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ABSTRACT

Paddy cultivation is the largest global consumer of water, and it also significantly contributes to water pollution.
Investigating the water footprint of paddy agriculture can provide insights into how pollutants affect the
ecosystem. This study aimed to quantify the total water footprint for paddy grown in Sri Lanka's Low Country
Intermediate Zone under supplementary irrigation. A lysimeter study was carried out to determine the amount of
leached nutrients below the root zone. The experimental design was a Complete Randomized Block Design
(CRBD) with two factors (cropping season and gradient) and two levels (Yala and Maha; upper and lower). The
green and blue water footprints for both sites were estimated using the CROPWAT 8.0 model by crop water
requirement option. The results revealed that the loss of NO3-N through leaching accounted for 8.61 + 1.84 kg/ha
(8%), and the leaching losses of PO, - P were 0.49 = 0.1 kg/ha (2%) under controlled runoff conditions during the
experimental perlod The nitrogen fertilizer-induced grey water footprint (WFgrey) for one tonne of rice produced
was 193 + 27 m*/t, and the phosphorous fertilizer-induced WFgey was 61 £7 m */t. The study identified nitrate as
the critical element for water pollution. The estlmated total water footprint (WF 1), which was the sum of green,
blue, and grey water footprint, was 1409 + 95 m*/t under controlled runoff conditions, while the global average
value is 1325 m’/t. The estimated value is about 6% higher than the global average value. Therefore, these
findings demonstrate the need for further research.
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INTRODUCTION

Paddy cultivation is the largest water consum-
er in the globally (Chapagain and Hoekstra
2011). Two thirds of the total paddy are culti-
vated under irrigation (International Rice Re-
search Institute, 2002). The potential crop
yield is greatly determined by the availability
of water (Arora 2006). Since rice production
is hampered by water scarcity, large irrigation
schemes are built to meet the water require-
ment of paddy cultivation (Arora 2006) and
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play a greater part in supplying food demands
in the future than in the past. Rice production
has been a tradition in Sri Lanka for a century,
and it is accompanied by complex irrigation
systems (Jayawardana and Wijithadhamma
2015). Paddy farming is mostly practiced in
the dry zone in Sri Lanka under irrigation
while rain-fed paddy farming practiced in In-
termediate zone in Sri Lanka with supplemen-
tary irrigation (Central Bank of Sri Lanka
2020). The limiting nutrient in wetlands is
Nitrogen (Hou et al. 2012). Therefore, Nitro-
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gen fertilizers are frequently utilized in rice
farming to increase grain yield, in order to
meet the current food demand (Igbal 2011).
The most common Nitrogen-based straight
chemical fertilizers are urea and Ammonium
Nitrate (NH4NO;) (Illeperuma 2000). Only a
fraction of the total fertilizer application was
utilized by plants (Igbal 2011), and the remain-
der was converted into Nitrate, which is ex-
tremely water-soluble, quickly leached, and
diffusely enters freshwater systems
(Choudhury and Kennedy 2005). The consider-
able amount of Nitrogen and Phosphorus losses
from paddy fields by runoff and leaching make
their way into the nearby surface water bodies,
where they cause severe pollution, eutrophica-
tion, and environmental deterioration of aquat-
ic ecosystems (Yan et al. 2017). In the rice
fields, these nonpoint sources of pollution ap-
peared to be more prominent (Han et al. 2007).

Since rice cultivation consumes a significant
amount of fresh water and chemical fertilizers
in Sri Lanka (CBSL 2020), increasing pressure
into fresh water bodies. The amount of fresh
water utilized and the amount of polluted water
associated to the use of fertilizers in the rice
crop need to be quantified. This is known as
the water footprint (WF). The WF provides a
measurable indication to calculate both the
amount of water consumption and the amount
of water pollution per unit of crop (Mekonnen
and Hoekstra 2014). A crop WF measures,
evapotranspiration, irrigation and pollution of
freshwater (Brueck and Lammel 2016). The
green water footprint (WFgyeen), blue water
footprint (WFye), and grey water footprint
(WFGy) are the three parts of the WF. The
WFgeen 1s the amount of green water resources
(rainwater stored as soil moisture) that are used
by crops (Sikirika, 2011). The WFyy, is an in-
dicator of consumption of surface fresh water
and groundwater resources by crops (Vanham
and Bidoglia 2013). The WF., refers to the
amount of water required to assimilate contam-
inants to the ambient water quality require-
ments (Hoekstra et al., 2011). It is a useful
arithmetic tool to assess and comprehend the
potential environmental impact of paddy farm-
ing by non-point source pollution that difficult
to measure and regulate directly (Hoekstra et
al. 2011). The chemical application rate deter-

mines the grey component of a crop's water
footprint. In generally, pollutants associated
with paddy cultivation are pesticides, insecti-
cides, and fertilizers (such as Nitrogen, Phos-
phorus, and others) (Hoekstra et al. 2011).
Nitrogen (N) and Phosphorous (P) fertilizer
induced grey water footprint for growing rice
has been evaluated with leaching pollutant
loads (N and P).

This study was conducted at Rice research
and development institute (RRDI), Sri Lanka
aiming to measure the environmental impact
of water consumption by quantifying the com-
ponents that contribute to the grey water foot-
print and the water footprint of rice produc-
tion.

