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ABSTRACT

To achieve the potential crop yield, time and amount of irrigation required for a particular crop under
field condition should be quantified. Since soil water stress occurs after few days of irrigation, it affects
root water uptake and hence transpiration rate. This stress effect can be quantified by soil water stress
coefficient (Ks). Whenever, total available water (TAW) and readily available water (RAW) data are
available, a simple Ks calculation can be done. To present a more realistic scenario, Ks can also be computed
from simulated root water uptake (RWU) using HYDRUS-2D model. To check the reliability of model,
our study was conducted under permanent raised bed with residue (PBB+R) and conventional tillage
(CT) system in a pigeonpea (Cajanus cajan (L.) Millsp.)-wheat (Triticum aestivum) cropping system with the
objective to compare actual measured transpiration rate with those simulated from model and calculated
from FAO method. Soil water balance simulated (100-125 DAS) from HYDRUS-2D model showed higher
cumulative root water uptake (CRWU) (1.72 cm), lower cumulative evaporation (CE) (0.34 cm) and higher
soil water retention in PBB+R than in CT. Ks calculated from both the methods showed that under low soil
moisture condition in root zone, Ks significantly reduced RWU whereas when root zone is sufficiently
wet, Ks have very negligible effect. Model simulated actual transpiration rates were comparable with
observed values whereas values computed from FAO method showed substantial deviation. Thus Ks
obtained from model output showed the better soil moisture stress condition of the profile as it takes into
account root growth parameters, radiation interception and crop canopy conditions. So, this model may
be adopted for evaluating different management practices in terms of improvement in soil water use.

Highlights

® Permanent raised bed along with residue retention improves root water uptake in pigeonpea.
@ Average transpiration rate obtained from HYDRUS-2D gives better results

Keywords: Conservation agriculture, HYDRUS-2D, actual transpiration, root water uptake, stress
coefficient

Pigeon pea (Cajanus cajan (L.) Millsp.) is usually
known as red gram and an main legume crop in
the dry-land agriculture, as because it produces
large biomass as well as protein-rich seeds (Jat et al.
2010). It is mostly grown in the rainy season (June
—Nov). Pigeon peas can grow in the areas where
annual average rainfall is less than 650 mm as it

a drought resistant but moisture stress during the
crop growth season is one of the main restrictions in
pigeon-pea. Yield Many researchers have reported
that more than 50% of yield loss in pigeon-pea is
due to drought (Roder et al. 1998; Sharma et al.
2012). Moisture stress during crop growth period
affects the crop yield due to reduced plant height,
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the reduction in, number of pods, reduction in pod
weight etc. The plant physiological processes get
affected because of moisture stress in plant (Patel et
al. 2001). Few studies reported that moisture stress
becomes very serious in early growth stage, grain
filling and pod development stages (Srikrishnah et
al. 2007), which influence the reduction of the plant’s
biometric growth and ultimately reduce the grain
yield. The effect of soil water stress can be quantified
by soil water stress coefficient (Ks). Water stress in
plant can be reduced by soil water management
practices. The moisture lost through runoff and
evaporation must be reduced and the total amount
of water that enters into the soil must be increased.
The water stress effect on pigeon pea has not been
deeply studied so far (Lopez et al. 1988; Porter
Monty et al. 2011). One of the efficient management
practices to improve water use in pigeon pea is to
adopt conservation agriculture practices. Whenever,
total available water (TAW) and readily available
water (RAW) data are available, a simple Ks
calculation can be done. To present a more realistic
scenario, Ks can also be computed from simulated
root water uptake (RWU) using HYDRUS-2D model.
Hence, objective of our study was to determine Ks
from output of Hydrus-2D and to compare it with
the value calculated from FAO.

