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Abstract
Purpose Consumption of high quantities of pesticides in viti-
culture emphasizes the importance of including pesticide
emissions and impacts hereof in viticulture LCAs. This paper
addresses the lack of inventory models and characterization
factors suited for the quantification of emissions and ecotox-
icological impacts of pesticides applied to viticulture. The
paper presents (i) a tailored version of PestLCI 2.0, (ii) corre-
sponding characterization factors for freshwater ecotoxicity
characterization and (iii) result comparison with other inven-
tory approaches. The purpose of this paper is hence to present
a viticulture customized version of PestLCI 2.0 and illustrate
the application of this customized version on a viticulture case
study.
Methods The customization of the PestLCI 2.0 model for vi-
ticulture includes (i) addition of 29 pesticide active ingredients
commonly used in vineyards, (ii) addition of 9 viticulture type
specific spraying equipment and accounting the number of
rows treated in one pass, and (iii) accounting for mixed
canopy (vine/cover crop) pesticide interception. Applying

USEtox™, the PestLCI 2.0 customization is further supported
by the calculation of freshwater ecotoxicity characterization
factors for active ingredients relevant for viticulture. Case
studies on three different vineyard technical management
routes illustrate the application of the inventory model. The
inventory and freshwater ecotoxicity results are compared to
two existing simplified emission modelling approaches.
Results and discussion The assessment results show consid-
erably different emission fractions, quantities emitted and
freshwater ecotoxicity impacts between the different active
ingredient applications. Three out of 21 active ingredients
dominate the overall freshwater ecotoxicity: Aclonifen,
Fluopicolide and Cymoxanil. The comparison with two sim-
plified emission modelling approaches, considering field soil
and air as part of the ecosphere, shows that PestLCI 2.0 yields
considerable lower emissions and, consequently, lower fresh-
water ecotoxicity. The sensitivity analyses reveal the impor-
tance of soil and climate characteristics, canopies (vine and
cover crop) development and sprayer type on the emission
results. These parameters should therefore be obtained with
site-specific data, while literature or generic data that are ac-
ceptable inputs for parameters whose uncertainties have less
influence on the result.
Conclusions Important specificities of viticulture have been
added to the state-of-the-art inventory model PestLCI 2.0.
They cover vertically trained vineyards, the most common
vineyard training form; they are relevant for other perennial
or bush crops provided equipment, shape of the canopy and
pesticide active ingredients stay in the range of available op-
tions. A similar and compatible model is needed for inorganic
pesticide active ingredients emission quantification, especially
for organic viticulture impacts accounting.
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1 Introduction

Wine production benefits from a “green industry” image
(Brugière 2009; Berghoef and Dodds 2013; Christ and
Burritt 2013). Due to the high pest sensitivity of vine, wine
industry however applies 13 % in mass of all synthetic pesti-
cides used in Europe, while it occupies only approximately
3 % of the European cropland (Muthmann and Nadin 2007),
which is in accordance with observations made in California
(Christ and Burritt 2013), where the share of viticulture in
terms of pesticide consumption also is larger than its share in
agricultural land use. Numerous environmental concerns are
related to pesticide use, like surface and groundwater contam-
ination, contaminated runoffs from the fields, bee poisoning
(Christ and Burritt 2013) and/or emission of toxic active sub-
stances to the air compartment (Ducroz 2006; ATMO Drôme-
Ardèche et al. 2010). For these reasons and due to the consid-
erable contribution from pesticide active ingredients (PAIs) to
impacts in agricultural products LCAs (Bessou et al. 2012;
Godard et al. 2012; Vázquez-Rowe et al. 2012), emissions
of PAIs are a key topic to be addressed when performing wine
and/or grape production LCAs.

Due to the lack of viticulture-specific inventory models
capable of quantifying pesticide emissions and limited avail-
ability of characterization factors (CFs) for relevant PAIs,
most of the published wine LCA studies neglect toxicological
impacts from PAI emissions (Ardente et al. 2006; Gazulla
et al. 2010; Bosco et al. 2011; Pattara et al. 2012; Point et al.
2012; Benedetto 2013). Other authors considered substance
generic pesticide emission fractions as Neto et al. (2012) such
as 25 % to the air and 75 % to the soil or as Petti et al.(2006)
who in an LCA of organic viticulture assumes that 50 % of a
copper pesticide is absorbed by the plant and 50% reaches the
soil before continuing on to the groundwater compartment
(i.e. hence disregarding issues such as drainage system inter-
ception of percolate, etc.). Regarding other crops, Nemecek
and Schnetzer (2011) assume for all agricultural crop pesticide
inventories that 100 % of the applied pesticides are emitted to
the soil.

Vázquez-Rowe et al. (2012) and Villanueva-Rey et al.
(2014) were the only authors using a substance-specific model
to estimate pesticide emissions in wine or wine grape LCAs.
Both assessments applied PestLCI 1.0 (Birkved and
Hauschild 2006). PestLCI is a dedicated inventory model
intended to calculate organic pesticide emissions from arable
land (technosphere) to the environment (ecosphere) to be used
in (life cycle) impact assessment modelling.

PAI emissions vary and are results of interactions between
the properties of the PAIs, the local environment (including
meteorology) and agricultural practices (Aubertot et al. 2005).
This substance and context dependency is taken into account
by PestLCI, which is currently the most advanced LCI model
for PAI emissions from agricultural fields (van Zelm et al.

2014). The most recent version of the model, PestLCI 2.0,
described in Dijkman et al. (2012) and further modified as
described in Dijkman (2014), covers approximately 90 active
ingredients of various types of pesticides, 25 European cli-
mate profiles and 7 European soil profiles.

Despite the rather extensive coverage in terms of pesti-
cides, climates and soils, PestLCI 2.0 does not take into ac-
count certain specificities of viticulture like double cropping
system, vertical spraying, and specific PAIs, which differenti-
ate viticulture from other crops and influence the pesticide
emission patterns from viticulture compared to other crops.
The aim of this paper is to present a tailored version of
PestLCI 2.0 customized to appropriately account for the viti-
culture specificities influencing pesticide emission and to
compare the results of this approach to that of other simplified
LCI approaches. The approaches compared all have advan-
tages and drawbacks. Table 1 presents the advantages and
drawbacks that we have identified for the three inventory ap-
proaches compared here.

This paper addresses successively (i) the inclusion of spec-
ificities of viticulture in the customized PestLCI 2.0 version,
(ii) the development of CFs for freshwater ecotoxicity
(FwEtox) using the USEtox™ characterization model for vi-
ticulture specific PAIs not covered by the current USEtox CF
database, and (iii) the application of the customized inventory
model, on a case study of three different conventional1 vine-
yard Technical Management Routes (TMRs2). The applica-
tion is further supported and illustrated by characterization
of the freshwater ecotoxicological impact potentials through
combination of emission quantities and FwEtox characteriza-
tion, (iv) a sensitivity analysis of PestLCI 2.0 for the identifi-
cation of the most influential inputs of the model.

