evaporation
(mm) in the RRD that were collected from January 2000 to December 2013 (14 years) is
shown in Fig. 9.5 and Fig. 9.6, respectively [5].
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FIG. 9.5. Monthly average air temperature in the Red River delta region, North Vietnam.
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FIG. 9.6. Monthly average precipitation (P) and evaporation (E) in the Red River delta region,
North Vietnam.

9.2.3.

Irrigation and drainage system

Irrigation water in the Hai Hau district is taken by pumping from the Ninh Co River
(Fig. 9.3), a tributary of the Red River. The water is distributed first into 218 km-long
primary canals and then to the secondary canals 838 km long and finally to the fields through
farmer-constructed cross-channels. Irrigation usually is scheduled during the farming
season by the irrigation company of the district. The total number of pumping stations in
the Hai Hau district is 68 with a capacity of around 60 000 m3 h-1. The pumping stations in
the Hai An, Hai Giang and Hai Ninh communes in the North function as irrigation stations,
but those in the Hai Chau and Hai Thinh communes in the South function as drainage
stations (Fig. 9.3). The irrigation and drainage factors of the Hai Hau district were estimated
as 1.16 and 4.8 l s-1 ha-1, that were slightly lower than the target values of 1.25 and 5.5 l s-1
ha-1, respectively [6].
9.2.4.

Sampling procedure

Soil samples were taken from eight positions around the edges and one position in
the center of the field. Out of the nine positions, three locations along a diagonal of the field
were assigned to take soil profile samples from the surface down to 1.0 m depth, the rooting
depth of rice. In the other six locations around the edges of the field, soil samples were
collected from the cultivated soil layer only, i.e. from the surface 0-20 cm depth. The soil
samples were taken using a corer (Eijkelkamp, Netherlands). The profile soil samples were
separated into 20-cm sections and all the sub-samples and surface soil samples were stored
in plastic jars with tight caps. The samples were transported to the laboratory in Ha Noi and
were kept in a refrigerator at 4 oC until analysis.
The local precipitation was collected on a monthly basis using a device constructed
following an IAEA recommendation [7]. The device was set up on the roof of the Center
for Irrigation and Environment of the Marine Coast and Islands of North Vietnam, which is
located in Thinh Phong township, about 2 km from the field. In the middle day of each
month water in the container was thoroughly mixed, and then pipetted into a high-density
polyethylene (HDPE) vial of 50-ml capacity and sent to the laboratory in Ha Noi for analysis
of the stable isotopic composition. Irrigation water was sampled from five points from the
mouth of the Ninh Co River to 20 km up-stream to the Hai An pumping station (cross points
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depicted in Fig. 9.3) in August and December each year, as the middle months of the rainy
and dry seasons, respectively.
9.2.5. Influence of tide to the water table and chemistry of groundwater to infer the
salt intrusion
To monitor the influence of the tide on the groundwater table in the root zone, two
shallow wells of 1.5 m depth were made in two corners of the study field. Each well
consisted of two casing tubes made from PVC resin. The outside-casing tube had an ID of
120 mm and length of 1800 mm so that 300 mm of the tube height was above the field
surface to protect from the ingress of surface irrigation water, but nevertheless allowed
infiltration of water from the saturated soil. The inside casing-tube had an ID of 60 mm and
was the same length. The end of the inside tubes of 400 mm in length was perforated to let
water in. The perforated part of the tube was covered by mesh of PVC material to protect
the holes from being clogged by sand and soil. The space in between the casing tubes was
filled with coarse and fine sand to prevent suspended matter and soil to enter inside. The
hole was again packed with soil. The water table level in the wells was monitored using a
piezometer (Solinst 101 P2, Canada). The tubes were tightly capped to protect from
rainwater and to ensure that water inside was from the root zone only. The installation
method is shown in Fig. 6.
The water table in the study area was high enough that water samples were easily
taken from the wells by hand. Water samples of about 100 ml for chemical analyses were
filtered through polycarbonate membranes of 0.45 m mesh, and then split into two
portions. One aliquot was acidified with 1-2 drops of HNO3 (65%, PA grade, Merck,
Germany) to pH 1-2 for analysis of cations (Na+, K+, Ca2+ and Mg2+). Another portion that
was not acidified was for the analysis of anions (Cl-, PO43-) and stable isotopic composition.
All of the samples were kept in HDPE vials of 50-ml capacity and then transported to the
laboratory in Ha Noi.
9.2.6.

Sources of water within the rice root zone

The sources of water within the root zone of both sub-fields were determined for
each season based on the natural abundance of the stable isotopes of oxygen and deuterium
(18O, 2H) in the local precipitation, in water from the Ninh Co river and in water within
the root zone collected from the two shallow wells [8].
9.2.7. Study the improvement of the modified irrigation practice to mitigate salinity in
root zone
The field was split into two sub-fields by an earthen dike. In one sub-field the
traditional irrigation practice was maintained (Fig. 9.7) and referred to as the reference field,
but in the second sub-field the newly modified irrigation practice was applied. The newly
modified practice was designed to maintain water around the year and was not drained
during the harvesting period as well as between two rice seasons (Fig. 9.8). The rice planted
in the fields was the variety “fragrant Tam” as known by the local name. The cultivation
and fertilizer regime for rice in the two sub-fields were the same. The experiment was
conducted in two seasons: summer-autumn (June-September) and winter-spring (JanuaryMay) in the 2015-2017 years. The productivity of the two sub-fields was compared through
the yields of the rice grain after sun-drying (by the farmers’ experience) and separated from
empty grains.
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FIG. 9.7. Water was maintained, and straw was left on the field and then turned over by ploughing
during the soil treatment for the next rice season as an alternative practice to reduce salinity in
the root zone of rice in the Hai Hau district, Nam Dinh province.