MATERIAL AND METHODS

Details of field experimentation and weather

A Long term conservation agriculture (CA)
field experiment was started in May 2010 at the
experimental farm of Indian Agricultural Research
Institute, New Delhi, India (28°35’ N latitude, 77°12
E longitude and 228 MSL). The soil was alluvial type
and with sandy clay loam texture (fine loamy, illitic,
Typic: Haplustept). This research was conducted
during the kharif season of 2016 in pigeonpea
crop under pigeonpea — wheat cropping system.
The weather conditions during kharif season for
simulation period i.e. 100-125 DAS (8 September to
3 October) are given in Fig. 1.

The meteorological data indicated that daily
maximum temperature during that period fluctuated
from 29.5°C to 36.4°C in 2016. Similarly daily
minimum temperature during simulation period
fluctuated from 18.8 to 25.2°C. There was no rainfall
and prolonged dry spell was there. During kharif
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2016, pigeonpea variety Pusa 992 was shown.
Although the experimental treatments consisted of
conventional tillage (CT), permanent narrow bed
(PNB) (one row of pigeonpea per 40 cm wide bed
and 30 cm wide furrow), permanent broad bed
(PBB) (two rows of pigeonpea per 100 cm wide
bed and 40 cm wide furrow), PBB along with crop
residue (PBB+R), and PNB along with crop residue
(PNB+R) since 2011.

From 2012 onwards, two other treatments like
zero tillage (ZT) plus ZT along with crop residue
retention of previous crops (ZT+R) were taken.
But from several previous studies, it has been
reported that PBB+R treatment is performing
superior over all other treatments (Aggarwal et al.
2017; Bhattacharyya et al. 2015 & Das et al. 2014).
So for our study we have selected two treatments
i.e. PBB+R and CT. Simulation was done at pod
development stage of pigeon pea (i.e. 100 to 125
days after sowing (DAS). Field was once irrigated
on 117 DAS during simulation period.
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Fig. 1: Weather condition during Simulation Period

Hydrus-2D model and its calibration

The Hydrus-2D model is a Microsoft Windows
based software package for simulating temporal
variations in soil water content distributions and
RWU and soil temperature. Hydrus-2D is a finite
element model that numerically solves the Richards
equation for saturated and unsaturated water flow.
Details of inputs parameters required for running
Hydrus 2-D, calibration and validation have been
discussed in Aggarwal et al. (2017). In this study
model parameters were optimized using inverse
modeling approach (Rai et al. 2017). Detailed
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description of the inverse modeling procedure in
determining the hydraulic parameters is available
in Simtinek et al. (2012 (b)).

Transpiration rate

Transpiration rate T (t) at a given time t is related
to mean transpiration rate T _ using the following
equations (Fayer, 2000):

T =024T t<0:264d;t ...(1)
>0:736d
t € (0.264d, ...(2)
2nt W
= i -= 0.736d)
Tt =275T,, Sin [2 day 2:|

Hence, the maximum transpiration rate T, .. (which
occurs when 0= 7/2 i.e. Sin /2 = 1) is equal to 2.75
T

rmean

T =T /275

rmean

.3

The maximum transpiration rate (T__ ) was measured

in the field using Infra red gas analyzers (IRGA)
(Wang et al. 2007) on 102,107, 112 and 119 DAS.

Calculation of K|

K, is calculated according to the Allen et al. (1998)
FAO-56 method

(@

FAO_KS:[ TAW - D, ]

TAW — RAW

Where, TAW: total soil water in the root zone (mm),
D, : root zone depletion (mm) & RAW: readily
available water (mm).

From model K is calculated according to the Deb
et al. (2013)
Model _K. = Simulated AET (5
Calculated PET

RESULTS AND DISCUSSION

Optimized soil hydraulic parameters through
inverse modeling

The calibrated values for Or, 6s &, n and Ks
estimated from the inverse modeling for the soil
layers are shown in Table 1 for CT and PBB+R plot
respectively. The result of inverse modeling shows
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that saturated moisture content were comparable in
both plots with slightly higher in PBB+R over CT i.e
mainly due to more organic matter addition while
residual moisture content.