2 Methods

2.1 Customization of PestLCI 2.0

In order to improve the viticulture specificity of PestLCI 2.0,
the following updates were applied to the model:

& Twenty-nine pesticide active ingredients frequently used
in European viticulture

& Thirty-four vine and cover crop development stage
combinations

& Nine viticulture-specific pesticide application techniques
and corresponding wind drift curves typically employed in
French viticulture

1 “Conventional”will be used in this paper to designate non-organic plant
protection practices.
2 Technical management routes (TMRs): logical successions of technical
options designed by the farmers (Renaud-Gentié et al. 2014)
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& Five Loire Valley soil profiles
& Twenty-two French temperate maritime climate profiles
& The modelling and interpretation of pesticide runoff from

the field surface was changed, depending on whether sur-
face water is present near the field.

A summary of these updates is presented in Table S1 in the
Electronic Supplementary Material. The customization under-
taken is designed for modelling of vertical shoot positioning
trained vineyards, which by far is the most frequent training
system3 for vineyards in France and other wine-producing
countries. In the remainder of this section, the aforementioned
updates are described in more detail. Most of the updates in-
clude an expansion of the PestLCI 2.0 databases. The new data
included in the model can be found in the Online Resource.

2.1.1 Active substances for pest, diseases and weed
management in viticulture

An average number of 16 pesticide active ingredients (PAIs)
were applied to French vineyards in 2010 (with high interre-
gional variability). Downy and powdery mildew fungi were the
target pests in 95 % of the 12 applications (Ambiaud 2012b).

A variety of PAIs are registered for viticulture farming in
Europe, from generic farming PAIs to more crop-specific PAIs
shared with pest management in vegetables or in orchards.
The latter pesticide types were not available in the original
PestLCI 2.0 version. Hence, on the basis of the list of the
viticulture-specific PAIs applied over four vintages (2010 to
2013) (see Electronic Supplementary Material, Table S2),
compilation of data on the properties of the relevant organic
PAIs used in viticulture was conducted applying dedicated
chemical/fate property databases (refer to the Electronic
Supplementary Material, Sect. S-C and Table S3 for a more
thorough introduction to the missing viticulture relevant PAIs
in PestLCI 2.0).

Inorganic fungicides based on copper and sulphur are
widely used in viticulture, especially organic viticulture (see
more details on vine pests and diseases management, copper
and sulphur in the Online Resource, Sects. S-A and S-B).
Sulphur represented, in 2003, 69 % in mass of the PAI applied
in the European Union on vineyards, and cupric compounds,
2.7 % (Muthmann and Nadin 2007). Conventional viticulture
also uses other inorganic PAIs such as ammonium thiocyanate
(herbicide) or partially inorganic PAIs like fosetyl-Al (fungi-
cide). However, inorganic or partially inorganic substances
behave and react differently compared to entirely organic4

pesticide due to speciation. Their emission loads can hence not
be modelled, as organic pesticides, applying PestLCI 2.0. For
this reason, these types of PAIs were not included in this study.

In addition, more “exotic” PAIs were likewise not consid-
ered in the present study. This third PAI group includes the
following:

– PAIs not officially approved/registered as pesticides such
as algae extracts (only registered as fertilizers)

– Pesticide formulation additives (e.g. light paraffinic oil,
canola oil, glycerol and lignite), due to lack of informa-
tion about their properties and occurrences in the assessed
pesticides, despite the fact that these substances can con-
tribute considerably to toxicity of the pesticide formula-
tion (Brausch and Smith 2007) and modify PAIs drift
potential (Celen 2010)

2.1.2 Spraying equipment for application of pesticides

PestLCI 2.0 takes into account the type of sprayer applied for
the application of the pesticide in order to quantify the drift

Table 1 Overview of the
advantages and drawbacks that
we identified for the inventory
approaches compared in this
paper

Pesticide inventory approach

PestLCI Ecoinvent Neto et al. 2012

Advantage - Spatial specific

- Temporal specific

- Pesticide specific

- Application technique specific

- Crop specific

- Easy to apply/applicable
by all assessors

- Easy to apply/ applicable
by all assessors

Drawback - Data (and time) demanding

- Highly specialized in LCA
terms, not necessarily applicable
by all life cycle assessors

- Over simplistic/may
introduce large
uncertainties

- Overly simplistic/may
introduce large
uncertainties

3 Training system: type of trellis and shoot positioning resulting to a given
shape of the vine canopy and position of grapes.

4 “Organic” is alternately used in the paper to qualify a type of crop
management which uses no synthetic pesticides and a chemical type of
PAIs: organic chemical compounds containing covalent bound carbon,
oppositely to inorganic chemical compounds (inorganics) which do not
contain carbon bound this way. Here, “organic” relates to the chemical
compound nature.
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through drift curves. The types of spraying equipment applied
in viticulture are numerous, which makes the task of model-
ling the individual equipment characteristics a challenge. The
sprayers designed for canopy and grapes spraying may use
different modes of droplets production: non air-assisted spray,
air blast and pneumatic. Different shapes of the ventilators and
of the sprayers themselves lead to different patterns in terms of
spraying quality and drift generation.

None of the above presented culture-specific application
techniques were available in PestLCI 2.0. In the present cus-
tomization of PestLCI 2.0, nine new viticulture-specific
sprayers were included. The nine sprayer types are described
in Table S7 in the Electronic Supplementary Material. Of
these, a tunnel sprayer is based on data by Ganzelmeier
(2000) and eight items from Codis et al. (2011), who pub-
lished the only drift measurements obtained in France for
vineyards according to the ISO protocol (ISO 2005). We as-
sumed that the bias caused by the vine rows width difference
between the test setup of Codis et al. (2011) and our modelling
approach (1.40 m compared to ours are 1.90 to 2.50 m) would
lead to smaller uncertainties than relying data for non-
viticulture-specific spraying equipment. From the results of
these nine drift measurements, drift curves were derived.
These are given in Table S8 in the Electronic Supplementary
Material. A user guide for the choice of sprayer type will soon
be available for the users of PestLCI 2.0.

According to the design of the sprayer, wine growers can
choose to spray one to four rows of vines simultaneously. The
number of rows treated plays a significant role in wind drift
calculation in PestLCI 2.0. This issue has been taken into
account by entering the actual width treated at the same time
along with the parameter “nozzle distance” in the model.

Herbicides are most often applied very close to the soil with
specific sheltered booms to avoid herbicide drift and hence
deposition on vine leaves. We chose to model this application
technique as the existing “soil incorporation” in PestLCI 2.0
since sheltered boom sprayers induce very low drift.

Finally, modelling of custom spray techniques covering
various adaptations of existing spraying equipment is consid-
ered beyond the scope of this paper.

2.1.3 Accounting for primary distribution in double cropping
systems

Cover cropping on vineyard soil is a developing management
scheme with nearly half of the French vineyards temporarily
or permanently applying double cropping (Ambiaud 2012a).
A second canopy under the vineyard (e.g. spontaneous spe-
cies, oats, clover or fescue) can cover various proportions of
the row width and present various densities. The secondary
crop contributes to pesticide interception (primary distribu-
tion) and fate (secondary distribution), which increases the

pesticide’s potential for volatilization while limiting runoff
from topsoil.

