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Abstract We propose a model to estimate the grey water footprint of crops by calculating the
volume of water necessary to dilute pesticide mixtures reaching freshwaters. The model
requires short-term toxicity data from aquatic organisms based on EC50 values, soil pesticide
half-life and soil sorption coefficient values, and does not require maximum concentration limit
acceptable in water. The lixiviation rate and runoff rate of each pesticide was estimated by
attenuation factor and by Soilfug model, respectively. The usefulness of the proposed model
was illustrated by estimating the volume of grey water required to dilute the seventeen most
widely used herbicides in the sugarcane crops in Brazil. These results establish the ranking
position of each herbicide in the composition of the grey water footprint of mixture of
herbicides. The rank of each herbicide could be used to create a label to be placed on the
package of the pesticide, thus informing farmers about the volume of grey water per hectare
due to the use of this herbicide.
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Introduction

The water footprint (WF) is an indicator of frestierause that considers the indirect as
well as the direct water use of a consumer or pred{l]. The concept of water footprint was
first introduced and refined by [15], based onthiual water concept of [4, 5], who proposed
a numerical indicator to express the water volurseduin the entire production chain of a
certain agricultural product. Grey water is defirmedthe volume of water required to assimilate
the load of pollutants (pesticides and fertilizdvayed on water quality standards [2]. Thus, the
grey water footprint is the amount of water neededget the concentration down to an
acceptable level. The term ‘grey water footprinisMor the first time introduced by [1] and
defined as the pollutant load divided by the maximacceptable concentration in the receiving
water body. A bit later, it was recognized that ghey water footprint is better calculated as the
pollutant load divided by the difference betweer thaximum acceptable and the natural
background concentration [2].

Several studies have calculated the water footmind wide variety of agricultural
products such as cotton [10], rice [9], wheat [Tidgngo fruit [21], tea and coffee [8], meat and
derivates [22], olives and olive oil [23] and freglmatoes [18]. Most of these studies have
estimated the volume of grey water for fertilizerspecially nitrogen and phosphorus, ignoring
the potential contamination by applied pesticidesulting in an underestimation of the volume
of grey water. Generally, several pesticides agdieg to a crop. As a consequence, a set of
pesticides may be detected in a same water bodracterizing a water contamination by
pesticide mixtures with different concentrationsgurring simultaneously in a particular water
body [14, 24]. The quantification of grey waterasf agricultural product, based on produced
grey water from a pesticide mixture is the volunfefeshwater required to dilute the
concentration of the mixture in freshwater at aelewhich would lead to the protection of
aquatic organisms against the toxic effects of gaedticide in the mixture. The grey water
volume can be determined through the pesticide iphlyshemical characteristics, pesticide
rates applied (dose), and the lowest EC50 valua fite more susceptible aquatic organism.
Thus, grey water volume based on pesticide mixdygroach does not depend upon threshold
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concentrations for contaminants established by mpowental agencies, but upon effective
concentrations for key aquatic organisms, ecotdagioal data most often available.

The aim of this paper is to propose a model toregt the volume of grey water (grey
water footprint) for an agricultural product basad the toxicity of each pesticide used in a
particular crop system. In order to demonstrateutiiigy of our model, using ecotoxicology of
pesticide mixtures, we present a study for a sageraropping system in Brazil destined to
sugar and ethanol production, using a set of higidsc

Model development
The volume of grey water by crop yield producédzW, (m® ton"), is given by

VG - VoW, Eg. 1), whereVGW,., (m® yrY) is the volume of grey water of the pesticide
v q oM y grey p

mixture of pesticides used in the crop productiod & (ton yr') is the total annual crop

production [17]. The volume of grey water of thestpgide mixture,VGW,, , was calculated

through the application of the Concentration Adufiti model [7, 16, 13] given by

Z PIT\IEECCi: =1 (Eqg. 2), wheren is the number of pesticides used in the crop sysREC (kg

i=1 i

m?) is the Predicted Environmental Concentration ater of the pesticide anBNEC (kg m°)