A cap

FIG. 9.8. Installation of shallow wells to monitor the influence of tide on the groundwater table
and chemistry of groundwater in the study field.

9.2.8.

Saltwater intrusion and desalination of soil study

Salt water intrusion or desalination of soil was studied based on the relationship
between the chloride concentration and concentrations of exchangeable sodium, calcium
and magnesium, and based on the relationship between the 18O signature and the
concentration of chloride in water within the rice root zone, as described by Clark and Fritz
[9] and Appelo and Postma [10].
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9.2.9.

Analytical methods

Soil particle size distribution was analyzed using the pipette method [11] at the
Institute of Soil and Agrochemicals, Academy of Agricultural Sciences, with some
modifications [12]. Soil pH was measured on a suspension of 25 g of air-dried soil in 1M
KCl solution (soil: solution = 1:5) using a glass electrode (TOA, Japan). The probe was
calibrated using 4.75 and 8.20 standard pH solution. Exchangeable Na+, K+, Ca2+ and Mg2+
was measured on an extract of 25 g of air-dried soil in 1M ammonium acetate solution at
pH 7 (soil: solution = 1:5), following shaking and filtration through polycarbonate filters of
0.45 m pore size. Cations and anions (Cl-, NO3- and PO43-) were determined by ionchromatography using DIONEX 600 (USA). Soil-pore water was separated from the soil
samples by cryogenic distillation under vacuum [13] for the analysis of stable isotope
composition, which was performed on a continuous flow Isotope Ratio Mass Spectrometer
(Micro Mass, UK) equipped with a Euro-vector (Italy) Elemental Analyzer [12]. Before the
analysis, water samples were filtered through polycarbonate membranes of 0.45 m pore
size to remove any suspended material. The stable isotope composition was expressed in
the delta () notation as follows.
R 2 H,sample
δ2 H  (
 1) * 1000
R 2 H, std
δ18 O  (

R 18 O,sample
R 18 O,std

 1) *1000

where R 2 H,sample , R 2 H,std , R 18 O,sample , and R 18 O,std are the isotopic ratios of 2H/1H,

18

O/16O in

samples and standard, respectively. The value of the delta is expressed in per mil (‰). The
international standard used in the stable isotope analysis was Vienna Standard Mean Ocean
Water (VSMOW) [14].
The precision of both 2H and 18O was better than ± 0.2 ‰. A quality assurance
and quality control program were applied for the ionic content determination by analyzing
standard solutions supplied by the IC supplier (DIONEX). The standard deviation of the
analytical results was better than ± 3% from the certified value.
9.3.

RESULTS AND DISCUSSION

9.3.1. Isotopic composition of the local precipitation, seawater and water from the
Ninh Co River
The meteoric water line of the 2H vs. 18O relationship for the local precipitation
collected on a monthly basis in the Thinh Long township, Hai Hau district during the 20131016 years is depicted in Fig. 9.9, which also shows the isotopic compositions of seawater
and water from the Ninh Co River as the source of irrigation water. Seawater and water
from the Ninh Co River were taken in the middle of August and December, representing the
rainy and dry season, respectively.
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FIG. 9.9. The local meteoric water line (solid line) and isotopic compositions of seawater taken
from the mouth of the Ninh Co river (open blue square) and that of water from the Hai Thinh
pumping station at the Ninh Co river in rainy (red open triangles) and dry season (red solid
triangles) representing the isotopic compositions of irrigation water in the region.

In the rainy season the isotopic compositions of water from the Ninh Co River are
similar to that of the local precipitation, but in the dry season water from the River appears
to be influenced by evaporation so its isotopic compositions became enriched (Fig. 9.9).
Additionally, it seems that in the dry season seawater intruded into the River and mixed
with freshwater from up-stream as shown by the dashed line in Fig 9.9. This is the reason
why the Hai Thinh pumping station is functioning for drainage purposes only and not for
irrigation around the year.
9.3.2.

Isotopic composition of soil water

The 2H vs. 18O relationship for water in the cultivated soil layer (0–20 cm) in
the rainy (August) and dry seasons (December) is shown in Fig. 9.10, which illustrates that
water within the cultivated soil layer was from the Ninh Co River as the main source of
irrigation water in the region.
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FIG. 9.10. Comparison of isotopic compositions of soil-pore water in the cultivated soil layer of the
study field and those of the Ninh Co River during the rainy and dry seasons.
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9.3.3.

Soil properties

The properties of soils (0-20 cm) in the root zone are shown in Table 9.1. These
data represent arithmetic average values from the nine sampling locations over the study
field. However, for the deeper layers the data were average values for the three locations
along the diagonal of the field. These analyses were carried out before the field was divided
into two sub-fields to study the improved irrigation practice.
TABLE 9.1. PROPERTIES OF THE SOIL (0-20 CM) IN THE STUDY FIELD
(AUGUST 2013)
Depth

Total content (g kg-1)

(cm)

N

P

K

Cl-

(KCl) CEC Na+

K+

0-20

2.4

1.6

5.2

0.7

5.4

5.34 0.41

20-40

1.2

1.5

3.6

1.1

5.8

40-60

0.8

0.7

3.2

1.5

60-80

0.5

0.5

3.0

80-100 0.6

0.5

3.2

pH

Cation exchange (meq 100-1 g)
Ca2+

Particle size (g kg-1)