Soil water content (0) and Root Zone Depletion
(D) during the simulation period

Daily average SWC of 0-45 cm soil depth was higher
by 1-4% in PBB+R as compare to CT (Table 1) for
the whole period of simulation (i.e. 100-125 days
of crop growth). The higher SWC in PBB+R may
be because of higher crop residue cover and more
soil organic carbon in the soil profile (Bhattacharyya
et al. 2015). Computed D values was higher for CT
and varied between 0-68.68 mm for the simulation
period (Table 2). D, value of zero showed the SWC
for that day was greater than equal to field capacity
value and maximum D, value represented the driest
condition of soil i.e. just before irrigation or rainfall.
In PBB+R, D, value ranged between 0- 75.88 mm.
Result showed that moisture depletion was more
from PBB+R for the simulation period. The reason
may be because of more extensive root growth and
better crop canopy condition in PBB+R (Aggarwal
et al. 2017). RAW values were 42 mm and 53.2
mm for CT and PBB+R, respectively. The negative
value for the term (D -RAW) showed that K, was
not dominant when D < RAW and K.=1 whereas
positive value for (D -RAW) represented that K
was determining factor when D >RAW and K<1.
Available water capacity values for specific soils
can be obtained from http://websoilsurvey.nrcs.
usda.gov/app/.

Comparison of K, value derived from model
and FAO method during simulation period

For whole period of simulation, K, value by FAO
method ranged from 1 to 0.72 for PBB+R and 1to
0.58 for CT (Table 3). Higher K, value indicates that
plant did not experience any soil water stress. For
calculating K, by FAO method, only TAW, RAW and
Dr have been considered. Average Ks in PBB+R was
0.96 and 0.87 in CT during the simulation period.
K, computed from simulated RWU showed that Ks
varied from 0.14 to 0. 85 in PBB+R and from 0.04
to 1. Average K in PBB+R was 0.48 and 0.31 in CT
during the simulation period. Phogat et al. (2017)
had reported that actual crop coefficients derived
from HYDRUS simulations were lower than the
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Table 1: Soil hydraulic parameters optimized through inverse modeling for CT and PBB+R treatment. (Rai, 2017)

Depth 0, 0, o u K,
(cm) (cm?*cm™) (cm*cm) (cm day™)
CT PBB+R CT PBB+R CT PBB+R CT PBB+R CT PBB+R
0-15 0.060 0.010 0.39 0.39 0.010 0.010 1.252 1.25 64.72 54
15-30 0.079 0.090 0.38 0.39 0.043 0.027 1.46 1.39 68 53
30-45 0.075 0.085 0.37 0.41 0.054 0.029 1.53 1.34 58 62
Table 2: Calculated SWC and D_ for CT and PBB+R during the simulation period
DAS  SWC(6) D, (mm) D,-RAW (mm)* DAS  SWC (0) D, (mm) D,-RAW (mm)*
CT PBB+R CT PBB+R CT PBB+R CT PBB+R CT PBB+R CT PBB+R
101 0.25 0.30 33.9 18.0 -8.1 -35.2 114 0.21 0.22 61.8 67.2 19.8 14.0
102 0.24 0.28 34.3 18.4 -7.7 -34.8 115 0.20 0.21 65.6 71.9 23.6 18.7
103 0.23 0.26 41.1 29.9 0.8 -23.2 116 0.20 0.20 68.7 75.8 26.6 22.6
104 0.22 0.25 47.8 414 5.8 -11.7 117  0.29 0.31 0.00 0.00 42.0 -53.2
105 0.22 0.25 54.6 52.9 12.6 -0.24 118 0.28 0.30 5.83 6.03 -36.2 -47.2
106 0.22 0.25 53.9 52.9 11.8 -0.26 119 0.28 0.29 11.6 12.5 -30.4 -40.7
107  0.23 0.25 53.4 53.2 11.3 -0.02 120 0.27 0.29 16.0 17.6 -26.0 -35.6
108 0.23 0.24 52.2 52.7 10.1 -0.49 121 0.26 0.28 22.3 24.6 -19.6 -28.6
109 0.23 0.24 52.3 53.8 10.2 0.37 122 0.25 0.27 27.1 30.1 -14.8 -23.1
110 0.23 0.24 52.3 54.3 10.2 1.12 123 0.25 0.26 31.1 34.7 -10.9 -18.5
111 0.22 0.24 50.6 53.3 8.5 0.13 124 0.24 0.25 36.5 40.9 -5.46 -12.3
112 0.22 0.23 54.4 58.0 12.3 4.83 125 0.23 0.24 41.9 46.9 -0.11 -6.21
113 0.21 0.22 58.5 63.0 16.5 9.82 RAW for CT=42 mm & RAW for PBB+R=53.2 mm