MATERIALS AND METHODS

Site description and Experimental Design
The study was conducted in an experimental
field (10 m x 10 m) at RRDI situated in the
Kurunegala District, which is a major paddy
cultivation area under supplementary irriga-
tion in Intermediate Zone, Sri Lanka (7.53 N,
80.44 E, 115 m). The study carried out from
2015 to 2016 during two cropping seasons per
year: Yala season (the South-West monsoonal
period of May to September) and Maha sea-
son (the North-East monsoonal period from
September to March in the following year) in
which cultivation was carried out by suppli-
mentary irrigation. The area belongs to the
Low country Intermediate Zone with an aver-
age annual temperature of 26.5-28.5 °C, aver-
age annual relative humidity of 70-90%, and
annual rainfall of 1750-2500 mm (Mapa et al.
2005). The soil type is a Red yellow Podzolic,
classified as Kurunegala Series and the reac-
tion of the soil is slightly acid (pH, 5.0 to 6.0),
and cation exchange capacity is lower than 10
cmol/kg, bulk dencity 1.7 Mg/m’, texture is
sandy loam, poorly dranaged, organc C, 0.6%
and avalable P, <10 ppm (Mapa et al. 2005).

Urea 225 kg/ha (103.5 kg N ha') in four
splits, Triple Super Phosphate 55 kg/ha (25.3
kg P ha') in basal and Muriate of Potash (70
kg K ha™) in two splits were applied as chemi-
cal fertilizers to provide Nitrogen, Phospho-
rous, and Potassium needs for the field as
practiced by the RRDI. Weedicides and pesti-
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cides were applied when required. The nor-
mal agronomical practices were followed in
field management and cropping systems.

Estimation of Green and Blue water foot-
print of rice

Green and blue water footprints for growing
rice were calculated based on effective rain-
fall, reference evapotranspiration, blue and
green evapotranspiration, and crop water use
(CWU), estimated using decision support
software CROPWAT 8.0 based on FAO Irri-
gation and Drainage Paper 56 (Allen et al.
1998). Climate data including monthly total
rainfall (mm), monthly mean minimum and
maximum temperature (°C), and monthly to-
tal sunshine hours (hours/day) were collected
from Bathalagoda agro-meteorological station
which is located at the research site (7.53 N,
80.44 E 115 m) for each cropping season
from May 2015 to February 2017 (starting
and ending months of the four cropping sea-
sons). The other climate data that were not
available in the Bathalagoda agro-
meteorological station such as monthly rela-
tive humidity and average monthly wind
speed were collected from Kurunegala mete-
orological station (7.47 N, 80.37 E, 116 m)
which is the nearest meteorological station to
the research site.

The green and blue components in crop water
use (CWU, m’/ha) were calculated to deter-
mine green and blue water footprints sepa-
rately by the accumulation of daily evapotran-
spiration (ET, mm/day) over the complete
growing period. The estimated consumptive
use of green and blue water components was
calculated by converting measured evapotran-
spiration as a depth (mm) to the volume per
hectare by equations 1 (Hoekstra et al. 2011).

lgp

volume
cwu =1sz ET [ ] ...... Eqn 01
area

d=1

Where,
CWU - The green/ blue component of
crop water use
ET- Green/ blue water evapotranspi-
ration
Factor 10 - Conversion factor water

depth in millimeter to water volume
per land surface in m*/ha

The WFgreen, m>/t and WFy,. m>/t of rice were
calculated, dividing CWU geen, and CW Uy, by
the crop yield (t/ha) of research site for each
cropping season in the year 2015 and 2016 as
shown in equations 2 (Hoekstra et al. 2011).

3
- (CWU ) (m/ha) [volume /mass]  (m®/t)

Y (t/ha)

Where,

WF - The green/blue component in
the process water footprint

CWU - Green/blue component in crop
water use

Y - Crop yield

Nitrogen and Phosphorous Fertilizer in-
duced Greywater Footprint under runoff
controlled condition

A lysimeter study was carried out to quantify
the leached amount of Nitrate and Phosphate
from rice field which are representation ele-
ments for the estimation of the grey water
footprint associated with rice production. Six
non-weighable lysimeters (45 cm long, 6 cm
diameter) were arranged in the research plot
having dimensions of 10 m x 10 m at the up-
per gradient and lower gradient with three rep-
licates. The experimental layout was a Ran-
domized Complete Block Design (RCBD)
with two factors (cropping season and gradi-
ent) and two levels (Yala, Maha and upper
gradient, lower gradient). Leached water col-
lected in lysimeters was subjected to analyze
Nitrate and Phosphate contents to quantify the
pollutant load (L), Nitrate-N, and Phosphate-
P. The quantified pollution load was used to
calculate the Nitrogen (N) fertilizer induced
WF,y and Phosphorous (P) fertilizer induced
WFg., individually to find out the most criti-
cal pollutant which yields the highest water
volume. The field experiment was conducted
with the same rice variety (BG358) and the
same treatments for four consecutive cropping
seasons: Yala and Maha in 2015 and 2016.
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The grey components in the process water
footprint (WFg,, m */t) of rice production was
calculated as the load of a pollutant divided
by the differences between the ambient water
quality standard for the pollutant (Cmax) and
its natural concentration in the receiving water
body (C..) by equation 3 (Hoekstra et al.,
2011).