Mg2+ San
d

Silt

Clay

0.10 1.89

1.96

28

853

119

5.04 0.56

0.05 1.80

1.98

26

843

131

6.5

4.96 0.67

0.04 1.84

2.04

61

804

135

2.1

6.0

5.12 0.77

0.03 1.78

1.92

34

883

83

2.0

6.8

4.07 0.71

0.05 1.80

1.96

32

863

105

CEC, cation exchange capacity

Results are in good agrement with those determined by Pham Anh Tuan et al. [4].
Surface soil is slightly acidic (pHKCl = 5.4) and represents a silty-clay texture by the USDA’s
classification. In the rainy season salt in the surface soil migrates downwards so that in the
soil 40-60 cm depth the chloride concentration was double compared to that in the surface
soil (Table 9.1). It seems that in the root zone desalination is occurring during the rainy
season because the chloride concentration in water increases with increasing exchangeable
sodium content in soil, while the concentrations of exchangeable calcium and magnesium
do not change much with the increase of chloride concentration (Table 9.1 and Fig. 9.11).
It was thought that the fresh irrigation water from the river dissolves salt entrapped in soil
pores and the saline water diffuses downwards making the water in deeper soil layers more
saline compared with the surface layer (Table 9.1).
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FIG. 9.11. Relationship between chloride concentration in water and exchangeable content of Na+,
Ca2+ and Mg2+ in soil.

9.3.4.

Influence of tide on the salinity in water within root zone in the study field

The variation of tide height and the level of the groundwater table in the study
field in early September 2014 and March 2015 are shown in Fig. 9.12 and Fig. 9.13,
respectively. The tide height was taken from the record of the Quang Phuc hydrological
monitoring station located 50 km in the Northeast of the Red River’s mouth [15]. The
groundwater table in the root zone remained almost constant with the change of the tide
height. A minor shift upwards of the groundwater table was seen for the both seasons, but
it did not mean that seawater intruded into the field. The change in the groundwater table
was thought to be due to rain that occurred hours before, as marked in the Figs.

FIG. 9.12. The change of the tide height and groundwater table level (in m above sea level, masl)
in the rainy season (Sept 2014).
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FIG. 9.13. The change of the tide height and groundwater table level (masl) in the dry season (March
2015).

In the dry season the groundwater table level was a slightly lower compared to the
rainy season. The mean value of the water table in the dry season was 1.46 m (asl) but in
the rainy season it was 1.54 m (asl). From Fig. 9.12 and Fig. 9.13 one may conclude that in
the study area groundwater in the root zone is not affected by the sea. i.e. there is no seawater
intrusion. The oxygen-18 signature in water within the root zone was similar to those of the
rainwater and water from the Ninh Co River during both rainy and dry seasons, as shown
in Fig. 9.14.

FIG. 9.14. The variation of the 18O signature in water within the root zone, in seawater and in the
precipitation over the study area for both rainy and dray seasons.
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In between the two rice seasons, during the rainy season from June to September,
the isotopic composition of 18O in water within the root zone appeared to be more enriched
compared to the precipitation (Fig. 9.14). This can be explained by the fact that about a
month before harvesting the rice, the local farmers drained off surface water from their fields
and after separating the grain from straw the stover was burned leaving the field bare and
cracked under the hot weather. The cracked soil facilitates water loss within the root zone
by evaporation that causes the isotopic composition of the heavy isotopes of water to be
enriched.
The farming practice applied in the region could lead to the loss of water and could
also disallow the salt dissolved in the irrigation water during the farming season to infiltrate
downwards beyond the root zone (desalination). Then in between the two rice seasons (JulySeptember) the salt migrates upwards under the influence of evaporation. The relationship
of 18O vs. chloride concentration in water in the root zone is shown in Fig. 9.15. Clark and
Fritz [9] and Gaye [16] have shown that variation in the enrichment of oxygen-18 in
groundwater occurred with insignificant variation of chloride concentration due to the
evaporation. Water evaporates leaving salt in the soil and in the new rice season when
farmers irrigate with freshwater the salt again dissolves. However, the farmers do not wish
to limit irrigation because of the tax on the water. With new rice varieties, the rice season
usually prolongs for a short time, around 3 months. The limitation of freshwater and the
short time period of the crop rotation reduces desalination. The end-result of is that the crop
could be affected by the salt persisting in the root zone.
0.0

18O, ‰ vs VSMOW

-1.0

In soil water

-2.0

In seawater

-3.0
-4.0
-5.0

Evaporation

-6.0
-7.0
-8.0
-9.0
1

10
100
1000
Chloride concentration in soil water, meq L-1

FIG. 9.15. Relationship of 18O vs. chloride concentration in the soil pore water.

The 18O signature in the soil water clearly showed that the traditional cultivation
practice probably dissolves salt temporarily but then is re-adsorbed onto the soil surface
when water evaporates under the hot dry weather. At the present time, salt intrusion does
not occur in the study region. This conclusion provided a way to develop an alternative
practice to facilitate the desalination in the root zone to eliminate the effect of salt on the
yield of the crops.
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9.3.5. Comparison of the chemistry and 18O signature in soil water within the root
zone in the reference and alternative irrigation sub-fields
The alternative irrigation practice involved maintenance of water in the field yearround in order for the salt to continuously dissolve and infiltrate downwards beyond the root
zone by gravity. The chemistry and 18O signature in water within the root zone of the
reference field in the summer-autumn (S-A) and winter-spring (W-S) seasons is shown in
Table 9.2. Similar data for the field where the alternative irrigation practice was applied is
given in Table 9.3, together with data of the local precipitation (P) in the two seasons.
The pH of water in root zone of the reference field was 8.3 and it differed from the
sub-field with alternative irrigation practice which was 6.7 (Tables 9.2 and 9.3). The
increase in pH in water was the result of salt dissolution and Na+-Ca2+ cation exchange. The
concentration of sodium and chloride in water in the root zone of the reference sub-field
was much higher compared to the field with the alternative irrigation practice.
TABLE 9.2. THE CHEMISTRY AND ISOTOPIC SIGNATURE OF OXYGEN-18 (18O)
IN WATER WITHIN THE ROOT ZONE OF THE REFERENCE SUB-FIELD IN THE
SUMMER-AUTUMN (AUG-2015-2016) AND WINTER-SPRING (MAR-2016-2017)
SEASONS
Sample Time
ID
SW

