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ABSTRACT: Ef fi cient man age ment of de plet ing wa ter re sources is im por tant in or der to
en hance crop pro duc tiv ity and to at tain high wa ter use ef fi ciency. The study aimed at iden ti fy ing
ir ri ga tion man age ment prac tices, which could re sult in wa ter sav ings through de lib er ate un der
ir ri ga tion. Field ex per i ments were con ducted at Hill Cam pus, Ranichauri, Tehri-Garhwal,
Uttarakhand, In dia on po tato crop (Kufri Chandramukhi) over a pe riod of two years dur ing the
win ter sea sons of 2008-09 and 2009-10. The crop was planted in first week of No vem ber and
har vested in the last week of March span ning ap prox i mately 150 days. Three ir ri ga tion
treat ments were main tained based on the max i mum al low able de ple tion (MAD) of avail able soil
wa ter. The treat ments were 20% (T1), 40% (T2) and 60% (T3) max i mum al low able de ple tion of
avail able soil wa ter. No soil wa ter stress was main tained at the ini tial stages of the crop
de vel op ment so as to al low the plants at tain a healthy growth. Soil mois ture con tent was
mea sured by gravimetric method pe ri od i cally in 0-15, 15-30 and 30-45 cm soil pro files.  Soil
mois ture showed a cy clic tem po ral vari a tion at all three se lected soil depths. The mag ni tude of
this vari a tion was higher in 0-15 cm soil pro file and de creased in 15-30 and 30-45 cm soil pro files 
in that or der. This trend was ob served at all sched ules of ir ri ga tion. Field ex per i ments re vealed
that ir ri ga tion sched ule with 40% max i mum al low able de ple tion of avail able soil wa ter gave the
max i mum wa ter use ef fi ciency for po tato crop. For sched ul ing of ir ri ga tion of po tato crop, 0-30
cm soil pro file should be con sid ered as most of the re quired wa ter to be ex tracted from this layer

by the plant.
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The po tato (Solanum tuberosum) is an
im por tant veg e ta ble be long ing to the fam ily
Solanaceae. It is be lieved to have been
in tro duced in In dia from Eu rope in the early
sev en teenth cen tury. China, Rus sia, Ukraine and
In dia are the lead ing po tato grow ing coun tries of
the world. In dia stands at fifth po si tion, both in
terms of area and pro duc tion of po tato. The
po tato is rich in pro tein, fat, car bo hy drates and
min er als. In fact, it is con sid ered to be a
com plete, nu tri tious sta ple food. The po tato is
grown in al most all states in In dia. Po tato crop in
Uttarakhand, con trib utes about 10 per cent to the
coun try’s to tal out put. Nearly 80 per cent of the
crop is grown in the Indo-Gangetic plains
com pris ing Punjab, Haryana, Uttar Pradesh,
Bihar, Uttarakhand and West Ben gal. Po ta toes
amount to about 1.23 per cent of the gross

ag ri cul tural pro duce in In dia. The po tato is
gen er ally cul ti vated in win ter but in a few ar eas it 
is also cul ti vated dur ing the sum mer and rainy
sea sons. Of the coun try’s to tal po tato pro duc tion, 
81% oc curs in the win ter sea son, 13% in sum mer
and 6% dur ing the rainy sea son. 

World food pro duc tion is pri mar ily
de pend ent on ir ri gated lands. Cur rently there is
about 250 mil lion-hect are of ir ri gated land
world wide, most of which uti lizes sur face
ir ri ga tion. Al though ir ri gated land con sti tutes
only 17% of the to tal ag ri cul tural land, it
pro duces 36% of the world’s to tal food
re quire ment. In dia is be stowed with am ple land
po ten tial but not cor re spond ing wa ter re sources.
The two, in fact, are not evenly matched in
re spect of space and/or time and the coun try as a
whole there fore can be cat e go rized as wa ter
con strained.
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Ac cu rate es ti ma tion of crop wa ter de mand is
an im por tant as pect of ag ri cul tural plan ning. The
wa ter re quire ment var ies widely from crop to crop
and also dur ing the pe riod of growth of in di vid ual
crop. In case of sit u a tions where wa ter sup ply is
lim ited, the ir ri ga tion de mand of the en tire
crop ping pat tern can not be met fully. In these
con di tions, de lib er ate un der ir ri ga tion, also known

