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ABSTRACT

Pesticides help to control weeds, pests, and diseamtributing, therefore, to food
availability. However, pesticide fractions not reexg the intended target may have adverse
effects on the environment and the field ecosystéhesieling pesticide emissions and the
link with characterizing associated impacts is ently one of the main challenges in Life
Cycle Assessment (LCA) of agricultural systemsaddress this challenge, this study takes
advantage of the latest recommendations for pdstemission inventory and impact
assessment and frames a suitable interface foe 04 stages and the related mass
distribution of pesticide avoiding a temporal oa@ping. Here, freshwater ecotoxicity
impacts of the production of feed crops (maizesgyravinter wheat, spring barley, rapeseed,
and peas) in Denmark were evaluated during a 3p&dod, testing the effects of inventory
modeling and the recent updates of the charactenzemethod (USEtox). Potential
freshwater ecotoxicity impacts were calculatednn functional units reflecting crop impact
profiles per ha and extent of cultivation, respeasii. Ecotoxicity impacts decreased over the
period, mainly because of the reduction of inset#ie used.g., cypermethrin). Three
different emission modeling scenarios were tedtesl; differ on the underlining assumptions
and data requirements. The main aspects influengipgct results are the interface between
inventory estimates and impact assessment, ancbtisderation of intermedia processes,
such as crop growth development and pesticide @gin method. Impact scores for AS2
were higher than RS and AS1, but the differencekearcrops ranking was less apparent. On
the other hand, the influence on the estimatiompicts for individual Als was considerable
and statistical differences were found in the inhpasults modeled in scenarios RS and AS2.
Thereby indicating the effect of inventory modefsazotoxicity impact assessment.

Keywords: Pesticide emission factors, inventory modeling t@daity characterization, life
cycle impact assessment (LCIA), feed crops, agricel*

! Abbreviations

Al: Active ingredient

AS: Alternative scenario

CF: Characterization factors

DK: Denmark

EF: Effect factor

FF: Fate factor

Fun: Fungicides

GAP: Good agricultural practices
Gly_agri: Total agricultural use of glyphosate
Hrb: Herbicides

Ins: Insecticides

IS: Impact scores

LAI: Leaf area index

NAP: National Action Plans

Pgr: Plant growth regulators

RS: Reference scenario

XF: Exposure factor
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1 INTRODUCTION

With the increased global demand for agriculturaldocts for food, fiber and bioenergy, and
the interrelated concerns on the environmental anpereof, there is a need to have efficient
tools to evaluate the environmental performancélpsoof agricultural production, to
facilitate a move towards more sustainable prodaciystems. Life Cycle Assessment (LCA)
is widely applied to quantify the potential impaofgroducts and systems along with their
entire life cycles. One of the main challengesssessing the environmental performance of
agricultural systems in LCA is modeling emissiore pesticide use and the subsequent
coupling with the impact characterization modeln(\a&lm et al., 2014). Over the past years,
a significant number of LCA studies on agricultilsgstems were conducted (Gasol et al.,
2012; Mila et al., 2006; Noya et al., 2017; Tomslet al., 2012). However, ecotoxicity
impacts as currently modeled may lead to inconsistssults and wrong conclusions in few
cases€.g., comparing conventional vs organic farming), mosile to the lack of agreement
and precise definitions on the modeling framewarktfis impact category (Fantke et al.,
2018; Meier et al., 2015; Miller et al., 2017; Noieola et al., 2017; Saouter et al., 2017a,
2017b).

The development of the life cycle inventory (LChadysis and subsequent life cycle impact
assessment (LCIAe@., pesticide emission quantification and related abigrization of
ecotoxicity impacts) are the core phases of an s@y. The robustness and reliability of
the LCA results depend mainly on the quality arqresentativeness of the LCI and LCIA
data and models selected. Different modeling optibence, will affect the impact profiles of
a study, and this is especially relevant for agtical systems (Anton et al., 2014).
Quantifying the chemical emissions to the environnie the LCI phase is typically based on
generic assumptions, often based on standard emifgsitors €.g., expressed in percentages
of applied mass) or dynamic models based on speagflication scenarios that describe the

emission distribution of organic pesticides. Thasgnsus effort on the delimitation between
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pesticide emission inventory and impact assessfoehCA already provides guidelines on
what should be quantified in those LCA steps bytieitly exclude how to do it avoiding
recommendations on specific models (Rosenbaum, &l5). The implications of choosing
different emission models in the LCA of crop protioic have been discussed for some
agricultural systems (Goglio et al., 2018; Schrildtera et al., 2017; van Zelm et al., 2014).
However, no studies are addressing the influentlkeopesticide emission modeling
approach, nor the evaluation of recent developmarnispact assessment methods to
determine pesticide ecotoxicity impacts in différerop production systems.