Na+
Aug
15/16
Mar
16/17

RZW1

18O

pH Concentration (mg l-1)

7.5

K+

Ca2+

Mg2+

NH4+

Cl-

NO3-

HCO3-

(‰)

11

2.3 20

7.3

1.5

15

0.3

25

110

–8.2

16

3.2 19

7.3

0.8

14

0.2

16

114

–5.6

Aug
15/16

108

11

69

11

14

277

15

4.8

120

–7.3

Mar
16/17

8.3 163

16

48

12

11

328

13

2.6

124

–4.2

SW, surface water from the Ninh Co River; RZW1, water within the root zone
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SO42-

TABLE 9.3. THE CHEMISTRY AND ISOTOPIC SIGNATURE OF OXYGEN-18 (18O)
IN WATER WITHIN THE ROOT ZONE OF THE SUB-FIELD IN WHICH THE
ALTERNATIVE IRRIGATION PRACTICE WAS APPLIED IN THE SUMMERAUTUMN (AUG-2015) AND WINTER-SPRING (MAR-2016) SEASONS
Sample Time

pH

ID
SW

RZW2

Na+

K+

Ca2+

Mg2+

Aug
15/16

11

2.3

20

Mar
16/17

7.5 16

3.2

Aug
15/16
Mar
16/17

6.7

Aug
15/16

P

Mar
16/17

6.2

18O

Concentration (mg l-1)
NH4+

Cl-

NO3-

SO42-

HCO3-

(‰)

7.3

1.5

15

0.3

25

110

–8.2

19

7.3

0.8

14

0.2

16

114

–5.6

5.8 7.7

24

7.2

14

31

13

5.2

140

–8.0

6.1 7.1

27

6.3

12

47

13

4.3

138

–4.4

0.5 0.4

1.8

0.1

nd

2.6

0.2

nd

nd

–11.9

0.5 0.4

2.6

0.2

nd

3.8

0.4

nd

nd

–5.4

SW, surface water from the Ninh Co River; RZW1, water within the root zone; P, precipitation; nd, not
determined
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FIG. 9.16. The chloride concentration in water within the root zone (RW) of the sub-field with the
new irrigation practice (NIP).

For the field with new irrigation practice it seems that after four rice seasons much
salt in the surface soil was washed out by the irrigated water and most saline water infiltrated
beyond the root zone leaving the water there as fresh as river water with salinity less than
100 mg l-1 (Table 9.3). Assuming that water in the root zone was a mixture of the local
precipitation and river water and based on the pH of the two types of water (Table 9.3), one
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can compute the contribution of each type of water into the mixing water by a two-end
member model. Therefore, in the W-S season (in March 2016) in the sub-field with the
modified irrigation practice the water in the root zone comprised of around 40% of river’s
water and around 60% of the precipitation that probably remained from the previous S-A
season. In both seasons and both sub-fields the heavy isotope of oxygen in soil water in the
rooting zone was always more enriched compared to that in the river water (Tables 9.2 and
9.3) implying evaporation of water under the hot weather conditions. By maintaining
irrigation water in the field during the whole year, salt in the root zone dissolves and
migrates to deeper soil layers under rice cultivation (Fig. 9.16).
In the field with new irrigation practice the chloride concentration in water within
the root zone was 31.1 and 46.5 mg l-1 (0.89 and 1.31 meq l-1) for the S-A and W-S
cultivation seasons, respectively. Meanwhile in the reference field the chloride
concentration was as high as 277 mg l-1 (7.8 meq l-1) and 328 mg l-1 (9 meq l-1) in the S-A
and W-S seasons, respectively (Tables 9.2 and 9.3, and Fig. 9.16). By maintaining fresh
irrigation water in the field during the whole year favorable condition were created for
desalination, with the salt dissolving and infiltrating downwards beyond the root zone. The
productivity of the crop could thus be improved. The yield of rice grain produced from the
two sub-fields is presented in Table 9.4.
TABLE 9.4. THE YIELD OF RICE GRAIN (T HA-1) PRODUCED FROM THE
REFERENCE SUB-FIELD AND THE SUB-FIELD IN WHICH THE NEW IRRIGATION
PRACTICE WAS APPLIED FOR THE S-A AND W-S CULTIVATION SEASONS
DURING 2015 THROUGH 2017
Field
Reference
New
practice

Summer-Autumn season
Empty grain Full grain
Total
0.28  0.11 5.63  0.23
5.91  0.17

Winter-Spring season
Empty grain Full grain
Total
0.37  0.13 5.47  0.16 5.84  0.15

0.14  0.12

0.15  0.14

5.77  0.25

5.91  0.18

5.63  0.14

5.78  0.14

The yield of full grain in both fields in the S-A cultivation season was higher than
that for the W-S season (Table 9.4). This might be due to the difference in the weather
conditions between the two seasons. In 2015-2017 the air temperature during the winter on
average was as low as 15-16 oC and this was not preferable for rice to develop its root
system, particularly in the early stage, from days 1 to 10 after transplanting. On the other
hand, the yield of total grain produced from the two sub-fields in the two seasons was
comparable to each other, ranging from 5.8 to 5.9 t ha-1 (Table 9.4). However, the amount
of empty grain in the reference field varied from 280 to 370 kg ha-1 which was almost two
times more than that from the field of the new irrigation practice. It seems that the new
irrigation practice improved the mobility of nutrients for the crop to successfully produce
full grain leading to the increase of the yield of the edible grain.
9.4.