as def i cit ir ri ga tion can play a ma jor role. By
def i cit ir ri ga tion, crops are pur pose fully un der
ir ri gated dur ing plant growth stages that are
rel a tively in sen si tive to wa ter stress as re gards to
the qual ity and quan tity of the harvestable yield.
Iden ti fy ing growth stages of a par tic u lar cultivar
un der lo cal con di tions of cli mate and soil fer til ity 
al lows ir ri ga tion sched ul ing for both max i mum
crop yield and most ef fi cient use of scarce wa ter
re sources (Doorenbos and Kassam, 5). Ris ing
cost of ir ri ga tion wa ter pump ing, low com mod ity 
prices, in ad e quate ir ri ga tion sys tem ca pac i ties
and lim ited ir ri ga tion wa ter sup plies are among
the rea sons that many irrigators de lib er ately
ap ply less wa ter than that is re quired for
max i mum yield (Craciun and Craciun, 3). The
goal of def i cit ir ri ga tion is to en hance eco nomic
re turns by re duc ing wa ter and/or en ergy use.
Crops are ex posed to vary ing lev els of
en vi ron men tally in duced stresses dur ing their
growth cy cles. In as much as stress af fects crop
pro duc tiv ity, the re la tion ship and method of
quan ti fy ing and mon i tor ing crop stress have
re ceived in ten sive re search at ten tion (Wanjura et
al., 10; Osvald and Osvald, 9; Nesmith and

Ritchie, 8; Craciun et al., 4; Craciun and Craciun, 
2). 

With these back ground con sid er ations, a
com pre hen sive field in ves ti ga tion was
un der taken on a coarse tex tured lateritic soil at
the ex per i men tal farm of Ag ri cul tural and Food
En gi neer ing De part ment, Hill Cam pus,
Ranichauri, Tehri-Garhwal, Uttarakhand, In dia.
Crop cultivar Kufri Chandramukhi of po tato,
which is a pop u lar va ri ety of the re gion, was
se lected as the ex per i men tal crop. The ef fects of
var i ous sched ul ing of ir ri ga tion on the pro file
soil wa ter sta tus, crop yield and wa ter use
ef fi ciency were stud ied. Ir ri ga tion sched ules
were based on 20, 40 and 60% max i mum
al low able de ple tion (MAD) of avail able soil
wa ter (ASW). The in ves ti ga tion on po tato crop
was com pleted in two crop sea sons dur ing
2008-09 and 2009-10. The ma jor goal of the
study was to in ves ti gate the ef fect of sched ul ing
of ir ri ga tion on pro file soil wa ter sta tus, yield and 
wa ter use ef fi ciency of po tato crop.

MA TE RI ALS AND METH ODS

The re ported study was car ried out at the
ex per i men tal field of the Ag ri cul tural
En gi neer ing Sec tion, Col lege of For estry & Hill
Ag ri cul ture, Hill Cam pus, Ranichauri,
Uttarakhand, In dia. The field is lo cated on a
slop ing ter raced land sit u ated at an al ti tude of
1850 m above mean sea level. Ranichauri is
in ter sected by 300 18’ N lat i tude and 780 24’ E
lon gi tude. The lo cal cli mate is sub-hu mid in

Ta ble 1: Phys i cal prop er ties of var i ous soil pro files of the ex per i men tal crop field.

Soil depth (cm) Particle size distribution (%) Bulk density
(g/cc)

Saturated
hydraulic

conductivity
(cm/day)

Clay Silt Sand

0-15 30.0 29.5 40.5 1.60 15.2

15-30 32.2 33.3 34.5 1.55 10.3

30-45 34.8 35.8 29.4 1.57 3.3

45-60 34.9 32.1 33.0 1.62 2.5

Field Capacity: 32% Volumetric basis, and Permanent Wilting Point: 12% Volumetric basis.



tem per ate zone with an av er age rain fall of 1240
mm con cen trated over the months of June to
Sep tem ber. Dur ing both crop ex per i ments, the
tem per a tures were gen er ally mod er ate and
suit able for the growth of po tato crop. The
phys i cal prop er ties of the soil of ex per i men tal
crop  field  used  for po tato crop are given in
Ta ble 1.