Thus, there is a need to test different choicelsamto quantify pesticide emission fractions
(i.e., different modeling approaches) and the redemelopments on the recommended
method for freshwater ecotoxicity characterizaiiothe production of feed crops.

The purpose of the present study is to contribmtbe evaluation of the ecotoxicological
burden on freshwater ecosystems from pesticidénus®p production using the pesticide
use in Denmark (DK) as a case study. It is focusedssessing the influence of pesticides on
the environmental impact profiles of the cultivatiof feed crops during the period 2013-
2015, testing the effects of modeling choices @ittventory analysis as well as in the impact
characterization.

2 MATERIALSAND METHODS

This study followed the LCA methodology to evalutite potential ecotoxicity impacts on
freshwater ecosystems from pesticide use in DK3p @roduction. This bottom-up analysis
focuses on the evaluation and influence of pesiajplication on the environmental impact
profiles of maize, winter wheat, grass, springd®arltapeseed, and peas during the period
2013-2015.

2.1 Definition of ecotoxicity impact scores

The quantification of ecotoxicity impact scores fi@shwater ecosystems includes i) Detailed

LCI reporting on the pesticide active ingredient)(Application methods, time and mass,
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location, agricultural practices and crop stageettgyment; ii) quantified Al emission

fractions for both on-field and off-field; and iieasures to avoid double counting of

multimedia transfers considered in the quantifaabf emission fractions and the impact

assessment fate modeling (Rosenbaum et al., 28&8)rdingly, the freshwater ecotoxicity

impact scores (IS) can be described as:

IS = Zi,x(CFi,x ' mi,x)

(1)

Where CFy is the characterization factor for freshwater exigity [PAF n? d kgL el

andm is the mass of Ax emitted to compartmenper area treatedg,mitreq ha'].

Potential freshwater ecotoxicity impactsbs nd [PAF nt d ha'] were determined in

relation to 1 hectare [ha] of crop in a given yeaithin 2013 and 2015. Additionally,

freshwater ecotoxicity impact profiles at countryregional level (1§op) [PAF nt d crop']

from pesticide use were derived from the produarop impact scores and the total crop area

in a given year in DK.

The interface between LCI and LCIA and related nasisibution for pesticide application in

crop production are presented in Figure 1. This@ggh follows the proposed framework for

pesticide inventory and impact assessment (Rosemkéaal., 2015; van Zelm et al., 2014).
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Figure 1 Interface between LCI and LCIA for pesticide apation in crop production



115 This interface considers the boundaries betweeeirtiission inventory and impact

116 assessment, setting also spatial and time dimen)doguantify the Al emission fractions (in
117 air, freshwater, and soil) and characterize ecottyximpacts, avoiding any overlap or double
118 counting of the chemical fate process. Furthermibieemission flows, both on and off the
119 field, are clearly indicated and their link to ttiearacterization factors for the impact pathway
120 (i.e., freshwater ecotoxicity).

121 2.2 Pesticide emission inventory

122 Pesticide application practices in DK for the seddacrops were determined. Concrete Al was
123 used throughout the study, meaning, that the ctadrtiiat is the biologically active part of
124  any pesticide was assessed (European Commissibr). Zthe mass applied per Al was

125 derived from the annual statistical report on @éd#i use by crop in DK for 2013 (drum and
126 Samsge-Petersen, 2014), 2014 (Jrum and Hossy, 26d%)015 (Jrum and Holtze, 2017).
127 We addressed nearly 60 different Als from fourididttarget classes, herbicides (Hrb), plant
128 growth regulators (Pgr), fungicides (Fun), and atisedes (Ins). Additionally, glyphosate

129 (CAS-RN107-83-6) use is not allocated to any speciop cultivation, and it was assessed
130 as the total agricultural use of the Al per 1 hexfaa] in a given year, hereafter identified as
131 (Gly agr). All Al identification (CAS registry numbers-RNd names), and classes are

132 reported in Supporting Information (Sl), Table S1.

133 2.3 Pesticide emission quantification

134 Crops are treated by foliar spray application @ghly boom sprayers), and the reported DK
135 statistics on pesticide treatments were used asxy for agricultural practices. The

136 agricultural field is considered as part of thesgdwere. The total emission fraction of an Al
137  [kg kg] is quantified as the sum of the fractions initi@mitted to the different

138 environmental compartments:

m
139 ﬁam =—t = fem_air + fem_fw + fem_soil.agri + fem_soil.other + fem_crop (2)

Mapp



140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

Wherefenis the fraction of the applied mass of pesticidd iecomes an emission to the
environment, g, the mass emitted, 45 the mass of pesticide applidgh_airthe fraction of
applied mass that is emitted to & n the fraction of applied mass that is emitted to
freshwaterfem soilagithe fraction of applied mass that is emitted tdiel soil, fem_soil.othethe
emission fraction reaching off-field soil and otlseirfaces, anfin cropiS the fraction reaching
crop surfaces. These pesticide emissions were mdetwo sequential steps, initial
distribution (primary processes) and secondary somgransfers.