CONCLUSIONS

The salinity in soil-pore water within the root zone in rice paddies in the coastal
region of the Hai Hau district, Nam Dinh province, North Vietnam is associated with the
marine sediment which existed since the Red River delta was formed. Irrigation water
makes the salinity in the sediment pores to migrate/diffuse into the water. However, the
traditional farming practice including drainage of the irrigation water before rice harvesting
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followed by gathering and burning the straw does not allow the saline water to infiltrate
downwards, and thus the salinity persists in the soil within the root zone. It is strongly
recommended that the irrigation water should not be drained, and the field should not be
cleaned in order to reduce evaporation that created a hydraulic pressure that caused saline
water to infiltrate beyond the root zone by gravity.
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Abstract

Soil salinization from sea water intrusion is a big threat for sustainable rice production
in the coastal Mekong Delta of Vietnam. An on-farm study quantified the effectiveness of
flushing salinity from paddy soil and identified strategies for rice production under salinity
intrusion, by applying oxygen isotopic technique combined with hydro-geological and bioeconomical methods. The study consisted of two on-farm trials. The first trial investigated
salinity source and the effectiveness of soil desalinization using isotopic oxygen-18 technique.
The second trial tested for approriate soil nutrient management practices for rice production
under salinity. Three fertilizer application treatments were: (1) farmer’s fertilizer application
practice, (2) applying 50% nitrogen (N) and 300% potassium of (1), and (3) applying 25%
nitrogen (N) and 300% potassium of (1) plus 400 kg commercial organic fertilizer per hectare.
Fifteen farm plots measuring 1000 m2 each were used for the experimentation.
Soil desalinization using rainwater and evaporation strongly influenced salinity in the
root zone of rice. Rainwater was the important source while irrigation canal water was not
reliable for soil desalinization. Only about 40% of saltwater in the root zone was flushed out in
the rainy season. Potassium and organic fertilizer application to rice highly facilitated flushing
sodium from the root zone and improving rice yields. Organic fertilizer application, however,
was not economically feasible. Rice yields did not significantly change with nitrogen
application reduction by 50%. The combined application of the isotopic technique, hydrogeological and bio-economical methods is useful to explain the interactions among soil – water
– crop for dealing with salinity intrusion in low land regions.
10.1.

INTRODUCTION

Salinity is a serious abiotic stress of crop productivity world-wide. More than 800
million ha of land throughout the world are salt-affected [1], significantly reducing crop yield,
especially for rice in coastal low-lying areas [2–6]. In Vietnam, about 2.3 million ha rice land,
of which 74% is located in the Mekong Delta, is salinity-affected from seawater intrusion [6,
7]. Variations in the hydrological cycle and rising sea levels from a warmer climate will
signiﬁcantly increase soil salinity, resulting in the expansion of areas affected by this problem
[4, 6].
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Adaptive measures of agricultural production to salinity include “hard” measures (i.e.
salinity-control structure) and/or “soft” measures (i.e. cropping practices) [8, 9]. The former
needs costly investments while the latter is considered relative more cost-effective and flexible
to socio-economic and environmental uncertainties, prior to infrastructure investments [9]. In
the Vietnamese Mekong Delta with seawater intrusion since 1999, adaptative cropping
practices such as rice-based farming systems, salinity-tolerant rice varieties, soil tillage and
agro-chemical applications to facilitate flushing soil salinity using freshwater from precipitation
and/or irrigation canals have been considered [10]. Salinity-tolerance capacity differs with
varieties and growth stages [2, 11], and most varieties can tolerate up to a salinity concentration
of 4% [6, 12]. Scientific evidence has clearly shown that the application of potassium fertilizer,
gypsum or organic matter can facilitates both flushing soil salinity and rice plants well tolerant
to high sodium levels [10, 13, 14]. The effectiveness of soil desalinization before rice
establishment is critical to achieve potential grain yield. This, however, depends upon soil
properties, freshwater sources, drainage and evaporation, which differ greatly from place to
place. Thus, an understanding of interactions in the whole soil (salinity and nutrients) – water
– crop system is necessary. Such knowledge is still limited for rice production with salinity
intrusion in the Mekong Delta.
The oxygen isotopic composition in natural waters is a tool to investigate the source
of various water types and possible interconnection between them. Many studies have used the
variation in oxygen isotopes to understand the mechanism of seawater intrusion into
groundwater [15–18]. The isotopic signatures vary with water sources. The application of
oxygen isotopic analysis to understanding seawater intrusion in surface water has been little
used in the Mekong Delta. On-farm trials conducted under a range conditions were aimed to
answer three major questions: (1) where does the salt in the root zone come from? (2) which is
the major water source for flushing salinity, rain water or canal water? and (3) what are major
adaptive strategies for rice production under salinity intrusion, technologically? Oxygen
isotopic and hydro-geological techniques were applied. This work was part of a larger study
aimed at optimizing on-farm management practices for rice production to adapt to salinity in
the Mekong Delta, Vietnam.
10.2.

MATERIALS AND METHODS

10.3.