The primary distribution process is defined in PestLCI by
three fractions: wind drift (fd), pesticide deposition on soil (fs)
and pesticide deposition on leaves (fl) (Birkved and Hauschild
2006). The two latter are based on Linders et al. (2000) inter-
ception fractions for single crops at different development
stages. In terms of interception by the vine canopy, PestLCI
2.0 includes interception values for vine at four different de-
velopment stages I, II, III and IV based on Linders et al.
(2000).We added an additional stage 0 in PestLCI 2.0 in order
to take into account situations of leafless vines (see Online
Resource S-D for details). We further adjusted vine intercep-
tion fractions by considering results of on-field measurements
of spraying mixture deposition and losses on vineyards by
Sinfort (pers comm 2014) and Sinfort et al. (2009) and on
artificial vineyard (test bench reproducing the shape of a vine-
yard where the leaves are replaced by papers for droplets
quantification) by Codis et al. (2014). Distribution fractions
of spray mixtures between vine canopy, soil and air at 2.5 m
above the soil were obtained by these authors in vineyard
conditions similar to the ones we study (rows width, types of
sprayers). The fraction sent to air during an application mea-
sured by these authors was introduced in PestLCI 2.0 as being
(i) partly conveyed by wind drift out of the parcel (i.e. advec-
tive transport) and (ii) partly falling back on vegetation and
bare soil of the parcel (i.e. sedimentation). This choice was
made because no quantification of direct volatilization during
spraying is possible (Jensen and Olesen 2014) due to the com-
plexity of volatilization driver combinations (properties of the
spray liquid, drops size and drops surrounding conditions)
(Gil et al. 2008) and the lack of available data for some of
the equipment-specific parameters. The details of these drift
calculation including equations are available in the Online
Resource Sect. S-D.

The interception by the cover crop, as modelled in the
version of PestLCI 2.0 presented in this work, varies accord-
ing to the width of the cover crop strips estimated as a per-
centage of the width of the vine inter-row and according to
cover crop canopy density (see Fig. 1a–c).

A consequence of this change in emission modelling com-
pared to a situation in which cover crop is not present is that, in
the initial distribution, less pesticide will reach the soil and
more will be present on vine and grass leaves, meaning the
fraction intercepted by the crop canopies increases compared
to monocultures. As a consequence, less runoff of dissolved
pesticide and volatilization from top soil should be expected.
On the other hand, more pesticide can be expected to volatilize
from the leaves of the cover crops. In general, volatilization
rates are higher from leaves than soil, so for most pesticides,
an increase in emissions to air can be expected.

Combined interception factors for mixed canopies (vine +
cover crop) were included in the model for the most typical
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situations as the following product: [vine development
stages×cover-crop strip width×grass canopy density] (see
Table 2).

2.1.4 Climate and soils datasets

Site-specific climatic profiles appropriately representative for
the case study areas were included in PestLCI 2.0. To permit
sensitivity tests on climate data, two sets of 30 years average
1971–2000 and 1981–2010 for the Beaucouzé Station were
added to PestLCI, as well as for five stations of the Middle
Loire Valley, located close to the studied vineyards. For these
five stations data for 3 years of production, i.e. October year n
to September year n+1, for 2009–2010 to 2011–2012, as well
as sets of average months for the 3 years are available see
Table S5 in the Electronic Supplementary Material. Climatic
data were provided by “Météo France”. Five soils correspond-
ing to the modelled parcels were characterized through mea-
sured data and observations, in accordance with the PestLCI
2.0 data requirements, and entered in PestLCI 2.0. (see
Table S6 in the Electronic Supplementary Material).

2.1.5 Modelling of pesticide runoff from the field surface

The modelling of buffer zones around the field was altered. In
previous versions of PestLCI, the width of the buffer zone was
fixed, independent of both the presence of surface water,
which these zones are intended to protect, and the distance
to this surface water. In the updated model, the user can

indicate whether a freshwater body is located near the field.
If this is the case, the user has to specify the distance to the
water body. In case this distance is less than the required buffer
zone around the field, a part of the field will be considered a
part of the buffer zone between the area undergoing pesticide
application and the freshwater body. If there is no water body
nearby, any surface runoff from the field will be considered as
an emission to the soil outside the field; therefore, a compart-
ment was added: nearby agricultural soil. Soil was chosen as
an emission compartment, because this compartment better
represents the fate of the pesticide than other environmental
compartments. When surface water is not nearby, the runoff
water will end up on or in the soil, and the pesticide will
partition between the soil solid matter and the air and water
in the soil pores. Emissions to this compartment were charac-
terized as emissions to continental agricultural soil in
USEtox™.

2.1.6 Calculation of USEtox™ CFs

CFs are needed in LCA to quantify the potential environmen-
tal impacts resulting from emissions occurring over the life
cycles of products and systems. CFs are generally substance
and compartment specific and sometimes spatially explicit
since the impact pathways of an emission depends on the
substance, the emission compartment and to some extent the
geographic location of the emission. In this study, we used
CFs obtained from the USEtox™ characterization model
since the model was developed as a scientific consensus

Fig. 1 a–c Vine I grass 0 %, vine I grass 100 % average density, and vine IV grass 50 % high density (pict. 1 and 2, E Bezuidenhoud, pict.3: P.
Rodriguez-Cruzado)

Table 2 Examples of combined
interception factors for vine/cover
crop mixed canopies (complete
table available in the Electronic
Supplementary Material,
Table S4)

Stage Density of cover
crop canopy

% of soil surface
covered by cover
crop

fvine fcovercrop % spray intercepted by
vegetal soil cover
(calculation)

flc

0 None 0 0.1 0.3 0 % 0.10

II Weak (30 %) 100 % 0.5 0.3 6 % 0.56

II High (70 %) 80 % 0.5 0.7 11 % 0.61

III Average (50 %) 100 % 0.65 0.5 5 % 0.70
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model, supposedly representing the best application practice
for characterization of toxic impacts of chemicals in LCA
(Hauschild et al. 2008) and since its database (v. 1.01) covers
∼2500 chemicals with calculated CFs for FwEtox
(Rosenbaum et al. 2008). USEtox™ is not spatially resolved
but operates with a nested structure that distinguishes between
an urban (air compartment only), continental and global
scale.5 Following common practice, we in this study applied
CFs from the USEtox™ database (v. 1.01) for emissions to the
continental air, agricultural soil and freshwater compartments.
Of the 48 PAIs covered by this study, the default USEtox™
database currently does not cover 21 (see Table S2 in the
Electronic Supplementary Material). To fill these gaps, we
applied the USEtox™ model to calculate CFs for emissions
to the continental air and freshwater compartments for the 18
organic PAIs of the 21 PAIs missing in the default database
(the USEtox™model is not designed to characterize inorganic
emissions; hence, three inorganic PAIs were left out). Leaving
out these three pesticides will have some effect on the results;
however, lacking emission and characterization data on the
three substances left out obstruct assessment of the errors in-
troduced hereby.

Due to the considerable contribution to the total impact
score from Folpet and the calculation of a much lower CF
by AiiDA (Hugonnot et al. 2013), we recalculated the CF
for Folpet based on best available data. We found that input
parameters related to physical-chemical properties of the
PPDB (University of Hertfordshire 2013) database were gen-
erally of a higher quality (more experimental values) than the
data from the EPISuite (US Environmental Protection Agency
2012) used in the calculation of the Folpet CF from the default
USEtox™ database. We therefore recalculated CFs based on
PPDB input data (where these were available) for physical-
chemical properties but did not change “avlogEC50” (the in-
put parameter for ecotoxicity), since this parameter was based
on test data from 26 species, representing 4 trophic levels and
therefore deemed to be of a high quality. The input data used
for recalculating the CFs of Folpet and the resulting set of CFs
are presented in Table S9 and Table S10 in the Electronic
Supplementary Material.