Primary distribution

The primary distribution processes between compartsnoccur during the initial minutes
after pesticide application. These primary processe emission by wind driffy(josy,
pesticide deposition and the fraction interceptgthie crop or weed (further details are
presented in Sl, Table S2). Since the fractionsfiwitial distribution to environmental media
should sum up to 100% of the applied mass, corieglérsses via degradation during the
initial minutes negligible, the aggregated emisgrastions will be equal to one (Fantke et
al., 2011a; Juraske et al., 2007). Consequentycibp/weed interception fractiofh( crop Of

an Al directly after the application will be givéy:

fint crop = 1 — (fa_tost + faep soitagri) (3)
The fraction lost by wind drifly_jos:[kg kg™], depends on the application method, i.e., the
spray equipment and elevation, and wind speed.dBaisenodels for conventional spray
equipment on field crops and deposition curve patars assuming good agricultural
practices (GAP), thi .siwas fixed to a value of 0.1 (Gil et al., 2014; @ild Sinfort, 2005;
Gyldenkrne et al., 1999; van de Zande et al., 2007 soil depositiofyep_soil.agri[kg kg™,
depends on crop-specific leaf area index (LAl)rebg affecting fractions reaching soill
surfaces of the treated field area (Fantke ef@ll1b). With an exponential model
(Gyldenkeerne et al., 2000; Juraske et al., 20@8gd on crop growth stage and capture
efficacy, the fraction reaching the soil surfacdescribed as:
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faep soiragri = €~ P*A 4)
Where kp is the capture coefficient [-] and s€d.&b for pesticide spray solutions prepared
with adjuvants (Gyldenkrne et al., 1999). Pesticatget class and specific application time
were used to define crop-specific growth stageakerselected crops. The LAI was derived
for plant growth regulators, insecticides and famdgs distinctly as a value dependent on the
target class/crop growth stage/application time lwoation, (Fantke et al., 2011b; Itoiz et al.,
2012; Olesen and Jensen, 2013); for herbicide @gpin on weeds the corresponding LAI of
0.5 is used. This value is based on the reporsdcctever factor for fallow lands (Panagos et
al., 2015).

Secondary distribution

The subsequent secondary emission transfers inchJdelatilization after deposition and
off-field emissions allocation. The volatilizatidrom fractions deposited in the different
compartments is derived from the default Tier 1gs=moin factors per Al from their vapor
pressures (Webb et al., 2016) see Table S1 and SI3 The emission factor emF was
calculated for each Al (see, Sl Table S1), therimtedia transfer and the final emission
factors are presented in Sl, SI-1, and SI-2. Am#le water to soil area ratio for DK (0.016)
was used to allocate the off-field emissions (deft fraction deposited in off-field surfaces)
see SI, Table S2. This value is based on repodatdaf the Danish ministry of environment
(Stockmarr and Thomsen, 2009).

2.4 Freshwater ecotoxicity characterization

For assessing the ecotoxicity of pesticides orhfsager ecosystems, we followed the LCIA
emission-to-damage framework that links emissionsipacts through environmental fate,
exposure and effects (Jolliet et al., 2004). Acoardo (Hauschild and Huijbregts, 2015;
Rosenbaum et al., 2008) characterization factorfo€Cfeshwater ecotoxicity of chemical

emissions can be expressed as:

CFi,x = FFi—>fw,x X XFfw,x X EFfw,x (5)



192 Where FF mwx is the fate factor in [Kg compartmen! (Kemittea 0 1] describing the mass

193 transport, distribution and degradation in the esvwinent. The ecosystem exposure factor,
194 XFux, is defined as the bioavailable fraction of a cloainn freshwater; and an effect factor
195 (EFRwx) expressing the ecotoxicological effects assodiatiéh the bioavailable fraction, in
196 the exposed ecosystems integrated over the suirguneter volume. CFs were estimated
197 with USEtox 2.02 as characterization model, with $pecific European landscape dataset
198 (i.e., representing DK conditions) (Fantke et20]7; Westh et al., 2015). New CFs for 10
199 additional Als, following the procedure in Fantkeak (2017) were derived. A detailed

200 description of the resulting CF and the data usedbe found in SI, SI-3.