_ L (B x Gy - Abstrx Cry) .
WEypey e e [volume/time]
............................................... Eqn 03
Where,

WFgey - Grey  water  footprint
(volume/time)

L - Pollutant load entering to a
water body (mass/time)

Chax - Max1mum acceptable con-
centration (kg/m?)

Chat - Natural background concen-
tration (kg/m’)

Em - Effluent volume (volume/
time)

Apsr - Abstraction volume (volume/
time)

C.f - concentration of the chemical
in the effluent (kg/m’)

Cat - Actual concentration in the

point of abstraction (kg/m?)

Effluent volume (Eg) was estimated by
leached water volume collected into lysime-
ters. Effluent concentration (C.y), Nutrient
concentation of leached were mesured. The
pollutant load (L, kg of Nitrate-N, Phosphate-
P per entire cropping season) were calculeted
by suming up the leached Nitrate, Phosphate
amount in each sample time.

WF,y was calculated based on Cpax for Ni-
trogen is 11.3 mg/L as NO3™ - N and C,,,, for
Phosphate (PO4>) is 2 mg/L (SLS 614, 2013)
Ciin for N03- N (0.1 mg/L) and (PO4 ) is
0.01 mg/L™" (Hoekstra et al. 2011).

Sampling and analysis

Leached water below the root zone was col-
lected into the bottom part of the lysimeters
layout in the experimental plots. Sampling

was carried out a day before the fertilization
and successive intervals throughout the entire
crop growing period. Sample volumes were
measured and were subjected to analysis of
Nitrate and total Phosphate concentrations
(mg/L). Random sampling was done for irri-
gated flow was subjected to the same analysis.
Rice crops were harvested and grain yield was
recorded.

Determlnatlon of Nitrate (NOs’) and Phos-
phate (PO,>) content in leached water
Water samples were subjected to analysis
concentration of Nitrate (mg/L) by UV-visible
spectrophotometric screening method: APHA
4500-NO;™ - B. The total Phosphate concen-
tration (mg/L) was analysis by the vandomo-
lybdophosphoric acid colorimetric method as
per APHA 4500-P C (American Public Health
Association 2000). Random sampling was
followed for irrigated flow and subjected to
the same analysis.

Quantification of loss amount of Nitrate
and Phosphate by leaching under the root
zZone

Loss amount of Nitrate-N and Phosphate-P by
leaching below the root zone, 30 cm soil
depth, were quantified based on the concen-
tration of Nitrate and Phosphate and volume
of leached water. The loss amount of leached
NO;™-N and PO,>-P per area (kg/ha) for an
entire growth cycle was estimated.

Calculation of the total water footprint of
rice under controlled run-off condition

The total water footprint of the process of rice
(WFoa) was estimated by summing of the
green, blue and grey components by equation
4 (Hoekstra et al. 2011). The most critical
pollutant which need more freshwater to as-
similate the pollutant lode involved in rice
cultivation was used to estimate grey water
footprint.

3
WFtDtEl green + WFblue + wpgrey [I]l "‘rt ]
............................................... Eqn 04
Where,
WFoial - The total water foot-

print of the process of rice
WF green - The green component
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of the process water footprint

WFpe - The blue component
in the process water footprint
WFgrey - The grey component

in the process water footprint

Statistical analysis

A two-way Analysis of Variance (ANOVA)
was applied to investigate the effect of crop-
ping seasons (Yala and Maha) and the effect
of gradient and interaction effects on Nitrate
and Phosphate amount in leached water.
Treatment differences were considered statis-
tically significant at P < 0.05. Statistical anal-
ysis was done by Minitab 17 (Minitab Inc,
2017) statistical and data analysis software
package.

RESULTS AND DISCUSSION
Concentration of Nitrate in leached water
under run-off controlled condition

The mean values of concentration of Nitrate
(mg L) are given in figure 1. Urea applied as
the sole source of N fertilizer at 225 kg/ha
(103.5 kg N ha) as splits at 2™, 4™, 6™, and
8™ week after transplanting as 50 kg/ha, 75
kg/ha, 65 kg/ha and 35 kg/ha respectively in-
dicated by arrows.

The lower end of the gradient always exhibit-
ed a higher Nitrate concentration than that of
the upper end for all four seasons. This signi-
fies the downward movement of water with
the gradient and concentrating at the lower
ends of the field increasing the leaching of
Nitrate with water at all times. As per the
cropping season, always the 2™ and 3" sam-
pling points recorded the highest Nitrate con-
centrations which coincide with the first ferti-
lizer application. The depth of the root zone is
normally about 30 cm under irrigated and
ponded conditions (Suprapti et al. 2010).
There was a vertical downward movement of
water containing Nitrates from the upper lay-
er to the lower layer by percolation process.
The flowing water contains dissolved ele-
ments including Nitrate and resulting in com-
paratively high Nitrate concentration in the
leachate at a lower gradient than the upper
gradient (Suprapti et al. 2010).

Nitrogen fertilizer (urea) was applied at 2™,
4" 6™ and 8™ weeks after transplantation
which was in the early vegetative stage. In
general, a high Nitrate concentration was rec-
orded at the 3™ week (21-28 days) after trans-
plantation. The same observations were rec-
orded by Meng et al. 2014 showing the high-
est Nitrate concentration of 4 mg/L (as NOs-
N) at 3" week of transplantation at 50 cm soil
depth. Similar findings were found in the cur-
rent experiment, where the highest Nitrate
content (as NOs;-N) at the third post-
transplantation week fluctuated between 4
mg/L and 9 mg/L over the course of four
growth seasons. The demand for N by plants
increases rapidly during the early phases of
plant growth and then diminishing later when
plant growth rate declines (Glass, 2003).
Hence N fertilization takes place aiming at
those vegetative growth demands and that is
the reason to observe high leaching losses at
the beginning of the cropping season.