Since USEtox™ is spatially generic, these newCFs may be
applied to case studies anywhere in the world. The calcula-
tions followed the procedure of the USEtox™ manual.
Experimental data inputs were prioritized over modelled data
inputs (see Tables S9 and S10 for data sources and data used,
Electronic Supplementary Material). Regarding uncertainties
of the calculated CFs, we followed the classification of the
USEtox™, which flags CFs as “interim” if a number of
criteria for (relatively) low uncertainty are not fulfilled.

2.2 Case study

Three contrasted conventional TMRs of Chenin Blanc culti-
var in the Middle Loire Valley (France), studied during 2010–
2011 production year, were chosen to illustrate the applicabil-
ity of the PestLCI 2.0 customization for viticulture and new
USETox™ CFs. The cases presented here are part of a project
aiming to establish a method for joint evaluation of environ-
mental (through LCA) and qualitative performances of viti-
cultural TMR (Renaud et al. 2012).

2.2.1 Functional unit

The emissions and impacts calculated in our paper are pre-
sented per ha because vine, as a perennial crop, occupies land
for several decades (sometimes centuries) and vineyards in
addition have an important function of maintaining space
and landscape values (Joliet 2003; Renaud et al. 2012).
Moreover, this functional unit accounts for the goal of mini-
mizing the impacts while cultivating a given area (Mouron
et al. 2006), and it is hence considered more adequate for
communication towards winegrowers who typically reason
in terms of farming management practice per ha. The emis-
sions and impacts can be calculated per kilogram of grape, by
dividing the results by the yield of each parcel.

2.2.2 Geographical situation, cultivar and practices

The Middle Loire Valley’s cool and sub-humid climate
(Tonietto and Carbonneau 2004) offers favourable conditions
for growing different sorts of vine (Vitis vinifera) cultivars and
producing a wide range of wine types in more than 50 differ-
ent wine production areas labelled “Protected Denominations
of Origin” (PDO6). Chenin Blanc is the typical and the main
white cultivar of this area, used to produce dessert-style sweet,
dry and sparkling white wines. The three vineyard TMRs
chosen for the present study are designed for PDO Chenin
Blanc dry wine production in the PDO zones Anjou Blanc
and Saumur Blanc. The soils and subsoils of the Anjou PDO
zone are mainly schist and metamorphic sandstone of the
Armorican Massif, while the Saumur PDO zone is located
on the sedimentary marl, chalk and calcareous sands of the
Parisian Basin (Goulet and Morlat 2011). Despite the PDO set
of rules fixing some practices like training system or rows
width (similar for the PDOs represented in the present survey),
an important diversity remains for the other practices. The
three TMRs studied are all represented by real vineyard situ-
ations. The choice of these three real situations was based on

5 USEtox™ contains no ground water compartment. Ecotoxicological
impacts in freshwater from chemical emissions to groundwater are con-
sidered negligible and thus not further considered in this study.

6 PDOs promote and protect names of quality agricultural products and
foodstuffs which are produced, processed and prepared in a given geo-
graphical area using recognized know-how (European-Commission
2014).

Int J Life Cycle Assess (2015) 20:1528–1543 1533



the results of a regional survey analysed according to Typ-iti
method (Renaud-Gentié et al. 2014), in order to represent the
diversity of vineyard management of Chenin Blanc grown for
PDO dry white wines production inMiddle Loire Valley. Five
types of vineyard TMRs emerged from this survey analysis:
(1) “systematic synthetic chemical use and limited hand-
work”, (2) “moderate chemical use”, (3) “minimum synthetic
treatments and interventions (i.e. mechanical or manual oper-
ations)”, (4) “moderate organic” (i.e. with limited interven-
tions and treatments), and (5) “intensive organic” (i.e. with
many interventions and treatments). All five TMRs are further
described in Renaud-Gentié et al.(2014). The cases studied in
the paper at hand concern practices of the winegrowers ob-
served on three plots representative of the three first TMR
type, and the two last TMR types are organically managed
and thus involve nearly exclusively inorganic PAIs which
are not modelled in PestLCI 2.0.

2.2.3 Climate of the studied year

The results presented here relate to production year 2010–
2011 (October 1, 2010–September 30, 2011). Based on the
Angers-Beaucouzé weather station (main station of the area)
data, the production year 2010–2011, in comparison to the
average of 30 years 1981–2010 (Fig. 2), 2011 can be de-
scribed as follows: (i) a little warmer (+0.2° on the annual
average) with a warmer spring but a cooler July, (ii) much
drier especially during the vine growing season (−60-mm rain
and +40-mm potential evapotranspiration in the April–
September period on an average total of 306-mm rain for this
period and 657.4-mm potential evapotranspiration).

The particularly low precipitations in spring may generate
lower emissions to groundwater, and the higher temperatures
can cause higher emissions to air than an average year. We
performed a sensitivity analysis on these climatic inputs.

2.2.4 Soils, environment and yields

Each plot presents a different type of soil but quite similar
slopes (3 to 6 %). The soil layers were described by field
observation with soil auger and soil analysis, and consolidated
with comparison to existing detailed soil cartography of vine-
yard soils of the Middle Loire Valley. The soil characteristics
were implemented in the PestLCI 2.0 soil database. Table 3
summarizes the soil characteristics of the three studied TMRs’
plots. Soil characteristics and tillage should play a role on
emissions to groundwater by changes in soil porosity. Slope
and drainage should influence emissions to surface water, as
should cover crop extent, and the latter should additionally
influence emissions to air by changes in canopy area. The
sensitivity analyses will explore the influence of soil, slope,
tillage and cover-crop extent parameters on the results.

No surface water body lies at less than 100 m from the
parcels. The plots are not drained. They are all cover-cropped,
but the covers present different densities and extents.
Irrigation is not allowed in PDO vineyards under Middle
Loire Valley climate; hence, the studied plots are not irrigated
(irrigation water would have to be added to rainfall and thus
increase surface water emission rate). The yields for 2011
were the following: TMR1 8000 kg grapes/ha, TMR2
5250 kg grapes/ha and TMR3 7500 kg grapes/ha.

2.2.5 Vineyard protection programs

For each TMR, different spraying equipment and PAIs were
used by the growers (see Table S12 in the Electronic
SupplementaryMaterial). Defining which of the nine sprayers
added to PestLCI 2.0 is most similar to the sprayers used
by the growers was done through discussion with S. Codis
(pers. comm. 2014). Since the chosen sprayer type determines
pesticide drift, which may influence the modelled emissions to

Fig. 2 Main characteristics of
the climate of production year
2010–2011
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air, the choice of sprayer type is included in the scenario un-
certainty analysis.

2.3 Sensitivity analyses

Two types of sensitivity analyses were carried out in order to
identify the parameters towards which the outcomes of our
customized version of PestLCI 2.0 are most sensitive and
hence which parameters should be focused on to reduce un-
certainty caused by inventory work and landscape parameters
documentation in future studies. Input parameter sensitivity
(on quantitative parameters) and scenario sensitivity analysis
(on qualitative parameters) were conducted.