201 Recent developments for the estimation of CFs, agdhe improvements in the calculation
202 of the fate factors now accounting for the influerd pH on partitioning processes ionizing
203 organic chemicals, were introduced in USEtox ver@d®?2 (Fantke et al., 2017). The

204 differences in the potential freshwater ecotoxiaitpact results, coming from the different
205 model versions (USEtox 1.01 and 2.02) were teStki. evaluation was performed taking
206 into account Als available in both USEtox versions.

207 2.5 Sensitivity analysis

208 Two types of local sensitivity tests were conductédst, a scenario sensitivity analysis was
209 performed testing the sensitivity on IS resultsliffierent modeling scenarios in the impact
210 profiles of feed crop cultivation in DK.

211 There are very different approaches and assumptiamsler to provide emission estimates
212 for quantifying lifecycle emission inventories aggicides in any LCA study involving

213 agricultural systems (Fantke, 2018). The most sfradlapproaches are based on generic
214 assumptions regarding varying percentages forgestapplication. The most frequently
215 used approach and the more simplified is the assamihat all pesticides remain in the soil
216 (i.e., 100% emitted to soil) (Nemecek and Kagi, 20Gollowing this line of fixed

217 percentages, there are several approaches thabutstpesticide emissions on more than one

9
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environmental compartment (Berthoud et al., 201ardvi et al., 2002; Neto et al., 2013). A
different approach is the more complex emissioneting as in PestLCI model. This model
estimates emissions to three environmental comjeatsnair, surface water, and
groundwater. It considers the agricultural fieldwthato 1 m depth into the soil and up 100 m
into the air as part of the technosphere, thusuelkey) emissions to soil on-field and off-field
(Birkved and Hauschild, 2006; Dijkman et al., 20I®)e main differences between the
methods are the underlining assumptiang.,(boundaries between ecosphere and
technosphere), the level of sophistication (fixedcpntages vs. modeling), the data
requirements and applicability for quantifying peisies emissions. All these different
approaches, may offer inconsistent results, whickoime cases are partially overlapping
(spatially or temporally) with the impact pathwdgs pesticides. Therefore, IS results tend to
be not compatible or comparable.

For the present study, modeling approaches thawved the inclusion of agricultural soil in

the assessment and that involve simplified asswmpfior application methods were selected.
Three scenarios were considered, the above proposgdified estimation routine (section
2.3), was selected as a reference scenario (RSanalternative scenarios (AS1-AS2) that
represent different modeling approaches to quaetifissions from pesticide use. The
alternative scenario AS1 followed Margni et al.@2]) which represents a usually used
pesticide emission modeling, and furthermore isafrtee first approaches that account for
pesticide emission distribution in different envinoental media in LCA studies for
agricultural systems. In this approach, the paefiemissions are distributed in environmental
media based on fixed share percentages. They adbatrtbe fraction of Al emitted to the

soil will be 85% of the total application, 5% wéllay on leaves and the remaining 10% is lost
into the air across crops and pesticides. The setmsted scenario AS2 represents fixed
emission fractions dependent on the foliar sprafiegtion and drift distributions for field

crops. This approach was chosen to represent alimgpfi@mework where the initial

10
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distribution (i.e., application method and cromtiln) is taken into account but also allowing
the inclusion of field emissions in the assessrigalsari et al., 2007; Felsot et al., 2010; Gil
and Sinfort, 2005). Table 1 displays the emissiantions in the three scenarios considered.

Table 1 Comparison of pesticide emission fractiofesr() calculated by the RS (reference
scenario), AS1 (Margni et al. 2002) and AS2 (aian method and crop relation)

Emission Averagefraction  Standard deviation

scenarios  emitted [kg kg™] on fractions
RS
fem_ai 1.16x10" 2.03x10"
fem 1.60x10° N/A
fem_soil.ag 3.75x10" 3.11x10"
fem soil.othe 8.70x10° 2.01x10°
AS1
fem ai 1.00x10" N/A
fem crop 5.00x10° N/A
fem soi 8.50x10" N/A
AS2
fem ai 1.70x10" N/A
fem_f 1.00x10? N/A
fem_soi 4.50x10" N/A
fem croj 3.70x10" N/A

Note:fen is the fraction emitted. Indices air, fw (fresherf soil and crop denote environmental
compartment were the emission occurs.