Variety BG 358 is medium-duration rice that
takes 100-120 days to harvest (International
Rice Research Institute, 2015). During the
early stage of growth until the 11" week after
transplanting, rice is at the vegetative and re-
productive stage (Hashim et al. 2015). The
key period for nitrogen absorption by rice
plant is from tillering to flowering, during this
period the absorption of soil Nitrogen is at its
maximum rate (Qiao-gang ef al. 2013), which
account for 34% to 38% of the Nitrogen ab-
sorbed during the whole rice growth period
(Wang et al. 2014). 1t was noted that more
Nitrate losses occurred in the early vegetative
stage than the late vegetative stage and repro-
ductive stage. At late vegetative and reproduc-
tive stages, the plant absorbed N more effi-
ciently and leaching losses were decreased.
This phenomenon was reflected in the find-
ings of this study as well.

It takes 35 days for the reproductive stage and
30 days for the ripening stage (IRRI, 2015).
The plant undergoes grain filling and matur-
ing during the ripening state. At that point,
rice uses N that is already present in plant tis-
sue rather than absorbing N from the soil
(Hashim et al. 2015). Plant demand for N be-
gan to decreasing later stage as plant growth
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Figure 1: Changes in Nitrate content of leached water at 30 cm soil depth; A: 2015 Yala, B:
2015/16 Maha, C: 2016 Yala, D: 2016/17 Maha. The arrows indicate the time of fertilizer

(urea) applications

rates slowed down (Glass 2003). It was ob-
served that minimum leaching losses occurred
in the late growth stages of the current study.

The similar observations were made by Igbal
2011, and Meng et al. 2014.

Concentration of phosphate in leached wa-
ter under run-off controlled condition

The mean values of concentration of Phos-
phate (mg/L) in leachate below the root zone,

30 cm soil depth for four consecutive crop-
ping seasons from 2015 to 2016 are given in
figure 2. Triple super Phosphate applied as the
sole source of P fertilizer at 23.5 kg P ha' as a
basal application.

In general, for all four seasons, the highest
phosphate concentration was exhibited at the
1* sample point a week after fertilization be
specific. Thus, P fertilizer (TSP) was applied
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Figure 2: Changes in phosphate content of leached water below the root zone, 30 cm soil
depth, a: 2015 Yala, b: 2015/16 Maha, c: 2016 Yala, d: 2016/17 Maha
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as a basal medium. There were no noticeable
changes in the pattern of variation on phos-
phate concentration recording increases and
decreases for the rest of the samples for the
lower and upper ends of the gradients.

According to Xiao et al. (2015), the observa-
tion was explained by the fact that during the
early stages of paddy flooding, the Nitrogen
and Phosphorus load were relatively high
then gradually dropped as the flooding last.
Applied excessive Phosphorus deposition in
the rice field (Naguma et al. 2013) and some
Phosphorus runoff and drainage from paddy
fields (Lu et al. 2016).

Loss amount of Nitrate and Phosphate by
leaching under the root zone

The study plot was run-off controlled and
maintained the standard water level. There-
fore, it could be assumed that all excess ni-
trate and phosphate amount was lost through
leaching. In this experiment, only the leached
nitrate-nitrogen amounts and phosphate-
phosphorous amounts were quantified. The
leaching loss rate NO5;™-N and PO,” -P was
quantified per unit area (kg/ha) and % relative
to the applied fertilizer amount as methodolo-
gy and results are given in Table 1.

As explained in the table 1, the maximum Ni-
trate-N losses (11.28 kg/ha) were recorded in
the 2016 Maha season. Average NOs5'- N loss-
es were 8.61 = 1.84 kg/ha and PO,>-P losses
were 0.49 £ 0.10 kg/ha.

Similar observations as reported by Igbal
2011 recording the NO3™ -N losses was 1.25
kg/ha (1.38%) when applied urea as a rate of
196 kg/ha (90 kg N ha™). He also explained
that the leaching losses were increased with
increases in applied urea rates. When the ap-
plication of urea rate was increased up to 784
kg/ha (360 kg N ha™), the leached NO; -N
losses were reported as 2.20 kg/ha (0.61%)
(Igbal 2011). Guo et al. 2004, revealed that
loss of total phosphorous was 1.16 kg/ha in
the rice season.

According to the P values of Two-Way ANO-
VA, it was evident that gradient effect and
seasonal effect were significant on leaching
losses of Nitrate-N and Phosphate-P. Howev-
er, an interaction effect of cropping season
and gradient was not significant in given set-
tings.

Nitrate is highly water-soluble and relatively
stable and was found to migrate into aquifer
heavily (Lu et al. 2016) and readily lost
through water flow and observed a significant
variation. P fertilizer, TSP, is smeared as ba-
sal application. Phosphate iron is bound to the
soil particles and in contradiction of move
with soil water like nitrate. P concentration in
water percolating through the soil profile by
leaching is small due to sorption of P by P-
deficiency subsoil (Islam et al. 2015). It is
proved by the result of this experiment.