is the Predicted No Effect Concentration of pedécin water [13]. ThePNEC values were
determined based on the observation of the pestiaitiite toxicity effect EC50 (mg L™)
values on the organism population, indicator ofawvauality, and representative of reference
trophic levels of the aquatic ecosystem (algaehdals and fish). A security factor nominated

assessment factof), is applied to the lowesEC50 value derived from the more susceptible

organism. The assessment factor (security or umiogy) is an adjustment number range from
1-1000, normally used to extrapolate undesirabbecteffects from acute toxic effects
experimentally determined on indicator species. Vakies of the assessment factors; ()

depend on the extent and nature of the toxicitya.ddthus, the predicted environmental
concentration of pesticide in freshwatePEC (kg m°), was estimated by equation

PEC = (Eqg. 3), whereM (kg) is the pesticide mass. Assuming that eactiqies has

PM
a linear sorption and a first order kinetic degtamain soil, the pesticide mass in freshwater is

given by M =aA A, +(1-a)A. A,A (Eq. 4), whereA. (ha) is the cultivated area by year,
A (kg ha') is the pesticide dos@,< A <1 (dimensionless) is the pesticide attenuation facto

from soil surface to groundwater, arik a <1 (kg year kg yeai') is the pesticide dose
fraction that reaches the freshwater due to rudoffeqg. (4), the pesticide attenuation factor
(A ) is a measure related to pesticide mass emissigroundwater which was first developed

as a screening index to order pesticides accotdirtg pollutant potential. Thé expression

is obtained from the analytic solution of a simplif convection-dispersion equation of
pesticide in soil solution. Under field capacitiist solution assumes the pesticide first-order
degradation rate, omitting soil water flow, hydradyic dispersion and molecular diffusion

_k z RFch
J

w

[26]. The pesticide attenuation factor is calculaby A = exp( j (Eq. 5), wherez

(m) is the soil depthk (day") is the soil pesticide degradation rate estimate# = In(2) It,,,
wheret,,, (day) is the pesticide half-life in soiR. (dimensionless) is the pesticide retardation
factor, 8, (L L) is the soil volumetric water content at field aajty, andJ,, (m day?) is the
water daily net recharge of the soil area. Therdet#on factor is a number that represents the
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delay of the pesticide leaching with regard towraer flow in soil. This leaching delay is due
to both pesticide sorption and pesticide aqueofiigsithn in soil. The effect of the retardation
factor on pesticide leaching can be noticed graglyién the breakthrough curve when solving
the convection-dispersion equation of pesticidesdil solution. The graph of breakthrough
curve represents the relationship between the ivelatoncentration and time evolution

concentration [19, 26]. In Eq. [5], the retardatfaetor is given byR. :l+% (Eq. 6),

fc

where p, (kg LY is the total soil densityk . (L kg") is the pesticide soil organic carbon

partition coefficient (pesticide soil sorption) ari), (L L™ is the soil volumetric organic

carbon content [20]. In Eq. (4), the factar stands for the pesticide runoff fraction, defirzed
the fraction of applied pesticide reaching surfaeger by runoff. The SoilFug model [12] was
utilized to estimate the dimensionless faator

Replacing Eg. (3) and (4) in Eqg. (2) we obtain thalowing equalities

a A +a- DA A
5 VGW,, 1o L (AR L-AAA
= PNEC VGW,, & PNEC

j:1(Eq.7).

Consequently, the volume of grey water of the pesti mixture, VGW,, (m°), can be

expressed as VGW,,, = Zn:(ai AICAID J:;;g)&&& ] (Eq.8), where

-3

pNEC =20

min{ EC5( [13]. From Eq. (8), the volume of grey water otlea
{ECsd q grey

alg ae,daphnids, fish} }

o . . . . i Al Al + 1_ i i i i
pesticide in the mixtureyGW (m?), is given byVGW = affada P(NEZ iada (Eg. 9). In
addition, we propose a new way to express theivelgbsition of each individual pesticide in
the mixture, referred to as pesticide rank. Congideonly one hectare, the volume of grey

water of each pesticid&/GW™ (m’ ha'), was estimate dividing théGW (m’, Eq. 9) by A,
(ha), that is,VGV\/iha :VGVVi/A{C. The pesticide rankr,, is calculated as the logarithm of
VGW™ given byr, = Iog(VG ih‘") (Eq. 10).