Second, input parameter sensitivity analysis wa®pred to test the sensitivity of the RS by
evaluating the change in the impact scores (prapddeom the change in emission fractions)
as a function of the variation of several inputgmaeters by a factor of 2 larger of their initial
values, one at the time. Local sensitivity to inSy{-] was further expressed as the effect on
the model output due to a change in an input paemfer further details see Sl, SI-5).
Finally, a statistical analysis between impact itssaf the different scenarios was conducted.
3 RESULTSAND DISCUSSION

3.1 Pesticides use in Danish crop production (280B5)

The Als considered in the study cover 98.3% ofttha&l pesticide applications in relation to
the mass applied for the selected crops: maizéemivheat, grass, spring barley, rapeseed,
peas and the agricultural use of glyphosate (gly The total pesticide use was 3165 tons in

2013, 1438 tons in 2014 and 2105 tons in 2015.aMeeage pesticide application rates per

11
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287

crop vary between 2 and 3 orders of magnitudeT&le S6). Grass is the crop with the
lowest application rates and pesticide use; togettegicides and insecticides represent
nearly 20% of the total use in grass-2013; additilgnin 2014-2015, there was no use of
insecticides, and fungicides use was reduced Isythem 2.5%. Gly_agri sum up to 2722 tons
in the 3 years and represents near 40% of theus&abf pesticides in DK. Winter wheat
(2672 tons) is the crop with higher pesticide Wkied by spring barley (748 tons) (SI,
Table S7). The most used pesticide target cladsiiBicides, and prosulfocarb is the most
used Al after Gly_agri within this target class.gaeling pesticide use it is important to
mention that the farmer’s choice for an Al or amotban be influenced by many different
external factors, such as climate variations ortinergence of pests and diseases, crop
rotations, market needs and many others (Steingdttiset al., 2018). For annual crops, a
three year assessment period could balance sontélediuctuations in the crop growing
conditions é.g., as recommended for the assessment of greenhosigengssions) and the
variations of the factors mentioned above (BSI,2&nudsen et al., 2014).

3.2 Ecotoxicity impact profiles of feed crops (2€A(15)

The 1S, from pesticide use decreased over the three YEaysre 2). The reduction of the
IScrop Was more apparent in 2014 (59%) than in 2015 (38Hhb) respect to the base year
(2013). Most of the decrease in thgddwas due to the non-use of a single substance:
cypermethrin. This insecticide was the major céntior to 1S,o, in 2013 across crops.g.,
87% in maize, 60% in spring barley and 47% in wimtbeat) and was no longer used in
2014-2015 (see Table S8 in Sl). Furthermore, tbetfeat maize and grass did not require the
use of insecticides in 2015 also contributes tardlueiction of 1., However, it is essential
to note that this may be the result of unfavorahraatic conditions for the emergence of
pests, different insect population cycles (affeg@bundance), competition and predation

(e.g., natural enemies) among many other different remason

12
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Figure 2 Freshwater ecotoxicity impact profiles for cropguotion (2013-2015), impact
scores Igopexpressed ifPAF m* d crop']. *Glyphosate (CAS RN-107-83-6) assessed as the
total agricultural use in Denmark

As shown in figure 2, winter wheat-2013 (1.6XFAF ntd crop?), spring barley-2013
(1.4x10 PAF nid crop’) and rapeseed-2013 (3.3XIAF ntd crop’) present the higher
IScrop The larger I§opin those crops is associated with the use of titsdes €.9.,
cypermethrin, pendimethalin, and lambda-cyhalojraimd fungicidesgg., pyraclostrobin,
azoxystrobin, and folpet), Als with relatively higis, and also because these are some of
the crops more extensively cultivated in DK (icultivated area). Consequently, substance
prioritization by LCA helps to identify potentiallyarmful Al for ecosystems and, with the
restriction of their use or the implementation afreasustainable practices, significant
changes in the impact profiles of the crops cambde more apparerg.d., cypermethrin). In
this sense, if farmers choose to use pesticides#@lsing lower impacts, the load on
agricultural systems will decline, even if they tiooe to spray their fields as usual for pests
and disease control. Moreover, linking this decisith integrated pest management (IPM)
will further contribute to lowering the ecotoxicgical burden on freshwater ecosystems from

pesticide use.
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3.3 Pressure of pesticide impacts by hectare ass ¢2013-2015)

When calculating the potential ecotoxicity impaatsfreshwater ecosystems per 1 hectare of
crop per year (Isop_nd [PAF nt d ha'] the interaction of agricultural systems and pcast is
more apparent. The variations in pesticide usedsir8 orders of magnitude) and impact
scores for individual Als (up to 9 orders of magdg) are significant (see Table S9 in SI).
Therefore, in the same year, the trends for theitdizators can move in different directions
(Figure 3), meaning that pesticide use or appbcatates are not an adequate indicator of
potential impactsgg., Gly_agri and rapeseed), since toxicity potentmaight be higher for

pesticides that are applied in lesser amounts kEarid Jolliet, 2016).