Table 1: Leaching losses of NO3 -N and PO, -P (kg/ha) and loss % below the root zone, 30 cm
soil depth, for each cropping season in years 2015 and 2016

Cropping season NO;5 -N NO; -N PO, P PO, P
(kg/ha) loss % (kg/ha) loss %
2015 Yala 7.06 6.8 0.45 1.8
2015 Maha 7.95 7.7 0.46 1.8
2016 Yala 8.16 7.9 0.40 1.6
2016 Maha 11.28 10.9 0.63 2.5
Average 8.61 +£1.84 8.3+£1.8 0.49+£0.10 1.9+04
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Relative leaching losses of nitrate and
phosphate below the root zone

Percentage of NO5™- N losses (% of applied N,
kg/ha) relative to the applied N fertilizer
amount and percentage of Phosphate-P losses
(% of applied PO,’ -P, kg/ha) relative to the
applied P fertilizer amount below root zone
for the study period were quantified by the
percentage of the total N, P applied and re-
sults are given in the table 2 and figure 3.

Figure 3 illustrates the relative leaching losses
of N and P in the experimental site for four
cropping seasons. The moderate increases of
relative N and P losses were observed in the
2016 Maha season. The year 2016 is a dry
year and effective rainfall was low during the
Maha season. Sufficient irrigation was provid-
ed to the research plot to maintain the stand-
ard water level. However, that cropping sea-
son gained comparatively high leaching losses
and also high grain yield.

It was observed that relative leaching losses
of Nitrate-N were varied with the range of
6.8% to 10.9% where the total application of
urea was 103.5 kg N ha™. The highest relative
Nitrate-N loss was noted (10.9%) at the 2016
Maha season. The average percentage of NO;3
- N losses for the RRDI site was (8.3 + 1.8) %
during the study period.

Zhu et al. (2000) made a similar observation
in a lysimeter experiment, where leaching

12.00
10.00
8.00
6.00

4.00

Leaching loss % of N and P

0.00

2015vyala 2015 Maha

Nitrate-N

2.00 - P

losses of N were 6% of applied urea with ten
identical dosages (total application 120 kg N
ha™'). However, a single dose at transplanting
led to 13% N leaching losses (Zhu et al.
2000). Russian data revealed leaching losses
of 3-9%. (Zhu et al. 2000). In China, the per-
centage of Nitrogen fertilizer losses due to
leaching ranged from 0.1 to 15% of the total
amount of N applied (Zhu et al. 2000). A ly-
simeter experiment looked into the Nitrogen
leaching from double rice cropped soil, which
was found to be up to 27.5 kg N ha-1 when
200 kg N ha-1 were applied (Zhu et al. 2000).
However, in the same double rice cropped
soil, a field experiment recorded 7 kg/ha were
lost by leaching when 300 kg N ha™' were ap-
plied (Zhu et al. 2000).

The maximum percentage of Phosphate-
Phosphorous (PO4"-P) losses was observed at
the 2016 Maha season by reporting 2.5%. The
average percentage of phosphate-phosphorous
losses was (1.9 = 0.4) % for the site. Suffi-
cient literature for leaching losses of phospho-
rous is not available. However, Nagumo et al.
(2013) was reported that increased available P
content in paddy soil may cause an enhanced
P runoff to the surface water. Nitrogen and
phosphorous run-off and drainage associated
with paddy fields are identified as a major
nonpoint source pollution (Hu and Huang,
2014).

-
——
-

2016 Yala 2016 Maha

=-=®==Phosphate-P

Figure 3: Relative leaching losses (%) of NO5y- N and PO’ -P below the root zone, 30 cm soil

depth, for four consecutive cropping seasons
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Fertilizer-induced N and P leaching and
related Grey Water Footprint under run-
off controlled condition

The total amount of NO5-N and PO,*-P, pol-
lutant load (L), leached from the paddy field
during the whole cultivation period was cal-
culated.

In run-off controlled condition, run-off losses
were assumed as zero. Nutrient concentration
of irrigated water was negligible and not con-
sider for the calculations. The fertilizer-
induced N and P leaching and related WF gy
were calculated and given in table 2.

Considering Table 2, Nitrogen fertilizer in-
duced WFy, was 193 + 27 m*/t and Phos-
phorous fertilizer induced WFg.y was 61 + 7
m’/t . It was observed that the most critical
pollutant, Nitrate, compared to the Phospho-
rous pollutant associated with rice production,
where the above calculation yields the highest
WF gy, was defined as the volume of freshwa-
ter that is required to assimilate a load of pol-
lutants based on natural background concen-
trations and existing ambient water quality
standards.

Similar results were noted for the global aver-
age grey water footprint for rice was reporting
187 m’/t for Nitrogen pollutants (Mekonnen
and Hoekstra 2014). Mekonnen and Hoekstra

(2011) estimated that the WFy,, for rice pro-
duction in irrigated agriculture from 1996 to
2005 was 185 m’/t and 190 m’/t in rain-fed
agriculture. Yoo et al (2014) was reported the
average WF,., in Korea was 48.4 m>/t, based
on the run-off N and P (pollutant load) of
12.90 kg/ha and 1.01 kg/ha, respectively, dur-
ing the growing season. Chapagain and
Hoekstra (2011) reported the WFy,, for rice
production was 109 m>/t.