Field ex per i ments were con ducted on potato 
(Solanum tuberosum L.) crop cultivar Kufri
Chandramukhi, which is a pop u lar, 140-150 days 
veg e ta ble crop of the lo cal ity and suits to the
pre vail ing cli mate in the win ter sea son
(No vem ber to March) of the year. It thrives well
in all soil tex tures that have good in ter nal
drain age. The op ti mum tem per a ture for the crop
growth is 15-180C (Doorenbos and Kassam, 5).
Wa ter def i cits dur ing the pe riod of stolonization,
tu ber ini ti a tion and tu ber bulk ing have the
great est ad verse ef fect on yield, whereas early
veg e ta tive and mat u ra tion pe ri ods are less
sen si tive (Doorenbos and Kassam, 5). Both the
ex per i ments had scanty rain fall and hence
pro vided the best op por tu nity to main tain the
ir ri ga tion treat ments.

Soil pro file mois ture mea sure ment

A ver ti cal sec tion of the soil pro file was cut
to ob serve the dif fer ent lay ers pres ent in the soil.
It was ob served that three lay ers were pres ent in
the soil such as: 0-15 cm, 15-45 cm and be yond
45 cm. These soil lay ers were dis tinctly dif fer ent
from each other par tic u larly due to the dif fer ence
in soil tex ture and pres ence of or ganic mat ters.
The soil mois ture was mea sured gravimetrically
in all soil pro files.

Field lay out and ex per i men tal de tails

Po tato was grown on ex per i men tal ter races,
which were di vided into 18 plots of 2 m x 2 m
size. Farm Yard Ma nure (FYM) was mixed
man u ally with top 15 cm soil layer at the rate of
30 kg/ha 10 days be fore sow ing. Phos pho rus
(Sin gle super phos phate) and Po tas sium (Muriate 

of pot ash) fer til izers were ap plied in the doses of
100 kg and 80 kg per hect are, re spec tively and
mixed man u ally with top 15 cm of soil one week
be fore sow ing. Ni tro gen (Urea) was ap plied in
two equal doses of 60 kg/ha each. The first dose
of Ni tro gen was ap plied four days be fore sow ing
and the sec ond dose was ap plied at the time of
flow er ing (ap prox i mately 60 days af ter sow ing).
Po tato seeds were cut into pieces of
ap prox i mately 25-30 cm3 size con sist ing of at
least one bud or sprout. The seed po ta toes were
sown at a row spac ing of 40 cm and the plant
spac ing was kept at 25 cm dur ing both crop
ex per i ments.

Ir ri ga tion treat ments and sched ul ing

The ir ri ga tion treat ments con sisted of
ir ri ga tion sched ul ing, MAD = 20% of ASW (T1),
MAD = 40% of ASW (T2)  and MAD = 60% of
ASW (T3), based on max i mum al low able
de ple tion (MAD) of avail able soil wa ter (ASW)
in the root zone cri te ria. 

The avail able soil wa ter was taken as the
dif fer ence be tween root zone wa ter stor age at
field ca pac ity (32% V/V) and per ma nent wilt ing
point (12% V/V). For es ti mat ing wa ter stor age,
the ef fec tive root zone of po tato crop was
con sid ered as 45 cm (Allen et al., 1), ir re spec tive
of growth stage. Us ing the data of soil mois ture
gravimetrically, the per cent age de ple tion of
avail able soil wa ter in the ef fec tive root zone was 
es ti mated. The ex per i men tal plots were ir ri gated
us ing fur row method of ir ri ga tion.  Wa ter was
ap plied with the help of a hose pipe and a wa ter
me ter in or der to have the ex act vol ume of wa ter. 

Data col lec tion

In or der to study wa ter bal ance, crop
re sponse to def i cit ir ri ga tion and wa ter use
ef fi ciency, it was nec es sary to col lect data on
pro file soil mois ture con tent and the growth
at trib utes of the crop. These data were nec es sary
for the es ti ma tion of wa ter use ef fi cien cies and in
eval u at ing the ef fects of dif fer ent treat ments on
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the crop yield. In or der to as sess the change in
soil wa ter bal ance, soil mois ture was mea sured in 
0-15, 15-30 and 30-45 cm soil pro files. The
mois ture con tent of soil lay ers was mea sured
gravimetrically on ev ery two day in ter val. 

RE SULTS AND DIS CUS SION

In or der to as sess the depth and time
vari a tion of soil mois ture un der dif fer ent
sched ul ing of ir ri ga tion, soil mois ture was
mea sured pe ri od i cally in 0-15, 15-30 and 30-45
cm soil pro files dur ing both ex per i ments. No soil
wa ter stress was main tained dur ing the crit i cal
stages of crop growth such as early veg e ta tive
growth, tu ber ini ti a tion and tu ber bulk ing. The
ir ri ga tion treat ments were ap plied with ef fect
from 35 DAS during both experiments.