Winter wheat

Grass-clover

v—@- Maize
/4\1 10 100 1000

Rape ~ I \
/ Glyphosate
o .. o
V¥V USE_, Peas

Figure 3 Comparison between use of pesticide active ingredi¢SE_crop) [tonnes] and
potential freshwater ecotoxicity impacts ¢bp nd [PAF m3 d hd] for 5 analyzed crops 2013
and *Glyphosate (CAS107-83-6) assessed as thedagtizlultural use in Denmark in
logarithmic scale

Peas appeared as the crop with the highest prdsginectare cultivated in the entire period,
with the maximum value (6440 PAFPm ha') in 2015. In 2013 rapeseed, spring barley and
winter wheat showed k3, nabetween 64% and 54% lower than peas, in 2014itfezehce

for the same crops was among 70% and 85% lowefaar2015 all crops showed d§, ha
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80% lower than peas (see Figure 4). The IScropohthé study varies up to 3.5 orders of
magnitude, and the substances cypermethrin (lapigéen (Hrb), pendimethalin (Hrb) and
lambda-cyhalothrin (Ins) present the most signifta@ontribution to IScrop_ha, which his

nearly 70% (see Table S9 in SI).

10000

-1)

2 1000
©
™
=
L 100
<
a
g 10
e Peas
= Rapeseed
o 1 Spring Barley

Winter wheat
Maize
Grass-clover
Glyphosate

2013
2014

Year 2015

Figure 4 Pressure of pesticide impact scores by hectarsopfaultivated for Danish crop
production (2013-2015), impact scoresdShain [PAF nt* d ha']. *Glyphosate (CAS RN-
107-83-6) assessed as the total agricultural uBemmark

The large IScrop_ha for peas-2015, almost doulale finecedent years, is mainly explained
by the bloated use of aclonifen (Hrb). This inténation of herbicide treatments in 2015
could be potentially associated with the emergefeeeed infestation in pea’s productions
fields. Moreover, the sharp increment on IScropnhaart is explained by the dose increment
by hectare and the relatively high CF for direcissions to surface water of aclonifen (Sl,
Table S5), which is driven by a significant EF {18 PAF m3 kg'). Furthermore, it is
important to note that even if some substances adwgh CF, their use could be justified at
low doses, because of their agronomic importandecffiectiveness of pest or disease control.
The contribution by pesticide target class to frestier IScrop_ha can be observed in Figure

5. Insecticides are the class that contributesnbst (56%) to impact scores, followed by

15



344 herbicides (36.4%) and fungicides (7%); plant gtoveigulators were not included in Figure

345 5 as their contribution to IScrop_ha and IScrop \éS lower than 1%.

(a) [ Hrb [ Fun =N Ins |

Peas o::
Rapeseed ::::::::
Spring Barley

Winter wheat :

Grass-clover :::

Maize H::::::0

(b)

Peas -
Rapeseed -
Spring Barley -

Winter wheat -

Grass-clover 4:::

Maize

(c)

Peas ::
Rapeseed -
Spring Barley +:

Winter wheat f:

Grass-clover +:1:

Maize +::::i

0 10 20 30 40 50 60 70 8 90 100
346 Share of Impact score (IS, ,,) by pesticide class (%)

347 Figure5 Share of freshwater ecotoxicity impact scoregdSain [%] for a) 2013, b) 2014

348 and c) 2015; by pesticide class herbicides (Hrggcticides (Ins) and fungicides (Fun) taking
349 IS¢op_na- 2013 as the reference year.

350 Itis well known that pesticide treatments areghhi dynamic activity that varies year by

351 year. It could be more static for herbicides thamtfie other pesticide classes (i.e.,

352 insecticides and fungicides) that are more closetyelated with the specific climatic

353 conditions on the area and year of study and tleaesthe emergence of any specific pest or
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disease. If these dynamics are to be consideredetbvant data (om,g., pesticide treatment
and crop characteristics) have to be consisteafignted (Fantke et al., 2016). Furthermore,
the assessment period should also reflect theseifitions in the crop growing conditions,
that is why it should also carefully designated (Ksen et al., 2014).