The total water footprint of rice grown in
the Intermediate Zone of Sri Lanka

The green, blue, and grey components that
were estimated are shown in Table 3 together
make up the total water footprint of the pro-
duction of paddy rice (WF ). Since Nitrogen
fertilizer is the most critical pollutant used to
calculate the grey water footprint of rice farm-
ing.

Table 3 described, the WFgreen, WEpiue, WFgrey
and WF, in Intermediate Zone, Sri Lanka
under supplimentory irrigaton from 2015 to
2016 under runoff controlled situation.

The green and blue water footprints for an irri-
gated rice farming system were reported by
Mekonnen and Hoekstra (2011) was 869 m’/t
and 464 m’/t, respectively. Between 1996 and
2005, the average green and blue water foot-
prints of rice were recorded as 1146 m’/t and

Table 2: N and P fertilizer-induced WFj,,, under run-off controlled condition for each crop-

ping season in the year 2015 and 2016

Cropping season NO; -N leaching related PO,"-P leaching related
WFey (m°/t) WFey (m°/t)
2015 Yala 57
2015/16 Maha 62
2016 Yala 55
2016/17 Maha 70
Average WF ., 61+ 7
193 £27
Yala (average) 56 £1
178 £29
Maha (average) 66+ 6

208 £23
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Table 3: The total water footprint of production paddy rice for each cropping season in the
years 2015 and 2016 based on actual pollution load

Cropping season Yield (t/ha) WF green W173b1ue WF3grey Wl‘;mtal
(m’/t) (m’/t) (m’/t) (m’/t)
2015 Yala 4.0 795 401 158 1353
2015/16 Maha 3.7 916 401 192 1509
2016 Yala 3.7 646 624 199 1469
2016/17 Maha 4.5 729 353 24 1306
Average 40+0.2 772+114 445 + 122 193 + 27 1409 + 95
Average (Yala) 3.8£0.2 721 £105 513+ 158 178 + 29 1411 + 82
Average (Maha) 41+£0.6 823+132 377 + 34 208 + 23 1407 £ 143

341 m’/t, respectively (Mekonnen and Hoeks-
tra 2011). With an average yield of 3.5 t/ha in
Sri Lanka, Chapagain and Hoekstra (2011)
calculated the blue and green water footprints
for rice production were 1784 Mm®/year and
1648 Mm?/year, respectively for the years
from 2000 to 2004.

Similar observations were noted by Chapa-
gain and Hoekstra (2011) that reporting the
global average water footprint of rice produc-
tion was 1325 m’/t which is 48% green, 44%
blue, and 8% grey from 2000 to 2004. Me-
konnen & Hoekstra (2011) were stated the
total water footprint for an irrigated farming
system of rice was 1519 m’/t. At the same
time the water footprint of rice, paddy was
reported as 1673 m’/t between 1996 and 2005
(Mekonnen and Hoekstra, 2011). Ewaid et al.
(2021) reported WF,, in Iraq was 3072 m’/t,
in Thaiwan was 7580 m’/t and in Argentina
was 845 m’/t.

CONCLUSONS

The study attempted to investigate the Water
Footprint (Blue, Green, and Gray) of process
of rice cultivated in low country Intermediate
zone, Sri Lanka. The results showed that the
estimated total water footprint was 1409 + 95
m’/t with supplementory irrigation under run-
off controlled condition. This value represents
a 6% increase from the global average value
of 1325 m’/t. This study also found that the
average green and blue water footprints were
772 m*/t and 445 m’/t respectively.

Furthermore, the study found that that WFg,,
induced by N fertilizer (193 + 27 m’/t) was
larger than that induced by P fertilizer (61£ 7
m’/t). Based on the study, the lost total Nitrate
-N and Phosphate-P pollutant loads at rates of
8.5 kg/ha (8%) and 0.5 kg/ha (2%) respective-
ly from the paddy field.

This study revealed that Nitrate was the criti-
cal factor contributing to water pollution in
paddy cultivation. Moreover, a significant
amount of Nitrogen and Phosphorous leaching
losses could occur under the root zone, posing
possible threats of surface and groundwater
pollution. It is recommended further studies
on water footprints of agricultural sector to
disclose the impacts of fertilizer application
on the environment as well as the communi-
ties that consume polluted water.

ACKNOWLEDGEMENT

Rice Research and Development Institute and
Coconut Development Authority are grateful-
ly acknowledged for facilitating the conduct
of the study and laboratory analysis.

AUTHOR CONTRIBUTION

Palliyaguru MPGNM conducted research un-
der supervision of Navaratne CM. All authors
discussed the results and corrected the manu-
script.

REFERENCES
Allen RG, Pereira LS, Raes D and Smith M
1998 Crop Evapotranspiration-

Guidelines for Computing Crop Water



Teopical Agricultural Desearch & Lxtension 26 (2): 2023 132

Requirements. FAO Irrigation and
Drainage Paper 56. Food and Agricul-
ture Organization of the United Na-
tions (FAO), Rome, Italy. <https://
www.researchgate.net/

publica-

tion/235704197 Crop_evapotranspirat
ion Guide-
lines for computing crop water req
uirements-

FAQ Irrigation and drainage paper
56>

American Public Health Association 2000,
Standard Methods for the examination
of water and wastewater. American
Public Health Association, Washing-
ton.