STUDY SITES

Three study sites were selected in the coastal zone: (1) My Xuyen district, Soc Trang
province, (2) Thoi Binh district and (3) U Minh district, Ca Mau province (Fig. 10.1). Site 1 is
strongly affected by the tidal effect from the estuary, while sites 2 and 3 are relatively low-lying
and annually inundated in October and November. For all three sites, soils are affected by salt
from January to July, when farmers grow shrimp in the paddy fields, using saltwater from the
sea (Table 10.1). Rice is grown in the wet season, relying on rainwater. After harvesting shrimp,
farmers use rainwater to flush salinity in the topsoil to a level low enough to establish the rice
crop afterwards. The year 2015 was abnormally dry with a total rainfall of 1378 mm, compared
to 1826 mm in the previous year (Fig. 10.2). Rice production in rotation with shrimp is
considered as an adaptive measure to projected salinity intrusion in the Mekong Delta [10]. Soil
desalinization before crop establishment, however, is very important to ensure rice production.
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10.3.1. Experimental design
10.3.1.1. The effectiveness of soil desalinization
There were two trials. The first trial aimed to determine the source of salinity in soil
and to test the effectiveness of soil desalinization in the paddy field. A plot of about 5 ha was
used at sites 1 and 2 each. Devices were installed for sampling water from the root zone for
analysing oxygen-18 (18O) and chloride in water. The relative abundance of oxygen-18 is
expressed as the deviation () between the ratio of the sample and the same ratio in an
internationally accepted standard. In the case of stable isotopes of oxygen in water samples, the
reference material is a standard ocean water sample called Vienna–Standard Mean Oceanic
Water (VSMOW). Therefore, a negative () value (lower than the standard) represents an
isotopically depleted sample through dilution with freshwater from rainfall or canals; whereas
a positive value represents an isotopically enriched sample through evaporation. In cases where
the contribution of freshwater from rainfall or rivers into the sea is dominant, then the isotopic
composition of seawater will be less than the mean seawater composition [19, 20].

2

1

3

FIG. 10.1. Map of the Mekong Delta showing three study sites: (1) My Xuyen district (Soc Trang
province), (2) Thoi Binh district and (3) U Minh district (Ca Mau province).
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TABLE 10.1: MAJOR SOIL CHARACTERISTICS OF THE STUDY SITES
Sites

Soil types

Major characteristics

Major farming
systems
Rotational rice
and shrimp

Typic tropaquepts,
salic [21] or Salic
Gleysols (Eutric)
[22]

Well-developed and salinity-affected soil,
oxidized soil horizon with jarosite mottles in 15
– 90 cm deep, reduced horizon starting below
140 cm and marine alluvial materials occurring
from 120 cm deep

Site 2

Typic sulfaquepts,
salic [21] or Salic
Fluvisols (Epi Orthi
Thionic) [22]

Less developed and salinity-affected soil, Rotational rice
sulfuric horizon with jarosite mottles in 20 – 65 and shrimp
cm deep and pyrite materials from 100 cm deep.

Site 3

Sulfuric tropaquepts,
salic [21] or Salic
Gleysol [22]

Well developed, intermediately acidic and
salinity-affected soil, oxidized soil horizon with
jarosite mottles in 25 – 70 cm deep and pyrite
materials from 90 cm deep.

Daily rainfall (mm)

Site 1

60

Rotational rice
and shrimp

2014 - 2015

40
20
0

Daily rainfall (mm)

80

2015 - 2016

60
40
20
0
Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan

Shrimp

Rice
soil
desalinization

FIG. 10.2. Daily rainfall (mm) in Soc Trang province from February 2014 to February 2016, soil
desalinization and cropping calendar of shrimp and rice (source: rainfall data from Soc Trang
province weather station).
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10.3.1.2. Soil nutrient management
The second trial aimed to determine an adaptive strategy of rice to production to
salinity by appropriate fertilizer application. A total of 15 farmers participated in the trials on a
voluntary basis. Seven farmers were located at site 1 and four farmers at sites 2 and 3 each.
Each farmer offered one farm plot, which was split into three sub-plots, measuring about 0.1 ha
each, with different fertilizer application techniques (treatments) as follows:
(1) farmer’s fertilizer application rate (T1);
(2) applying 50% nitrogen (N) and 300% potassium (K) of T1 (T2);
(3) applying 25% nitrogen (N) and 300% potassium of T1 plus 400 kg commercial
organic fertilizer per hectare (T3).
Urea, diammonium phosphate (DAP) and complete N-P-K (20-20-15) fertilizers were
used. For T2 & T3, urea and potassium sulphate (K2SO4) were applied to adjust N and K
application rates according to the pre-determined treatments, respectively. The commercial
organic fertilizer contained organic matters (25%), total N (2%), total P (1%), K (2%), humic
acid (0,5%) and other mineral elements. Practical fertilizer application rates varied with
farmers. For T1, farmers applied an average of 86 kg N, 56 kg P and 30 kg K per ha and they
did not use organic fertilizers at all. Fertilizer application rates of T2 and T3 varied among
farms. The fields were harrowed and desalinized with rain water by alternate flooding and
draining for about 30 days before seeding the rice.
10.3.2. Soil, water and rice sampling
To investigate soil salinity source and the effectiveness of soil desalinization, water
samples from soil extract at 5-30 cm deep, field drainage, canals and rainfall were taken for
18O and chloride analyses in a monthly interval from November to January. A composite water
sample from five sub-samples at five diferent locations each site per sampling time was used
for the analysis. Sampling and analysing methods are the same as those applied in Nhan et al.
(this TECDOC). Isotopic results were expressed as ‰ deviation ( notation) relative to
VSMOW with the analytical precision of ±0.2‰.
Besides 18O, soil salinity dynamics were investiated through pH, EC, Na+, Mg2+ and
Cl- analyses. Soil extract, field drainage and irrigation canal water were sampled at 15-day
intervals from 30 days after seeding to 15 days before rice harvest. Soil extract was taken at the
depth of 5-15 cm and 20-30 cm using a PVC tube (1.7 cm in diameter) and syringes installed
in the field. Samples were taken from three representative plots at each site. Rice yields (14%
moisture content) from the trial plots were sampled. In addition, rice yields from 10 farms of
different farmers at each site were recorded as the reference.
10.4.