The input parameter sensitivity analysis was carried out for
the application of Folpet in TMR1. Folpet was chosen for this
analysis, because it is the organic PAI the most frequently used
in viticulture in France (Ambiaud 2012b). As can be seen
from Table S12 in the Electronic Supplementary Material, in
TMR1, Folpet is applied in May using a recycling tunnel. The
vineyard measures 100×100 m, the soil of UTB 131 has a
slope of 5 % and it not drained. There is no surface water near
the vineyard; therefore, runoff of dissolved pesticide is classi-
fied as an emission to agricultural soil. The climate used to
model this scenario was Blaison-Gohier’s. Starting from this
basis scenario, 37 parameters were, one at a time, increased
with 10 %. These parameters include direct inputs that can be
modified by PestLCI 2.0 users, as well as parameters included
in the model’s climate and soil profiles and properties of the
active ingredient. Each parameter was changed with the same
percentage in order to allow for a comparison of the sensitiv-
ities of the different parameters. For each change in input
parameter, the emissions to air, agricultural soil and ground-
water were calculated. Finally, the percentages of change in
the emissions were calculated. Since the aim of this assess-
ment is to focus on the inventory data collection, rather than
determining the sensitivities of the final results, this sensitivity
assessment was carried out for one active ingredient.

The scenario sensitivity analysis was conducted on the in-
puts that involve discrete data, i.e. type of sprayer, of soil or
climatic datasets. The effects of input change on the model
outputs were assessed in terms of percentage of variation of
the output in comparison to a reference case. The tested input
types were assessed on basis of the same PAI application
event, by varying one parameter at a time. A reference case
was chosen for each input type (Table 4). For example, the

tunnel sprayer was taken as the reference sprayer, and the
emissions found for the other sprayers were expressed as a
negative or positive change of the emissions, expressed in a
percentage, compared to the emissions calculated with the
tunnel sprayer.

3 Results

3.1 Case study: emissions of organic PAIs and FwEtox

3.1.1 With Pest-LCI 2.0

Emissions were calculated by PestLCI 2.0 for every organic
substance application done in 2011 for the three TMRs.
Inorganic PAIs were excluded from the calculation, since they
fall outside the scope of PestLCI 2.0.

The emission fractions vary to a large extent. These varia-
tions are determined by the PAIs’ properties as well as parcel
and application conditions (Fig. 3).

They do not exceed 0.35 and are lower than 0.15 for
most of the PAI applications. They are highly dominated
by air emissions, followed by ground water emissions.
Emissions to nearby agricultural soil are negligible (from
2×10−20 to 2×10−4) and thus not visible on the charts.
The absence or quasi-absence of freshwater emissions
can be explained by the absence of water body around
the parcels.

The three fungicides Tetraconazole, Cymoxanil and
Mefenoxamwere found to have the highest emissions, follow-
ed by two herbicides (Aclonifen and Amitrole).

For a same PAI, e.g. Amitrole, sprayed in all three TMRs,
with the same type of boom, and on the same canopy (grass),
emissions to air and to groundwater vary because of different
soil and climatic conditions. These drivers are explored in the
sensitivity analyses section.

High emission fractions do not necessarily lead to high emis-
sions: For most of the PAIs, high emissions are compensated by
very low application doses (Cymoxanil, Tetraconazole), leading
to moderate emissions quantities (Fig. 4).

The quantity of PAIs emitted per application is not
higher than 0.14 kg/ha in all scenarios. As it was the case
for the emission fractions, the emission quantities are dom-
inated by air emissions. Due to the combination of a large
quantity applied (around 1 kg/ha) and high emission frac-
tions, Amitrole dominates the emissions to air in the three
TMRs. After, Amitrole, Folpet and Aclonifen show the
highest emissions. In contrast, for Mancozeb, though ap-
plied at high rates, moderate emissions are observed due to
low emission fractions.

FwEtox calculated applyingUSEtox™CFs (Fig. 4) reveals
high differences for the different applications, due to high
disparities in ecotoxicological profiles of the PAIs. The

Table 3 Soil and cover crop characteristics of the three TMR studied

Case Soil Slope% Cover crop extent Tillage

TMR1 - UTB131 5 70 % high density No

TMR2 - UTB25 6 30 % average density No

TMR3 - UTB35 3 50 % average density No
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FwE tox o f TMR1 i s domina t ed by Ac lon i f e n
(500 PAF m3 day), Fluopicolide (80 PAF m3 day) and
Cymoxanil (40 PAF m3 day). The other TMRs show much
lower FwEtox than TMR1.

Multiple factors differentiate the case vineyards TMR1,
TMR2 and TMR3. The main factors are considered to be soil
characteristics, sprayer equipment used and type of pesticides
applied. TMR1 shows higher emission fractions than TMR3;
however, the total mass of emitted pesticide is lower because
of the low doses applied for some substances. TMR2 and
TMR3 show a much lower total FwEtox (33 and
37 PAF m3 day) than TMR1 (634 PAF m3 day), mainly due
to the high ecotoxicity of Aclonifen used in TMR1, even if
this PAI is applied via sheltered boom, limiting wind drift. The
comparison between the three TMRs discussed here considers
only organic PAIs, even though inorganic substances are also
involved in these three vine protection strategies but could not
be assessed.

3.1.2 Comparison of PestLCI 2.0 results with two simplified
emission modelling approaches

The Ecoinvent approach applied for pesticides assumes that
100 % of the applied pesticide is emitted to the soil (Nemecek
and Schnetzer 2011); thus, the agricultural soil is considered
part of the ecosphere. Neto et al. (2012) in their LCA of
Portuguese wine Vinho Verde propose a substance generic
partition as with 75 % of pesticides emitted to soil and 25 %
to the air. The results between the three approaches were com-
pared on TMR1 to TMR3 organic pesticides application pro-
gram (Fig. 5).

As the results are not normally distributed, means and
standard deviation cannot be used; results are thus compared
through their medians and their distribution.

In the present study, the median of total emission fraction
modelled with PestLCI 2.0 is 26 times lower than the total
emission fractions estimated by the Ecoinvent and Neto et al.

Table 4 Tested input types for scenario uncertainty analysis, reference characteristics and number of alternatives tested

Tested input Btype^ Reference PAIs Month Alternatives tested

Weeding booms PestLCI 1 soil incorporation Aclonifen March IMAG conv boom bare soil, IMAG conv boom cereals

Sprayers Tunnel sprayer Folpet May sprayer IDK, sprayer spider vault, sprayer CG pneumatic,
sprayer Abmost pneumatic, sprayer GRV fantip, sprayer
GRVAVI air assisted, sprayer GRVAVI non air assisted,
sprayer pendillard TVI, sprayer crossflow fruit

Interception by
mixed canopies

Vine 0 0 %grass Folpet March Vines 0—w30% grass, Vines 0—h30% grass, Vines I—a0%
grass, Vines I—w50% grass, Vines 0—h80% grass,
Vines II—a0% grass, Vines II—w100% grass

Soils UTB 131 Folpet March UTBs 11, 25, 35, 156

Tillage No tillage Folpet March Tillage

Months March Folpet March April, May, June, July, August

Climatic dataset Oct. 2010: Sept. 2011 Full program (11 PAIs) March: July 10/2009–9/2010; 10/2011–9/2012;
average of the 3 years10/2009–9/2012;
30 year average 1981–2010 Beaucouzé

Fig. 3 a–c Fraction of applied PAIs emitted in the four compartments presented in the chronologic order of application during 2011 cultivation year
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(2012) approaches (Neto et al. (2012) total emissions=
25%air+75%soil=100 %=Ecoinvent soil emissions). The
median of PestLCI 2.0 modelled emission fraction to air is
seven times lower than the total emission fraction to air esti-
mated by the Neto et al. (2012) approach.