Depth and time vari a tion of soil mois ture 

The temporal variations of soil moisture in
the root zone and below the root zone of the
experimental potato crop (Fig. 1 to 3) revealed
that the soil moisture experienced a cyclic
temporal variation at all depths. This trend was
observed irrespective of the level of irrigation
(MAD level). The amplitude of this cyclic
variation was higher in upper layers than in lower 
layers.

A com par i son of the both ex per i ments in

terms of the tem po ral vari a tion of soil mois ture in 
the ex per i men tal po tato crop plots at 20%
max i mum al low able de ple tion (MAD) of
avail able soil wa ter (ASW) are pre sented in Fig.
1a and 1b. In ex per i ment 1, there was a rapid
de cline of soil mois ture (Fig. 1a) in 0-15 cm soil
pro file from 80 days af ter sow ing (DAS) to the
end of growth pe riod. Since the ir ri ga tion was
fre quent un der this ir ri ga tion sched ule, there fore, 
the am pli tude of cy clic vari a tion and the time
span of ir ri ga tion was low. The lower lay ers of
15-30 and 30-45 cm soil pro files also ex hib ited a
grad ual de cline with ef fect from 80 DAS upto the 
end of the growth pe riod. In ex per i ment 2 also,
the rate of de ple tion was faster with ef fect from
85 DAS (Fig. 1b) than the ear lier pe ri ods at all
soil depths. The crop was ir ri gated at an in ter val
of 3-4 days un der this ir ri ga tion sched ule. The
am pli tude of cy clic vari a tion was more in 0-15
cm soil pro file be cause most of the ap plied
ir ri ga tion wa ter was lost through evap o ra tion
from the soil sur face be side the tran spi ra tion. In
ad di tion to this, a por tion of the ap plied ir ri ga tion 
wa ter per co lated to the lower lay ers also. Since
the fre quency of ir ri ga tion was high un der T1,
plants ex tracted more wa ter from the up per
lay ers. There fore, 15-30 and 30-45 cm soil
pro files did not ex hibit much cy clic vari a tion.
This trend was observed in both experiments.

Fig. 1(a). Profile soil moisture content for T1 (20% MAD) during 2008-09.
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Fig. 1(b). Profile soil moisture content for T1 (20% MAD) during 2009-10.

Fig. 2(a). Profile soil moisture content for T2 (40% MAD) during 2008-09.

Fig. 2(b). Profile soil moisture content for T2 (40% MAD) during 2009-10.
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The amplitude of cyclic variation decreased
towards the lower soil profiles.

Soil mois ture in 0-15, 15-30 and 30-45 cm
soil pro files un der 40% MAD (T2) also ex hib ited
cy clic pat tern (Fig. 2a and 2b). The re sults re veal
that the ex trac tion of the soil wa ter was from all
the lay ers of the root zone but most of the
ex trac tion was from 0-15 and 15-30 cm soil
pro files. Since the ir ri ga tion was sched uled at
40% de ple tion, the plants ex tracted wa ter to meet 
the evapotranspiration de mand of the crop. The
ir ri ga tion treat ments were started 35 DAS dur ing
ex per i ment 1. The mag ni tude of cy clic vari a tion

was higher in 15-30 and 30-45 cm soil pro files as
com pared to sim i lar lay ers of T1 dur ing both crop 
sea sons. The fre quency of ir ri ga tion was lower
un der this ir ri ga tion sched ule than that of T1,
there fore, the time span of cy clic vari a tion was
higher than that of T1.

The vari a tions of soil mois ture with depth
(Fig. 3a and 3b) un der 60% MAD (T3) re vealed
that high am pli tude of cy clic vari a tion was noted
in all soil pro files of the root zone. Since the
ir ri ga tion were sched uled at 60% MAD, the time
span of vari a tion was also higher in this ir ri ga tion 
sched ule com pared to T1 and T2. The plant roots

Fig. 3(a). Profile soil moisture content for T3 (60% MAD) during 2008-09.

Fig. 3(a). Profile soil moisture content for T3 (60% MAD) during 2009-10.



pen e trated deeper in search of wa ter as it was not
ad e quate in the up per soil lay ers. A de creas ing
trend was ob served with ef fect from 50 DAS in
all soil pro file (Fig. 3a). This is be cause the roots
of the plants were de vel oped by this time and
they ex tracted the wa ter from these lower lay ers
also in ad di tion to 0-15 and 15-30 cm soil pro file. 
Dur ing ex per i ment 2 (Fig. 3b), the soil wa ter was
also con trib uted from 30-45 cm soil pro files with
ef fect from 50 DAS because of developed root
system. 