*For D > RAW: K, <1 & D < RAW: K;=1 (FAO-56 manual by Allen et al. 1998)

Table 3: Calculated K, value from model and FAO method for PBB+R and CT during simulation period

DAS CT PBB+R CT PBB+R  DAS CT PBB+R CT PBB+R
K, Model K, Model K, (FAO) K, (FAO) K, Model K, Model K (FAO) K (FAO)
101 0.39 0.68 1.00 1.00 112 0.06 0.19 0.80 0.94
102 0.20 0.66 1.00 1.00 113 0.06 0.17 0.74 0.88
103 0.14 0.64 1.00 1.00 114 0.05 0.15 0.69 0.82
104 0.1 0.63 0.91 1.00 115 0.06 0.14 0.63 0.77
105 0.10 0.56 0.80 1.00 116 0.04 0.22 0.58 0.72
106 0.08 0.47 0.81 1.00 117 0.72 0.70 1.00 1.00
107 0.09 0.41 0.82 1.00 118 0.83 0.85 1.00 1.00
108 0.07 0.34 0.84 1.00 119 111 0.85 1.00 1.00
109 0.06 0.28 0.84 1.00 120 0.74 0.80 1.00 1.00
110 0.07 0.25 0.84 0.99 121 0.85 0.69 1.00 1.00
111 0.06 0.22 0.86 1.00 122 0.87 0.63 1.00 1.00

tabulated values from Allen et al. (1998), In case
of PBB+R, ranges of K, reduced which indicated
that crop experienced less soil moisture stress and
for short duration during the simulation period. It
may be because of penetration of root into deeper
layer, higher root length density, more LAI, higher
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transpiration rate and reduced evaporation from
soil surface due to residue retention on soil surface
(Aggarwal et al. 2017). Lower value of K, in CT
indicated that soil moisture availability for uptake
through plant root was less and plant experienced
soil moisture stress for prolonged time during the
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simulation period. This was mainly due to the
fact that root growth in CT was mainly confined
in upper few centimeter of soil depth and plant
became unable to extract soil moisture from deeper
layer and evaporation from soil surface was more
(Aggarwal et al. 2017). Computed Ks from model
showed lower value of K, both in PBB+R and CT
as compare to K, obtained from FAO method.
This may be due to the fact that in FAO method,
soil moisture stress has been calculated by only
considering the moisture status of the soil but
model has considered root characteristics also which
played a very significant role in root water uptake.

Transpiration rate variation during simulation
period

In Fig. 2, it has been seen that during the simulation
period (100-125 DAS) model simulated transpiration
rate varied from 0.07 to 0.45 cm day™’ with an
average value of 0.26 cm day™! whereas in CT
transpiration rate varied from 0.02 to 0.49 cm day™
with an average value of 0.16 cm day™.