Some other authors have found similar results kieaa (unallocated values by hectare and
year). For example, similar trends are found bydWorg et al. (2014) for the cultivation of
maize, rapeseed and winter wheat for biofuel femttgproduction; Parajuli et al. 2017 for
grass, maize and winter wheat straw for bio-refinand Schmidt Rivera et al. 2017 for
barley production in Italy and Denmark. The studrentioned above use PestLCI (version 1
or 2) as inventory model and USEtox 1.01 as chariaettion method for the impact
assessment. Therefore, using a fewer data demaadthg simplified approach could lead to
the same results for substance prioritization. Redpe similarities in the trends ofd§ na
when comparing the results with the absolute vatdiéd use per 1 hain a given crop (in the
same studies), the d§,_naare up to 2.2 orders of magnitude higher; consigehe

uncertainty range of the characterization methatwben 1-2 orders of magnitude) this
difference might be moderately significant, and enprobably associated with differences in
the LCI and the pesticide emission model.

3.4 Effects of modeling choices on ecotoxicity imipscore results

3.4.1 Sensitivity of different pesticide emissiondeling scenarios

The selected methodologies are described in se2trand the results of the three scenarios
(RS, AS1, and AS2) were compared between the fimgscn the 3-year period. The mean
values forfer, into air, freshwater and soil in the RS are ~leof magnitude higher than the
alternative AS2 and greater than AS1 but withinghmne order of magnitude. The major
difference between RS and AS2 comes from the fettih the latter 37% of the mass applied
is considered retained by the crop, degraded ental, and thus not been considered as an

emission. When modeling soil emissions the meamegapresent lower differences in
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comparison with the variations of freshwater andemissions. Significant differences were
found between RS and AS2 for freshwater emissi@ams across the three scenarios for air
emissions. All these variations in the emissioctfoas lead to further changes (propagated)
in the resulting IS.

Results fonS, o, nain [PAF nt d ha'] in the scenarios RS, AS1 and AS2 are summarized i
Table 2. AS1 presented the lowest impact resuttssacrops and years; the highest impact
results appear in AS2, whereas RS showed highadtaphan AS1 but in the same order of
magnitude.

Table 2 Comparison of scenarios to test different emissnaaeling approaches. Results for

potential freshwater ecotoxicity impact scorss,, n. expressed as [PAF m3 dRan the
reference scenario (RS) and alternative scenar8isakd AS2

RS AS1 AS2
2013 2014 2015 2013 2014 2015 2013 2014 2015
Maize 513 92 50 182 35 45 3041 475 138
Grass 17 11 13 17 7 9 51 31 37
Winter wheat 2210 434 551 883 221 256 12410 2502 3154
Spring Barley 2086 458 631 669 167 182 13514 2701 3808
Rape 1880 921 1394 1532 1312 1243 12244 4144 7267
Peas 3454 2928 6440 2641 1275 3564 23547 14653 26057

Crop

High variability in IS:p_naresults within RS and AS2 approaches were obseAled, the
Tukey's range test was conducted to determinesstati differences in the impact assessment
of the three modeling approaches. AS2 estimateddtrgrores were significantly higher than
the scores in RS, which did not differ significgrflom the AS1 values.

The different modeling approaches to calculateigdstemission inventory from a given
applied quantity (i.e. elementary flows from thregct system to the ecosphere) and the
connection to the impact characterization have paitsgiously shown to have considerable
influence on the estimation of IS for individuals®nd the impact profiles of crop production
(Rosenbaum et al., 2015; van Zelm et al., 2014¢. dinsideration of inter-media transfer

processes, crop growth development and applicatiethod allow for a more accurate
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estimation of the real phenomena, which are ale@fipects that usually have the highest
influence on LCI and LCIA models (Dijkman et alQ12; Fantke et al., 2012).

On the other hand, the consistency showed for tresults (for substance prioritization) of
others studies using PestLCI (a more sophisticat@dsion modeling approach) compared to
the RS are satisfactory (see section 3.3). Kedapingnd that such a model is much more
data demanding and sinise,, n.represent potential impacts rather than actuabdms) the
substance prioritization with a simplified methadthe RS may serve as a first proxy in LCA
studies when more detailed data are lacking.

Regarding the input parameter sensitivity analg@esformed on several input parameters of
the RS and using Maize 2013 and Peas in 2015 aspdxp the primary sources of
uncertainty in the RS are identified as i) the agpion method and the drift fractions, and ii)
the allocation for the off-field emission, spediily the water to soil ratio as shown in Figure
6 (further details, see SI-5). However, the unaoetyaange associated with pesticide
emissions have not yet been quantified and is keylom scope of the present study.