Arora V. K. (2006). Application of rice
growth and water balance model in an
irrigated semi-arid subtropical envi-
ronment. Agricultural Water Manage-
ment  83:51-57,  <https.//doi.org/
10.1016/j.agwat.2005.09.004>

Brueck H and Lammel J 2016 Impact of ferti-
lizer N application on the grey water
footprint of winter wheat in NW-
European Temperate climate. Water 8:
356, <https.//doi.org/ 10.3390/
w8080356>

Central Bank of Sri Lanka 2020. Annual Re-
port, Central Bank, Colombo, Sri
Lanka, 35-73.

Chapagain AK and Hoekstra AY 2011 The
green, blue, and grey water footprint
of rice from both a production and
consumption perspective. Ecological
economics  70:749-758,  <https.//
doi.org/ 10.1016/
j-.ecolecon.2010.11.012>

Choudhury ATMA and Kennedy IR 2005 Ni-
trogen fertilizer losses from rice soil
and control of environmental pollution
problems. Communication in Plant
Science and plant analysis 36: 1625-
1639, <https.//doi.org/ 10.1081/CSS-
200059104>

Ewaid SH, Abed SA, Charbuk A and Al-
Ansert N. 2021 Water footprint of rice
in Iraq. IOP conference series: Earth
and Environmental Science. <https.//
doi.org/10.1088/1755-
1355/722/1/012008>

Glass ADM 2003 Nitrogen use efficiency of
crop plants: Physiological Constraints
upon nitrogen absorption. Critical re-
views in plant science, 22(5): 453-470,
<https.//doi.org/
10.1080/07352680390243512>

Guo HY, Zhu JG, Wang XR, Wu ZH and
Zhang Z 2004 Case study on nitrogen
and phosphorus emission from a paddy
field in Taihu region. Environmental
Geochemistry and Health 26:209-219,
<https.//doi.org/10.1023/
B:EGAH.0000039583.71423.b4>

Han K, Kim J, Yoon K, Cho J, Kim W, Yun S
and Lee J 2007 Effluent Characteris-
tics of Nonpoint Source Pollutant
Loads at Paddy Fields during Crop-
ping Period. Korean Journal of Soil
Science and Fertilizer 40(1): 18-24,
<https://koreascience.kr/article/
JAKO0200728066505750.pdf>

Hashim M, Yusop MK, Othman R and Wahid
SA 2015 Characterization of Nitrogen
Uptake Pattern in Malaysian Rice
MR219 at Different Growth Stages
Using 15N Isotope. Rice Science 22
(5): 250254, <https.//
doi.org/10.1016/j.rsci.2015.09.005>

Hoekstra AY, Chapagain AK, Aldaya M and
Mekonnen MM 2011. The water foot-
print assessment manual setting the
Global Standard. London, Washing-
ton, DC.

Hou E, Chen C, McGroddy ME and Wen D
2012 Nutrient Limitation on Ecosys-
tem Productivity and Processes of Ma-
ture and Old-Growth Subtropical For-
ests in China. Plos one 7(12), viewed
20 December 2012 <https.//doi.org/
10.1371/journal.pone.0052071>

Hu H and Huang G 2014 Monitoring of non-
point source pollution from an agricul-
ture watershed in South China. Water
6(12): 3828-3840, <https.//
doi.org/10.3390/w6123828>

Illeperuma O A 2000 Environmental pollution
in Sri Lanka. National Foundation Sci-
ence Sri Lanka 28(4): 301-325,
<http://dx.doi.org/10.4038/
jnsfsr.v28i4.2644>

International Rice Research Institute 2002
Rice Almanac. Los Banos, Philippines.


http://dx.doi.org/10.4038/jnsfsr.v28i4.2644
http://dx.doi.org/10.4038/jnsfsr.v28i4.2644

133 PALLIYAGURU MPGNM ET AL : WATER FOOTPRINT OF RICE CULTIVATION

<https://scholar.google.com/scholar?
g=Rice+Almanac+2002&hl=en&as s
dt=0&as _vis=1&oi=scholart>

International Rice Research Institute 2015
Steps to successful rice production.
International Rice Research Institute,
Metro Manila, Philippines. <https://
www.google.com/search?
client=firefox-b-
d&q=Steps+to+successful+rice+produ
ction.+International+Rice+Research+I1
nstitute%2C+Metro+Manila%
2C+Philippines.+>

Igbal M T 2011. Nitrogen leaching from pad-
dy fields under different fertilization
rates. Malaysian Journal of soil sci-
ence 15: 101-114, < https:/
msss.com.my/mjss/Full%20Text/
Vol%2015/igbal.pdf>

Islam MN, Rahman MM, Mian MJA, Khan
MH and Barua R 2015 Leaching loss-
es of Nitrogen, Phosphorus and Potas-
sium from the sandy loam soil of old
Brahmaputra floodplain (AEZ-9) un-
der continuous standing water condi-
tion. Bangladesh Journal of Agricul-
tural Research, 39(3): 437446,
<https://doi.org/10.3329/
bjar.v39i3.21987>

Jayawardana C and Wijithadhamma M 2015.
Irrigation Practices and Norms in Sri
Lanka by the 5™ Century CE: A Sur-
vey based on the "Samantapasadika".
Royal Asiatic Society of Sri Lanka 60
(1): 1-61,  <https://www.jstor.org/
stable/44809412>

Lu B, Shao G, Yu S, Wu S and Xie X 2016.
The effect of controlled drainage on N
concentration and loss in paddy fields.
Journal of Chemistry, 1-9, viewed 03
Apr 2016, <https://
doi.org/10.1155/2016/1073691>

Mekonnen MM and Hoekstra AY 2011. The
green, blue, and grey water footprint
of crops and derived crop products.
Hydrology and Earth System Sciences
Discussion, 15: 1577-1600, viewed 20
January 2011, <https://
doi.org/10.5194/hess-15-1577-2011>

Mekonnen MM and Hoekstra AY 2014. Wa-
ter footprint benchmarks for crop pro-
duction: A first global assessment.