RESULTS AND DISCUSSION

10.4.1. The salinity source and the effectiveness of soil desalinization
Saline water in the root zone of paddy fields was a mixture of sea water (from shrimp
culture in the dry season), water from irrigation canals and rainwater. Sea water carried over in
the irrigation canals. Each source is characterized by its 18O signature as presented in Fig. 3.
The 18O in water from irrigation canals was around –4‰, and that in the local rainwater and
sea water were –7.5‰ and –1‰ (vs. VSMOW), respectively. Building on data presented in Fig.
10.3, one can compute the contribution of each water source in the water budget within the root
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zone with the use of three end-members conservative mixing model. Let the contribution of the
rainwater be x, and that from irrigation canals and the sea be y and z, respectively, then:
x+y+z=1

(1)

x*18Or + y*18Oir + z*18Osea = 18Osample

(2)

x*[Cl-]r + y*[Cl-]ir + z*[Cl-]sea = [Cl-]sample

(3)

where “r”, “ir” and “sea” stand for the local rainwater, irrigation and sea water, respectively;
[Cl-] is the chloride concentration in the respective samples.
By using the equations 1-3, one can find that the contribution of the sea water during
shrimp culture in the dry season was up to 60% of the total amount of water in the root zone of
rice at site 1. At site 2, which is relatively more low-lying, the drainage was poor or sometimes
absent. The saline water in the root zone, therefore, mostly remained and was diluted with
captured rainwater. This implies that soil desalinization in practice was not effective enough to
ensure normal rice production, due to unreliable rainfall and/or poor drainage. The question,
therefore, is whether canal water can replace rainwater to flush salinity from the soil.
The effectiveness of using water from rainfall or irrigation canals to flush salinity from
the soil was investigated. 18O values and chloride concentrations showed that canal water
could not be used to desalinize the soil for rice crop establishment, particularly in a dry year
with low rainfall like 2016. Chloride concentrations in canal water did not significantly differ
from that in the drainage, and increased at the 3rd sampling (January), due to salinity intrusion
from the estuary, especially at site 1 (Fig. 10.4). At both sites, soil water chloride decreased at
the 2nd sampling (December), due to salinity dilution from rainwater and salinity flushing, and
increased at the 3rd sampling, because of low rainfall and consequently limited salinity flushing,
salt accumulation and saltwater intrusion from canals. The values of 18O in the drainage were
higher than those in canal water, probably because of evaporation and low rainfall. The values
of 18O in the drainage were higher than that in rainwater at most of sampling times.
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FIG. 10.3. Relationship between oxygen-18 signatures (18O) and chloride concentrations in water
within the root zone of paddy rice at sites 1 (a) and 2 (b).

This is the first study located in monsoon tropical climate where the isotopic oxygen
composition was applied to investigate paddy soil salinity in the Mekong Delta of Vietnam.
The values of 18O in rain water were greater than the range from –6.6 to –9.0‰ as reported in
previous publications [18, 23, 24]. The values of 18O in soil extracts are in the range of those
in rain water and sea water, reflecting the mixture of sea water intruding the paddy fields in the
dry season and of rain water in the wet season. Results suggest that soil desalinization for good
establishment of the rice crop using rain water and/or local irrigation canals would be
unpredictable or hardly feasible. The soil desalinization period should be longer and/or drainage
should be done more frequently. This would make the rice production more risky from a longer
rice cropping season together with salinity intrusion at the end of the rice crop. In addition,
frequent drainage requires costly water pumping. Thus, multple solutions of soil desalinization
are needed, with appropriate application of fertilizers to enable further flushing of soil salinity
and better performance of rice.
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FIG. 10.4. Relationships between water 18O values and chloride concentrations by water source (i.e.
soil extract, river and drainage water) and sampling time (i.e. date and month) at site 1 (a) and site 2
(b). Arrows show the relationships among soil – drainage – canal water per sampling time.

10.4.2. Effects of fertilizer application on soil salinity
The application of potassium (K) and organic fertilizers facilitated flushing sodium in
the topsoil of the paddy fields. For site 1, sodium (Na+), magnesium (Mg2+) and chloride (Cl-)
in soil extracts had the same trend (Fig. 10.5a - h). The concentrations of Na+, Mg2+ and Clwere higher with treatments (T) 2 and 3 than with T1 at 30, 60 and 75 days after seeding (DAS).
More soluble Na+, Mg2+ and Cl- were available in the deep soil than topsoil at 45 and 75 DAS,
due to a relatively higher density of saline water (Fig. 10.5a, c & e). This reflects the positive
effect of potassium or organic fertilizer application and the effective flush of salinity for the
topsoil.
Different fertilizer application treatments did not affect electrical conductivity (EC) in
soil extracts till 60 DAS but the higher K and organic fertilizer application rates caused an
increase in electric conductivity (EC) at 75 and 92 DAS in both surface and deep soil (Fig.
10.5g). The EC values increased with the growth of the rice crop to 60 DAS. Given EC values
in the topsoil from 60 DAS onwards, the soil would be too salty (i.e. a salinity level of 5-6 g l1
) for normal rice growth and yields [10, 25]. Deep soil extract EC was higher than topsoil
extract EC at 45 DAS onwards, due to accumulation of salts during the rice crop. At the end of
the rice crop, salinity flushing was limited by very little rain and high salinity contents in
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adjacent irrigation canals. Concentrations of Na+, Mg2+ and Cl- in the drainage of the fields
(effluent) were the same as those in the irrigation canals at 30 and 45 DAS. More Na+ and Mg2+
were present in the canals than in the drainage at 60 and 75 DAS. This confirms the
aforementioned results that irrigation canal water could not be used to desalinize the soil before
and during the rice crop.
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FIG. 10.5. Physico-chemical parameters in the extract of the topsoil (5-15 cm) and the deep soil (20-30
cm) by treatment (T) and sampling time (DAS = days after seeding) at site 1: T1 (farmer’s fertilizer
application), T2 (50% of N and 300% of K), and T3 (25% of N and 300% of K plus 400 kg organic
fertilizer). The data are means with standard errors.
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Unlike site 1, the effect of fertilizer application on soil salinity dynamics was less
clear-cut at site 2. The effectiveness of potassium and/or organic fertilizer application on
salinity flushing took place in the deep soil only (Fig. 10.6a, c & e). This is probably because
the topsoil is less developed at site 2 than site 1.
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treatments (T) at the sampling time (DAS = days after seeding) at site 2 in Ca Mau province.
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92 DAS