This leads to huge differences in FwEtox estimates
(USEtox™ CFs applied in all cases) (Fig. 6): 32 times lower
with PestLCI model than Ecoinvent and 36 times lower than
Neto et al. (2012) approach.

Very high variability in FwEtox results within each of the
three approaches must be noticed, which can be explained by
large differences in the PAIs’ CFs.

The emission quantities of individual PAIs that are estimat-
ed by PestLCI 2.0 are always lower than the simplified emis-
sion modelling approach estimates (Fig. 7).

The PestLCI approach results in total emissions that are
between 3 (Cymoxanil, TMR1) and 143 (Glyphosate,
TMR2) times lower than the 100 % emitted to soil approach
(Ecoinvent). PestLCI emissions to air are between 0.75
(Cymoxanil, TMR1) and 42 (Flazasulfuron, TMR3) times

lower than Neto et al. (2012) approach. Moreover, the ranking
of the PAIs on basis of their FwEtox is not the same between
PestLCI 2.0 and the two simplified emission modelling
approaches.

3.2 Sensitivity analysis

3.2.1 Sensitivity of the model to quantitative inputs

The results for the sensitivity analysis are summarized in
Table 5. This table lists the three input parameters to which
the emissions to air, surface water and ground water are most
sensitive. The sensitivities of all tested parameters are found in
Table S13 in the Electronic Supplementary Material.

The emissions to air are mostly sensitive to parameters that
determine pesticide presence on leaves like solar irradiation,
which affects the rate of degradation. Since degradation com-
petes with volatilization, a change in the degradation rate af-
fects the rate of volatilization. The average ambient temperature
affects both the volatilization and degradation rate. The third

Fig. 4 a–cQuantities of PAIs emitted and per hectare of vineyard in the four compartments and FwEtox calculated by USETox™ (note the log scale for
FwEtox impacts) in the chronologic order of application during the 2011 cultivation year

Fig. 5 Comparison of PAI
emissions and their distribution
calculated on the three plots
vineyard protection programs
(organic PAIs) by PestLCI 2.0,
Ecoinvent and Neto et al. (2012)
approaches. Each boxplot shows
the median of all values (bold
line) flanked by the first (bottom)
and the third (top) quartiles (limits
of the box) and first (bottom) and
ninth (top) deciles (whiskers),
outliers are plotted as individual
points; three major contributing
PAIs are illustrating the
differences (colour points)
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most sensitive parameter was found to be the primary in-
terception fraction, determining the pesticide distribution
between leaves and soil. The choice of application method
can be even more influential than the other parameters
tested in Table 5, but as a discrete choice, it was included
in the scenario sensitivity analysis (see Sect. 3.2.2). The
emissions to nearby agricultural soil (or surface water, had
that been present) are sensitive to parameters that deter-
mine how much pesticide is present on the soil surface
such as the fraction of applied pesticide that is intercepted

by leaves and the soil half-life of the pesticide. Moreover,
the slope of the field was shown to be an important param-
eter: The steeper a slope, the more rain water will start to
run off. Finally, emissions to ground water were also found
to be mostly sensitive towards the fraction of pesticide that
initially reaches the soil, as well as towards soil properties.

3.2.2 Scenario sensitivity analysis

The sensitivities of fair, fsw, fgw and FwEtox to the dif-
ferent inputs cited in Sect. 2.3 were calculated by mak-
ing each input vary in the range of values available in
the model (Table 6).

Sensitivity analysis results of fair and FwEtox show a very
strong correlation (see Fig. S1 in the Electronic Supplementary
Material) because fair is the major emission route in this case
study. For this reason, only fair sensitivity results will be pre-
sented in the section below.

The most influential parameters on fair are the interception
by the canopy (or canopies) and, to a lesser extent, the climatic
annual dataset. Concerning fgw, the main drivers turned out to
be the climatic dataset (climatic year or climatic month).

A complementary sensitivity scenario analysis on four climat-
ic dataset including averages on 30 years on a complete treat-
ment program is available in the Electronic Supplementary
Material, Sect. S-E.

4 Discussion and outlook

4.1 Case study insights

When using the original USEtox™ CFs for Folpet, the
dominancy of Folpet found in the FwEtox results of the

p.LCI_FwEtox Ecoinvent_FwEtox Neto_FwEtox
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Fig. 6 Comparison of FwEtox calculated on the three TMR’s vineyard
protection programs emissions (organic PAIs) with USETox™ CFs
(logarithmic scale). Each boxplot shows the median of all values (bold
line) flanked by the first (bottom) and the third (top) quartiles (limits of the
box) and first (bottom) and ninth (top) deciles (whiskers), outliers are
plotted as individual points, and three differently contributing PAIs are
illustrating the differences (colour points)

Fig. 7 a–c Comparison of emissions per hectare treated from PestLCI 2.0 and two simplified emission modelling approaches
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present case study is consistent with results obtained by
Vázquez-Rowe et al. (2012) and Villanueva-Rey et al.
(2014) with PestLCI 1.0, where FwEtox is found to be
dominated by Terbuthylazine (which was not applied
here, its use being forbidden in France since 2003) and
Folpet. A comparison of the present TMRs FwEtox pro-
files (using the original USEtox™ CFs for Folpet) with
the results obtained by Vázquez-Rowe et al. (2012) with
PestLCI 1.0 in Galician vineyards shows very good en-
vironmental performance of the present TMRs: TMR1’s
FwEtox is half of the lowest FwEtox mentioned by this
author (Copper impacts removed). However, the version
of PestLCI used by these authors is an older version and
was not customized for viticulture. This may have caused
overestimations of the emissions: The recycling tunnel
sprayer used to apply Folpet results in emissions to air

that are lower than other application methods available in
PestLCI 1.0. Moreover, the emissions to surface water
are in general found to be lower in PestLCI 2.0 than in
PestLCI 1.0 (see for example Dijkman et al. (2012)). The
new CFs that we have calculated for Folpet and used in
this paper yield a low FwEtox for this PAI and thus a
lower FwEtox for TMR1.

Inorganic or partially inorganic PAIs could not be
modelled here because of the lack of model appropriated
to their specific physical-chemical behaviour; however,
they were also applied to the case vineyards (see
Table S12 in the Electronic Supplementary Material): one
(TMR3) to five (TMR1) PAIs applications. The copper-
based PAIs are particularly expected to further increase
the FwEtox of the TMRs if included (Mackie et al. 2012;
Vázquez-Rowe et al. 2012). Their widespread use in viti-
culture reveals the need for models capable of quantifying
inorganic PAIs emissions.