Ecological Indicator 46: 214-223,
<https://doi.org/10.1016/
j.ecolind.2014.06.013>

Mapa RB, Dassanayake AR and Nayake-
korale HB 2005. Soils of the Interme-
diate Zone of Sri Lanka. Vishwakala
Publishing, Ratmalana, Sri Lanka.

Meng F, Olesen JE, Sun X and Wu W 2014
Inorganic nitrogen leaching from or-
ganic and conventional rice production
on a newly claimed calciustoll in Cen-
tral Asia. Plos One 9(5): 1-10,
<https://doi.org/10.1371/
journal.pone.0098138>

Naguma T, Tajima S, Chikushi S, and Yama-
shita A 2013 Phosphorus balance and
phosphorus states in paddy rice fields
with various fertilizer practices. Plant
Production Science 16(1): 69-76,
<https://doi.org/10.1626/pps.16.69>

Qiao-gang Y, Jing Y, Shao-na Y, Jian-rong F,
Jun-wei M, Wan-chun S, Li-na J, Qi-
ang W and Jian-mei W 2013 Effects of
nitrogen application level on rice nu-
trient uptake and ammonia volatiliza-
tion. Rice Science, 20(2): 139-147,
<http://www.ricescience.org/CN/
abstract/abstract9549.shtml>

Sikirika N 2011 Water Footprint Assessment
Bananas and Pineapples. Dole Food
Company, Soil and more International,
Driebergen, The Netherlands.

Sri Lanka Standards 614 2013 Specification
for portable water, Sri Lanka standards
Institution, Colombo, Sri Lanka.

Suprapti H, Mawardi M and Shiddieq D 2010.
Nitrogen transport and distribution on
paddy rice soil under water-efficient
irrigation method. Paper presented on
International Seminar of ICID, Yogja-
karta, International seminar of ICID,
Yogjakarta,  <https://www.rid.go.th/
thaicid/_6_activity/Technical-Session/
SubTheme2/2.12-Muhjidin_M.pdf>

Vanham D and Bidoglio G 2013 A review on
the indicator water footprint for the
EU28. Ecological Indicators 26: 61-
75, <https.//doi.org/10.1016/
j.ecolind.2012.10.021>

Wang J, Wang D, Zhang G, Wang Y, Wang
C, Teng Y and Christie P 2014 Nitro-
gen and phosphorus leaching losses


https://msss.com.my/mjss/Full%20Text/Vol%2015/iqbal.pdf
https://msss.com.my/mjss/Full%20Text/Vol%2015/iqbal.pdf
https://msss.com.my/mjss/Full%20Text/Vol%2015/iqbal.pdf
https://doi.org/10.1155/2016/1073691
https://doi.org/10.1155/2016/1073691
https://doi.org/10.1016/j.ecolind.2014.06.013
https://doi.org/10.1016/j.ecolind.2014.06.013
https://doi.org/10.1371/journal.pone.0098138
https://doi.org/10.1371/journal.pone.0098138
https://doi.org/10.1626/pps.16.69

Teopical Agricultural Desearch & Lxtension 26 (2): 2023

from intensively managed paddy
fields with straw retention. Agricultur-
al water management. 141: 66-73,
viewed 31 July 2014, <https://
doi.org/10.1016/j.agwat.2014.04.008>

Xiao M, Yu S, She D, Hu X and Chu L 2015.
Nitrogen and phosphorus loss and op-
timal drainage time of paddy field un-
der controlled drainage condition.
Arabian Journal Geoscience. 8: 4411-
4420, < DOI 10.1007/s12517-014-
1540-6>

Yan X, Wei ZQ, Hong QQ, Lu ZH and Wu
JF 2017 Phosphorus fractions and
sorption characteristics in subtropical
paddy soil as influenced by fertilizer
sources. Geoderma 295: 80-85,
<https.//doi.org/10.1016/
j.geoderma.2017.02.012>

Yoo SH, Choi JY, Lee SH and Kim T 2014
Estimating water footprint of paddy
rice in Korea. Paddy Water Environ-
ment. 12: 43-54, <https.//
doi.org/10.1007/s10333-013-0358-2>

Zhu JG, Han Y, Liu G, Zhang YL and Shao
XH 2000 Nitrogen in percolation wa-
ter in paddy fields with a rice/wheat
rotation. Nutrient Cycling in Agroeco-
systems 57:75-82. Viewed May 2000,
<https.//do1.org/10.1023/
A:1009712404335>

134


https://doi.org/10.1016/j.agwat.2014.04.008
https://doi.org/10.1016/j.agwat.2014.04.008
http://dx.doi.org/10.1016/j.geoderma.2017.02.012
http://dx.doi.org/10.1016/j.geoderma.2017.02.012