Numerical simulation: input data

The model given by Eq. [8] was used to estimateatater volume of herbicide used in
Brazilian sugarcane crops in sugar and ethanol ymtaah. Some of the main herbicides
registered in Brazil for sugarcane cropping aredisn Table 1, as well as the information on
their recommended dose (kg'haarea of application (ha), toxicity (mg'Lon algae, daphnids
and fish data (EC50 values), soil organic carboriitim coefficient (L kg'), and half-life
(day) in soil. For the calculus of the retardatiomd attenuation factors (Egs. 5-6) was assumed
a homogeneous soil with 2.0 m depth; total deritl.5 kg L*; soil organic carbon volumetric
fraction, f_, of 0.003; water volumetric fraction at field capg, 6, , of 0.25; and a net

recharge rateJ,, , of 9.18x10 m day" for soils cultivated with sugarcane [25]. The asseent

factor, in the calculations #NEC, is arbitrarily chosen between 10 and 1000, is Wdrk we
assume the value of 100 (EEC, 2003). The Soilfuglehousing daily rainfall data for the
period of 2009/2011 of the Ribeirdo dos Marins W&lted, Sdo Paulo State, registered by the
Agrometeorology Integrated Information Center o thgronomic Institute of Campinas, was
used to determinate the average values of the fruaté o (kg year kg year'), for each
herbicide in Table 1.

fc !
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There is no official data of pesticides use in Brper year and crop type, nor is there
information about total area of application or tatelume used. Only as an example to permit
using the proposed method in Brazilian sugarcarm ave assumed that the total area
cultivated in 2011/2012 received some herbicidefiid an estimate of area for each herbicide
we adopted the same percentage of area per hertiaudd by [6] we extrapolate the data for

all Brazilian area (Table 1).

Table 1 Data on application (recommended dose and sprangs, toxicity to aquatierganisms (alga
daphnids and fishes) and pesticide fate coeffisi@mtsoil (degradation and sorption) for the std
herbicides in a hypothetical Brazilian sugarcar@pction system.

pesticide fate

herbicides pezticide’s crop area toxicity* (EC50) coefficients™
0se algae daphnids fish half-life sorption
(A) (A) (to) (K
(kg ha) (ha) (mg L) (day) (Lkg)
ametryn 2.23 1.88xfo  0.0037 28.0 1.0 60 300
amicarbazone 1.00 3.36¥10 0.084 0.252 13.0 54 37
carfentrazone 0.04 3.36x10 0.0127 9.8 0.0164 3 750
clomazone 1.00 1.52xi0 3.5 5.2 19.0 24 300
diuron 1.83 1.00x10  0.0024 0.113 0.0618 90 480
glyphosate 1.62 9.22xi0 2.2 3.0 1.3 47 24000
hexazinone 0.29 8.51x10 0.0068 33.1 100.0 90 54
imazapic 0.22 6.69xP0 0.0523 100.0 98.7 90 1
imazapyr 0.33 5.02x£0 12.2 100.0 100.0 90 100
isoxaflutole 0.16 3.03xf0 0.14 1.5 1.7 100 400
metribuzin 1.58 2.78xf0 0.0081 4.18 42.0 40 60
oxyfluorfen 2.00 1.32x10  0.0003 0.08 0.17 35 5000
pendimethalin 1.38 2.53x10 0.0054 0.28 138.0 90 5000
sulfentrazone 0.70 7.08x10 0.031 60.4 93.8 540 887
tebuthiuron 1.00 6.06xf0  0.05 297.0 106.0 360 80
trifloxysulfuron 0.04 5.31x10  0.0065 108.0 103.0 78 1
trifluralina 0.80 3.32x1H  0.339 0.56 0.0007 60 8000

Sources: *http://www.ipmcenters.org/Ecotox/indemgf*Hornsby et al. (1996)

Results and discussions

Table 2 shows average values of the runoff iGitea’ <1 estimated by the Soilfug
model, for each herbicide in Table 1. It also shéhesvalues of grey water of each one of the
herbicides(VGW, Eq. 9). The rank; of the herbicides in the mixture, Eq. [10], is @vin
Table 2. The herbicides in the hypothetical mixtwere ranked according to the method

summarized in Eq. [10], based in the relative dbation of each herbicide to the sugarcane
grey water volume, related to their potential hdgao aquatic life. The total volume of grey

water of herbicide mixtures, was estimateVGW,,, = 2.36x10> m’ yr* (Eq. 8).