0.70 6
Transpiration Rate of CT & PBB+R

e o o 9
w > 0 o
o © o o

w
Irrigation(cm)

Transpiration Rate (cm day™')
0
o

o
=
o
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¢ CT ActualTp (cmd-1) —  -=-=-- CT_Tp_FAO (cm)
CT-Tp_Model (cm) ~ ==--- PBB+R_Tp_FAO (cm)

Fig. 2: Actual Vs. simulated transpiration for PBB+R and CT
during simulation period

Transpiration rate obtained from FAO varied from
0.30 to 0.63 cm day™ (mean value 0.49 cm day™) in
PBB+R and 0.22 to 0.54 cm day™ (mean value 0.40
cm day™) in CT during the simulation period. Actual
average transpiration rate measured on 102, 110, 115
and 119 DAS. Actual transpiration rate were 0.22,
0.16, 0.15, 0.28 cm day™ in PBB+R and 0.17, 0.12,

0.12, 0.26 cm day™ in CT on 102, 110, 115 and 119
DAS, respectively. Transpiration rate obtained by
FAO method was higher than observed values as
well as model simulated values. This may be due
to the fact that FAO method mainly considers the
climatic factors whereas plant canopy conditions
(i.e LAI), fIPAR, rooting characteristics have been
consider in model.

Soil water balance

From Table 4 it is clearly indicated that cumulative
root water uptake (CRWU) values of CT (7.11cm)
treatments were substantially lower than PBB+R
(8.83 cm) treatment. Retention of crop residues
in PBB+R treatments significantly improved their
CRWU values. While cumulative evaporation (CE)
from soils under CT (2.15 cm) was 0.34 cm higher
than PBB+R (1.81 cm) which showed retention
of crop residues over soil surface reduces CE.
Cumulative drainage under PBB+R treatment (3.35
cm) was about 0.51 cm higher than CT (2.84 cm). It
was also seen that both initial as well as final SWC
values of the profile were significantly higher in
PBB+R (15.95 & 8.7 cm) than CT (14.31 & 4.72 cm).
The results thus clearly showed that bed planting
system significantly enhanced soil water retention
in the root zone. Crop residue retention further
improved the soil water storage capacity in above
CA practice. The balance between both input and
output sides of water balance equation showed a
change of 2.49 to -1.24 cm. It was mainly because
Hydrus 2D model is a numerical simulation model
which given an approximate solution of water
transport equation (not an exact solution), hence
causes an error in computation which is dependent
on the size of mesh used in the transport domain.

Validation of the model

Fig. 3 compared the SWC predicted by Hydrus 2D
model during simulation period along with the
Field observed values of SWC (gravimetric method)
on 101, 104, 110, 115 and 123 DAS (testing data set
(3%5), n=15) in both the treatments. Results showed a

Table 4: Simulated soil water balance components (Rai, 2017)

Treatment Simulation period CRWU (cm) CD (cm) CE (cm) RF/IR (em) Initial SWC Final SWC
(DAS) (cm) (cm)
CT 100-125 7.11 2.84 2.15 5 14.31 4.72
PBB+R 100-125 8.83 3.35 1.81 5 15.95 8.7
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Fig. 3: Validation of the model by comparing predicted values with observed SWC

relatively more strong correlation with CT treatment
(R?=0.79) than PBB+R (R?*=0.65). Presence of more
organic matter in PBB+R is the major reason behind
relatively less correlation as model does not account
effect of organic matter on water retention.

CONCLUSION

Accurate evapotranspiration (ET) estimation and its
separation into transpiration and evaporation are
essential for better water management strategies
in pigeon pea under conservation agriculture.
Our study proved that model simulated actual
transpiration rates were comparable with observed
values whereas values computed from FAO method
showed substantial deviation. Thus K, (which is
very important in irrigation scheduling) obtained
from model output showed the better soil moisture
stress condition of the profile as it takes into account
root growth parameters, radiation interception and
crop canopy conditions. We believe that information
obtained in our study can be utilized for developing
better management practices for different crops. It
can be used to further improve the estimates of ET
components for different crops. So, this model may
be adopted for evaluating different management
practices in terms of improvement in soil water use.
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