Different fertilizer application treatments did not significantly affect EC in soil extracts
(Fig. 10.6g). The EC values steadily increased towards the end of the crop. Deep soil extract
EC was higher than that in the topsoil at 45 DAS onwards. Like site 1, concentrations of Na+,
Mg2+ and Cl- as well as EC in the drainage were lower than those in irrigation canals during the
rice crop, implying that canal water could not be used for flushing soil salinity at this site as
well (Fig. 10.6b, d, f & h). Regression analysis for combined data from sites 1 and 2 showed
the positive effect of organic matter on flushing soil Na+ (Fig. 10.7). Soil soluble Na+
concentrations at 30 DAS were positively correlated with soil organic matter content. These
results confirm the need of organic fertilizer application to amend soil physical properties [13,
26], and hence facilitate soil desalinization for rice production with soils of low organic matter
contents.
Saline intrusion is a naturally occurring phenomenon in the coastal Mekong Delta, even
in the absence of shrimp farming. In the wet season, farmers flush salts from the topsoil mostly
relying on rainwater and discharge effluent to adjacent canals or rivers by gravity or pumping.
The current study revealed that salinity accumulation in deep soil is a major constraint for rice
production in a dry year under climate change, or in the case of gradual intensification of shrimp
farming in the dry season.
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R2 = 0.51**
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FIG. 10.7. The relationship between organic matter contents and sodium extract in soil. The regression
line with 95% confidence limits with significance level at 1%.

10.4.3. Rice yield and profit
The application of potassium and organic fertilizers improved rice yields under
salinity. Rice yielded higher with the higher application level of potassium (T2) and/or organic
fertilizers (T3) (Fig. 10.8a). Rice yields did not significantly decrease by reducing nitrogen
application rate up to 75% of farmer’s practice. This indicates that farmers applied a surplus
rate of nitrogen to the rice crop and/or that available nitrogen in the soil was abundant for the
current rice practice. The average rice yield in the community of the study site was lower than
those of the trial fields at sites 2 and 3, probably because of poor desalinization of soil and/or
salinity intrusion at the end of the rice crop. These findings confirm previous studies that the
application of potassium fertilizer enables both flushing Na+ from the soil and promotes
tolerance of rice to salinity [10]. Rice yielding higher with organic fertilizer application is
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probably due to its effect on improving soil physical properties and hence flushing more salts
from the soil [13, 26], as well as possibly providing micro-elements for better plant growth.
Compared with farmer’s fertilizer practice (T1), the high rate of potassium application
was economically viable (Fig. 10.8b). The economic feasibility of commercial organic fertilizer
application was low, even by reducing 75% of nitrogen input cost, due to the high input cost of
commercial organic fertilizer. Organic fertilizer application was not economically viable in the
area with organic-matter-rich soils like site 3. Farmers lost production without appropriate
salinity management in the dry year 2016. Optimal nitrogen application for rice production is
necessary, both economically and environmentally [27–29].
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FIG. 10.8. Paddy yields (a) and economic profitability (b) by fertilizer application treatments. For
economic feasibility assessment, T1 is used as the reference. Treatment “farmer” means the average of
10 surrounding fields under local farmers’ practice. Data are means with standard errors. One Euro =
26,700 $VN.

10.5.

CONCLUSIONS

This is the first study quantifying the effectiveness of flushing salinity from paddy soil
and identifying adaptive strategies for rice production under salinity intrusion by applying the
oxygen isotope technique in combination with physico-chemical soil and water analyses, and
bio-economical methods in the Mekong Delta. The saltwater within the root zone of rice comes
from sea water intruding in the dry season. Rainwater, but not irrigation canal water, is the
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important source for soil desalinization. Soil salinity flushing, however, was ineffective because
of low rainfall within a short period and high evaporation rates under the dry climate. Canal or
river water was too salty to be used for desalinizing the soil. Soil nutrient management,
therefore, is a supporting solution for improving the resilience of rice production to projected
climate change and sea level rise in the future.
Optimal application of nitrogen, potassium and organic fertilizer application to rice is
of great importance to both soil desalinization and rice production and profitability. Potassium
and organic fertilizer application facilitated flushing sodium out of the root zone of rice through
physical and chemical mechanisms. Rice yielded higher with potassium and organic fertilizer
application. Organic fertilizer application, however, was not economically feasible, due to its
high input cost. The use of low-cost organic fertilizers is of great importance in flushing salinity
and improving soil fertility. In addition, optimal nitrogen application for rice production is
necessary, both economically and environmentally. The current study shows that the combined
application of isotopic techniques, hydro-geological and bio-economical methods is a useful
approach for understanding the interactions among soil, water and crop response for dealing
with salinity intrusion in lowland regions.
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