The rank of each herbicide could be used to creddébel to be placed on the package
of the pesticide, thus informing farmers about\tbikime of grey water per hectare due to the
use of this herbicide. According to [11], the sugare Brazilian production, harvest 2011/2012,
reached 5.96xf0tons on a cultivated area of 8.4%1ta. From these production values and
cultivated area, and from the grey water voluméabicides of 2.36x10m’ yr! (Eq. 8) it is
possible to estimate the volume of grey water mdume of produced sugarcane in 3,966 m
ton* (cubic meters of grey water per ton of sugarcamé)e Brazilian harvest of 2011/2012.
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Table 2 Pesticide-specific estimates compounding greyewdor the herbicide mixture in a
hypothetical sugarcane production system over ®%x: runoff rated'; volume of grey water
(VGW) ; volume of grey water per hectaf@GW ™) ; and rank(r,) , aslog(VGW").

herbicides a VGW VGW ha r
(kg year kg' year®) (m°) (m® ha')
ametryn 0.0110 1.29x1b  6.87x10 5.8
amicarbazone 0.0470 1.88¥10 5.59x1d 4.7
carfentrazone 0.0000 4.20910 1.25x1G 2.1
clomazone 0.0070 29130 1.91x1G 2.3
diuron 0.0080 6.07x1H 6.05x10 5.8
glyphosate 0.0001 1.56x10  1.69x10 1.2
hexazinone 0.0450 1.64x10  1.93x1G 5.3
imazapic 0.1130 9.58x1b  1.43x16 5.2
imazapyr 0.0300 4.07x10  8.11x10 1.9
isoxaflutole 0.0100 3.29xf0  1.09x1G 3.0
metribuzin 0.0310 1.69xtb  6.09x1G 5.8
oxyfluorfen 0.0010 5.12xf0  3.86x16 5.6
pendimethalin 0.0010 5.29x10  2.09x1d 4.3
sulfentrazone 0.0060 9.33¥10 1.32x1d 4.1
tebuthiuron 0.0440 1.21x1%  2.00x16 5.3
trifloxysulfuron 0.1100 9.47x10 1.78x16 5.3
trifluralina 0.0001 1.71x10 5.15x10d 4.7
Conclusion

The mathematical model presented in this papeotidased on experimental measures
of pesticide contamination of surface or groundwhtalies, but on pesticide physical-chemical
and ecotoxicological characteristics and water iguabjective. The experimental assessment
to information about pesticide leaching rates, dos@plied, residues in water bodies,
persistence in soil, toxicity effects in aquatiogamisms, aquifer recharge rates and soil
hydrological characteristics, will improve and refithe calculus of grey water volume of
pesticides used in agriculture crops. The grey mwatdume can be determined through the
pesticide physical-chemical characteristics, pelticates applied (dose), and the lowest EC50
value from the more susceptible aquatic organidme. Model allows the estimate of grey water
footprint of pesticide mixtures, a key componenttted crop water footprint, considering the
pesticide mixture toxicity effect in aquatic orgamis and water quality. This water footprint
component can be used as an indicator in agria@lltswstainability or in formulation of
governmental directives for the establishment opgoroduction sustainable systems that take
into consideration appropriate patterns of watealigu We hope that this new method will
contribute positively to the development of the evafootprint and consequently to more
sustainable use of freshwater resources. We beleteahis water footprint component (model
of grey water footprint for pesticide mixtures) dam used, with care and knowing it is not a
panacea, as an indicator in agricultural sustalitvabor in formulation of governmental
directives for the establishment of crop productisustainable systems that take into
consideration appropriate patterns of water quality
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