Wa ter use ef fi ciency

The wa ter use ef fi ciency was es ti mated dur ing 
both ex per i ments to have an idea as to how
ef fec tively the ir ri ga tion wa ter was used by the crop
(Ta ble 2). The wa ter use ef fi ciency was be
de scribed in two ways (a) crop wa ter use ef fi ciency

and (b) field water use efficiency.

Crop wa ter use ef fi ciency 

The crop wa ter use ef fi ciency was con sid ered
as the ra tio of the fresh tu ber yield and the crop
evapotranspiration. The re sults per tain ing to wa ter
use ef fi ciency of the po tato crop un der dif fer ent
sched ul ing of ir ri ga tion dur ing both crop
ex per i ments are pre sented in Ta ble 2. As ev i dent
from the ta ble that the high est crop wa ter use
ef fi ciency was at tained when ir ri ga tion was

sched uled at 40% de ple tion of ASW (T2). A sim i lar 

trend was observed during both crop seasons.

Field wa ter use ef fi ciency 

The field water use efficiency was estimated
in terms of fresh tuber yield obtained per unit of
land used and per unit of water available to the
field. The results shown in Table 2 revealed that the
highest field water use efficiency was attained
when the irrigation was scheduled at 40% depletion 
of ASW (T2). The trend was similar during both
crop seasons. Field experiments conducted during
both crop seasons revealed that irrigation schedule
with 40% maximum allowable depletion of
available soil water could safely be maintained
during the non-critical stages to save water without

sacrificing the tuber yield.

A sim i lar study by Kashyap (6) and Kashyap
and Panda (7) over a pe riod of four years gave
some what sim i lar re sults. How ever, in or der to
have more con fi dence on the re sults and to ar rive at
con clu sions and rec om men da tions, which would
have greater au then ti ca tion, the study should be
ex tended for more ir ri ga tion treat ments such as
45%, 50% and 55% as 60% de ple tion has al ready
in di cated lower val ues of wa ter ef fi cien cies.
Stud ies may be con ducted tak ing the fol low ing two
as pects into con sid er ation which may give more

water saving.
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Ta ble 2: Wa ter use ef fi ciency (WUE) of po tato crop un der dif fer ent sched ul ing of ir ri ga tion dur ing ex per i ments-1
        (2008-09) and-2 (2009-10).

Experiment Treatments Fresh tuber
yield

ET Irrigation Crop-WUE Field-WUE

(Kg/ha) (mm) (mm) (Kg/ha/mm) (Kg/ha/mm)

2008-09 T1 11564 167 223 69.23 51.81

T2 12207 166 216 73.39 56.51

T3 10890 160 217 68.03 50.23

2009-10 T1 13342 186 220 71.85 60.65

T2 13999 184 209 76.00 66.98

T3 12453 179 202 69.41 61.65
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(a) re fill ing only a part of the root zone
in stead of re fill ing the en tire root zone, and

(b) re fill ing par tially (not upto field ca pac ity,
while ir ri gat ing)

The mag ni tude of wa ter sav ing was found
rel a tively higher when sim u la tion stud ies were
con ducted by the au thors us ing crop growth
sim u la tion mod els, where uni form soil wa ter
stress was main tained through out the crop
growth sea son. How ever, that is be yond the
scope of this pa per. In the re ported study a
meth od ol ogy has been rec om mended, on the
ba sis of crop ex per i ments, which em pha sizes the
im por tance of main tain ing soil mois ture stress
dur ing non-crit i cal stages of crop growth to at tain 
high wa ter use efficiency under water scarcity

conditions.

CONCLUSIONS

The re sults of the study re vealed that un der
wa ter scar city con di tions, when soil wa ter stress
is im posed dur ing non-crit i cal stages of growth,
ir ri ga tion is to be sched uled at 40% max i mum
al low able de ple tion of avail able soil wa ter for
po tato crop grown in sandy loam soils in a
trop i cal re gion. A soil wa ter stress of 40% MAD
gives the high est crop wa ter use ef fi ciency as
well as field wa ter use ef fi ciency. Only 0-30 cm
of soil pro file, in stead of 0-45 cm, is to be
con sid ered for sched ul ing of ir ri ga tion for po tato
crop grown in a sandy loam soil, since most of
the wa ter used by the crop is extracted from this
layer.
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