4.2 Sensitivity and inventory priorities

The results of the sensitivity analysis shown in Table 5 do
not give the same hierarchy between the parameters as
those presented by Dijkman et al. (2012). This can be ex-
plained by differences in active ingredients, soil, climate
and pesticide application methods used as inputs between
both studies. In addition, modelling of some of the fate
modules in PestLCI has been modified, as described in
Dijkman (2014).

The sensitivity analyses show that climate, canopy inter-
ception and soil granulometry playmajor roles in the results of
both PAI emissions and FwEtox. Therefore, these parameters
should, ideally, not be estimated by default or average values.
Moreover, efforts should be put onmain contributors to fair, fsw
and fag.soil sensitivity because, in the current state of character-
ization methods, emissions to ground water are not taken into
account for impact calculation.

Table 5 Summary of sensitivity analysis, showing sensitivities as the
change in emissions resulting from a 1 % change in the given input
parameter

Parameter Sensitivity (%)

fair
Solar irradiation −3.0
Taverage in the month of application 2.2

Interception fraction 0.99

fsw/ag.soil
Interception fraction −6.9
Field slope 1.3

Soil half life 1.1

fgw
Interception fraction 6.9

Soil solid matter fraction 3.2

Soil water fraction 2.1

fair emissions to air, fsw/ag.soil emissions to surface water/near-field agri-
cultural soil, fgw emissions to ground water

Table 6 Highest variations of emission fractions per input type

Input type Reference PAIs Highest variation
fair in %

Highest variation
fsw in %a

Highest variation
fgw in %

Number of
alternatives tested

Weeding booms PestLCI 1 soil incorporation Aclonifen 4 −0.53 −0.53 2

Sprayers Tunnel sprayer Folpet 51 No emissions −5 9

Interception by mixed
canopies

Vine 0 0 %grass Folpet 378 −77 −77 7

Soils UTB 131 Folpet 0.03 −100 −64 4

Tillage No tillage Folpet 0 0 −87 2

Months March Folpet 43 −63 −73 5

Climatic dataset Oct. 2010: Sept. 2011 11 PAIs 65 NA 443 3

aA freshwater water body was considered at 20-m distance from parcel boundary, except for climatic dataset test
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The importance of pesticide interception by plant and
cover-crop canopies, especially on fair, implies that
width and density of grass cover strip as well as vine
development stages must be well documented in
viticulture.

The importance of the climatic dataset on emissions to fair
and fgw points out the necessity to use the actual climatic
dataset of a given year when one wants to assess a real TMR
in that given year: the use of another climatic year or long-
term average climatic data can introduce important uncertain-
ty in the results.

The choice of soil type induces important variations in
emissions to water fsw and fgw but causes very few
changes in fair. However, detailed soil description is time
consuming and/or costly, hence not available for all vine-
yard situations.

Concerning the role of sprayer type in PestLCI 2.0, results
of herbicides emissions are nearly not affected by the choice
of weeding boom type; in contrast, the type of sprayer chosen
for applications on vine canopy is the third most important
driver of fair variation.

4.3 Comparison to simplified emission/inventory
modelling approaches

Large differences in emissions and impacts were found
between the two simplified emission/inventory model-
ling approaches (Ecoinvent and Neto et al. (2012)) and
PestLCI 2.0-based emission quantification. The defini-
tion of system boundaries is shown to have considerable
influence on a pesticide’s emissions quantification re-
sults (Dijkman et al. 2012; van Zelm et al. 2014). In
the studies presented by Nemecek and Schnetzer (2011),
Neto et al. (2012) and Petti et al. (2006), soil (in gen-
eral, including agricultural soil) is considered part of the
ecosphere, and all pesticide transfers to this compart-
ment are considered emissions to the ecosphere. The
PestLCI model, in contrast, considers the entire field
parcel as part of the technosphere including the top
1-m soil and a 100-m air column above it (Birkved
and Hauschild 2006; Dijkman et al. 2012), and models
fate of chemicals within the technosphere and emissions
to the ecosphere (Dijkman et al. 2013). This choice was
done considering that agricultural fields are highly ma-
nipulated and controlled and therefore not “natural”.
Accounting for the sole emissions that cross the parcel
borders is a first element limiting the quantity of emitted
pesticides as modelled by PestLCI 2.0, compared to the
other approaches tested. However, that is not the only
cause of lower emissions and FwEtox; considering pro-
cesses of evaporation, runoff and leaching, including the
actual properties of the PAIs applied, canopy influence,
soils and sprayers all allow for a more accurate

adjustment of estimates to the real phenomena.
Degradation of PAIs and their uptake by the plants are
actual processes that are not considered in the simplified
emission modelling approaches tested but accounted for
in PestLCI 2.0.

A “100 % emission to agricultural soil” assumption,
as done in Ecoinvent, at first glance appears to be rather
conservative (e.g. interception by the crop is completely
neglected etc.). However, the available life cycle impact
assessment (LCIA) methods (e.g. USES-LCA (van Zelm
et al. 2009), CML 2002 (Guinee 2002), etc.) differ in
their system boundaries and assumptions. Some of these
LCIA methods model agricultural system-ecosphere
transfers, and the inventory just needs to quantify the
amount of PAIs emitted from the sprayer. Ecoinvent’s
“100 % emissions to agricultural soil” assumption is
relevant in the case of use of these specific LCIA
methods (Nemecek, personal communication 2014);
nevertheless, site and application technique-specific con-
ditions’ influence on the emissions cannot be accounted
for applying this standard Ecoinvent emission quantifi-
cation approach.

In the case of use of LCIA methods that do not model
the transfer from agricultural system to ecosphere and
degradation processes as USETox™, this “100 % emis-
sions to agricultural soil” assumption might lead, as
shown in the present study, to the overestimation of im-
pacts to soil or also to the underestimation to impacts in
water and air. Thus, the pesticide emission fractions need
to be improved by the LCA practitioners on a case to case
basis potentially taking into account dynamic issues
which cannot be handled by inventory databases. This
assessor-driven improvement of the pesticide emission
profiles, however, is only in few (including the present
case) performed. Further applying complex inventory
models like PestLCI is a time- and data-demanding issue.
However, neglecting e.g. crop interception, will entail
overestimation of the emission fractions, and hence, ap-
plication of the conservative default pesticide emission
profiles applied in Ecoinvent, as well as the approach
used by Neto et al. (2012), will lead to an overestimation
of the potential toxicity impacts induced by application of
pesticides in most crop-related LCAs. Comparing the ap-
proaches applied by Ecoinvent and Neto et al. (2012)
would most likely reveal that the Ecoinvent approach is
the least conservative of the two approaches due to the
partial immobilization of pesticides in the soil compart-
ment combined with the effective removal/fate processes
taking place in this compartment.