2000

°
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g 1400 o “
N
o> 1200
€
(V'
L 1000 - . A
o,
g 800 + e
£ 600 -
2] ° A
400 H
o A A Drift lost
200 ® Water to soil ratio
A
0

T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

input variation

Figure 6 Sensitivity to model input parameters of the rafesescenario (RS). Variation for
ecotoxicity impact scores (IScrop_ha) expressg®AE m3 d hd] for the example of Maize
in 2013

19



421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440
441

442

3.4.2 Influence of choice of LCIA characterizatimethod

The range of variation for the CF of all Al in teidy with USEtox 2.02 was almost 9 orders
of magnitude. FF and XF vary by near 2 orders ofmitade, while EF varies up to 7 orders
of magnitude indicating substantial differencepésticide-specific ecotoxicity potential. The
variation in the CF for direct emissions to surfaeder, continental air or agricultural soil
was near to 10 orders of magnitude, but CF forctieenissions to continental air and
agricultural soil was lower than the CF for direatissions to freshwater (3 and 2 orders of
magnitude, respectively). From which, the imporeaatmodeling the impacts of the dose
applied, with a coherent coupling of the LCI to ti&A model results (i.e., characterized
results).

Results for 1§ep_nain the RS using USEtox versions 1.0 and 2.02 amensarized in Table 3.
Improvements and scientific consensus have beaawsthfor the new features introduced in
the USEtox 2.02 among which substances and updateiance data and continent-specific
landscape parameters contribute to further impgpthie accuracy in the quantification of
CFs, given that respective spatial emission daaaailable. The more substantial
differences in the impact results might come frown ipdated EF or by the influence of
considering ionization (acid/bases) in USEtox 2.02.

Table 3 Comparison of scenarios to test developments diAL€haracterization method.

Results for potential freshwater ecotoxicity impacoresiSq, na in [PAF m3 d hd] in the
reference scenario (RS) and USEtox version 1.(Ra0i2l

RS- USEtox 1.0 RS- USEtox 2.02

Crop 2013 2014 2015 2013 2014 2015
Maize 246 63 146 491 80 32
Grass 24 12 14 17 11 13

Winter wheat 1349 445 1223 2139 387 508
Spring Barley 758 267 390 2068 435 622
Rape 776 563 702 1880 921 1393

Peas 1483 1893 6080 3454 2928 6440
Glyphosate Agri-use 28 12 17 14 6 8
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443 The uncertainty of CFs (USEtox 2.02) due to emissio air, freshwater and agricultural soil
444 s 176, 18 and 103 GSMRosenbaum, 2016). The major sources of uncéytaie

445 substances half-lives and ecotoxicity EF (Hendeetai., 2011). Without considering winter
446 wheat-2015, in general, ISs characterized withrtigroved USEtox 2.02 are higher than the
447 results obtained with the previous version. Furti@e, in comparison with the FF and XF,
448 the EF shows a substantial variation among thenAhhis study, explaining a large part of the
449 variations in the CFs for the Al after emissionsreshwater.

450 4 CONCLUSIONS

451 The combination of the emission modelling scen&$%) shown in the present study, and the
452  characterization model USEtox 2.0 has allowed togaize trends of different pesticides
453 treatments and burdens on freshwater ecosysteussatitounting for interactions between
454  different compartments and a defined clear intertaetween LCI and LCIA. LCI modeling
455 options do affect the ecotoxicological burden ashwater ecosystems from pesticide use,
456 and directly affects substance prioritization inA_€tudies. Furthermore, the updated CF with
457 the continent-specific landscape parameters care#xo a broader assessment. In the case of
458 scenario and sensitivity analysis, application rmaétand allocation for the off-field emission
459 were identified as the main descriptors for modgémissions of pesticides. The use of the
460 modeling framework presented in this study allowrsdelivering more robust results and
461 accurate evaluation of ecotoxicity impacts. Finaiyprovide consumers and policymakers
462 with more reliable information on the environmeralformances of agricultural systems,
463 LCA studies need to include all relevant emissiatpats; therefore, a final consensus needs
464  to be reached with a specific emission model recentation.
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APPENDIX A. SUPPORTING INFORMATION

The following is the supplementary material relati@this article. Detailed information of
scenarios, physicochemical properties, and dafzesticide active ingredients, further
annotations on pesticide emission quantificati@and sources for the derivation of new
CFs, as well as supporting materials for resultssansitivity analysis included in the study

are provided in the Supporting information.
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FRESHWATER ECOTOXICITY ASSESSMENT OF PESTICIDE USE IN CROP
PRODUCTION: TESTING THE INFLUENCE OF MODELING CHOICES

Nancy Pefi&”, Marie T. Knudseh Peter Fantk& Assumpcié Anténand John E.
Hermansef

* Pedticide use is not an apt indicator for impact as toxicity may be higher for
pesticides applied in low rates

« A auitable interface between LCl and LCIA and related mass distribution for
pesticides is framed

* Crop growth development and application method have maor influence on the
emission model

» Substance ranking with a ssimplified modeling framework serve as proxy in LCA
studies when detailed data lacks