It is obvious that the three compared approaches yield
quite different results, which may appear peculiar. One might
ask if some of the considered inventory approaches are
overestimating/underestimating the pesticide emissions.
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Apart from the already mentioned study by Dijkman et al.
(2013), little work seems to have been done in trying to
answer this question, or the consequence of the different
modelling approaches on freshwater ecotoxicity impacts.
The question whether the inventory approaches studied
here are overestimating or underestimating emission is
hard if possible to answer at all, since the perception of
whether the field or parts hereof belongs to the
technosphere/ecosphere and hence what pesticide flows
should be regarded elementary/non-elementary flows will
in accordance with Hofstetter (1998) differ from assessor
to assessor and hence differ depending on the way the
assessor perceives the world. Since PestLCI, in line with
Hofstetter (1998), considers the field as part of the
technosphere, the fate processes occurring in the field are
also taking place within the technosphere. Numerous fate
processes take place within the technosphere (in relation to
e.g. waste water treatment, bread baking, beer brewing
processes, etc.); however, the fact that the in-field fate
processes are handled by a pesticide dedicated fate model
and not by a chemical generic characterization model is a
distinctive feature of PestLCI.

4.4 Further improvements and developments

PestLCI 2.0 could be improved by further developments in the
modelling of airborne drift, which can be considerable (Jensen
and Olesen 2014), but the complexity of the phenomena (Gil
et al. 2008) and the lack of (generic) data are considered major
obstacles for this improvement. More or less for the same
reasons, pesticide metabolites are not accounted for in the
present version of PestLCI 2.0. Accounting for application
parameters as sprayers’ speed, droplets size, temperature and
relative humidity would be ideal for further refinement of the
modelling of the spray mixture behaviour and fate, but these
parameters are too difficult to obtain from the growers and
would further entail an even more complicated inventory.

Dousset et al. (2010) found that a grass cover under vines
permitted a twofold to fourfold reduction of pesticides
leaching to groundwater in relation with increase of PAIs sorp-
tion in the soil thanks to organic matter content increase. This
question could not be addressed here but should be addressed
in the further developments of PestLCI 2.0.

High percentages of stones can be found in many vineyard
soils, modifying water and solutes flow in the soil. These
aspects could not be included in the present customization of
PestLCI 2.0. However, improvement of the way soil texture
affects macropore transport in PestLCI 2.0 is recommended as
an important issue to be considered in the coming PestLCI
versions.

After the end of the vineyard life, the parcel can be bound
to other uses and then can be considered coming back to
ecosphere. The quantity of PAIs remaining in the soil after a

given period (i.e. 30 or 40 years, when the vines typically are
pulled out) is information that would be useful for estimating
impacts of viticulture, in case of land use change. This infor-
mation would be valuable inputs for soil quality indicators and
could also be applied to land use changes related to agriculture
in general.

The question of impacts of pesticides on the ecosystem
present in the field, which is considered here as technosphere,
is a controversial question (van Zelm et al. 2014), especially
because in integrated farming and organic farming, this ecosys-
tem is considered as an ally against pests and disease and
should be preserved as much as possible. However, according
to ILCD (European Commission Joint Research Centre 2010),
“Pesticide and fertilizer applications are no emission, but part
of the product flows within the (man-managed) technosphere”.
Hence, the question of effects of pesticides on internal ecosys-
tems should be addressed in a different way e.g. by accounting
for reduced ecosystem services by land use change (i.e. the
transition from ecosphere to technosphere) or through specific
biodiversity indicators.

In organic viticulture, sulphur and copper (inorganic PAIs)
are the only means available to manage respectively powdery
and downy mildew and represent important quantities of ap-
plied pesticides in viticulture in general, especially sulphur. As
previously mentioned, PestLCI 2.0 model is designed only for
organic PAI emissions modelling. Thus, a comparison between
conventional and organic viticulture or the inclusion of organ-
ically managed cases in a study cannot be dealt with solely
through PestLCI 2.0. In contrast to pesticides, ILCD
(European Commission Joint Research Centre 2010) points
out the fact that “some inputs to soil do not leave the
technosphere via leaching etc., but are accumulated in the soil.
The amount/…/ applied to the field is directly inventoried as
emission to agricultural soil”, the latter is also the case for
copper used as pesticide in viticulture (Mackie et al. 2012) that
should thus be inventoried as heavy metal. Nevertheless, the
primary distribution should be calculated first, especially to
quantify drifted copper to ecosphere. A model similar to
PestLCI is needed for emissions modelling of other inorganic
pesticides. Upon release, inorganic chemicals undergo specia-
tion (meaning that an e.g. copper emission to arable land simply
cannot be modelled as an emission of e.g. Cu2+ but should be
modelled as a set of species (CuOH+, CuCl+, CuCO3, Cu2

+,
Cu+, CuSO4, etc.). Many of such species do not degrade as
organic chemicals do, and the fate modelling of inorganic emis-
sion is typically focused on the removal of such species (via
burial in sediments, leaching in soils, etc.) from the part of the
ecosphere, where interaction with biological receptors may oc-
cur (i.e. the part of the ecosphere where (eco)toxicological ef-
fects may occur). Modelling the behaviour of inorganic emis-
sions to arable land hence demands a different approach than
when modelling emissions of organic chemicals. These differ-
ences are so large that in order to model inorganic pesticides
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appropriately in PestLCI, a range of new sub-models for inor-
ganic chemicals would have to be developed for PestLCI.

An additional, however important, issue is whether the
overall uncertainty improvements provided by highly
specific/detailed inventory approaches such as PestLCI make
sense keeping in mind the considerable uncertainties related
with other steps in LCA e.g. characterization of chemical
emissions. We think that if any uncertainty aspect in LCA
can be improved, it should be improved irrespective of wheth-
er other steps in LCA currently can or cannot match such
uncertainty improvements. LCA is still developing, and chem-
ical characterization in LCA will also at some point in time
maturate (and thus move beyond consensus) in terms of
uncertainty.

5 Conclusions

While having been intended mainly for arable crops, the
PestLCI 2.0 inventory model, due to its rather flexible frame-
work, has here been adapted for viticulture without
compromising the model framework. The PestLCI 2.0 cus-
tomized version for viticulture, presented in the paper at hand,
facilitates the calculations of emission loads for vertically
trained vineyards with a wide range of sprayers. It further
provides a considerable, though non-exhaustive, PestLCI pes-
ticide database update of viticulture-specific PAIs, completed
by the corresponding USEtox™ FwEtox CFs, and it allows
taking into account cover crop effect on PAIs emissions. High
variability of PAI emissions and FwEtox due to pesticides
properties, spraying and environmental conditions, and com-
parison with simplified emission modelling approaches of
pesticides PAIs emissions quantification show the interest of
substance- and conditions-specific modelling with PestLCI.

Finally, some of the new PestLCI model parameters can
also be used for other perennial or bush crops as long as
equipment, canopy shape and PAIs stay in the range of avail-
able options.

Acknowledgments The authors thank Interloire and Region pays de la
Loire for funding, the winegrowers for their time and data, MM. E.
Bezuidenhoud, C. Renaud, A. Rouault, Miss D. Boudiaf and S. Beauchet
for their help in data collection, Mrs C. Sinfort and M. S Codis for their
results communication, Mr T. Nemecek for answering our questions
about Ecoinvent, Mr M. Benoît for his core reading and Mrs F. Jourjon
for her advices. The authors thank the four anonymous reviewers for their
contribution to the improvement of the paper.

References

(2013) The Pesticide Properties DataBase (PPDB) developed by the
Agriculture & Environment Research Unit (AERU). University-of-
Hertfordshire 2006–2013

Ambiaud E (2012a) Moins de désherbants dans les vignes vol Oct 2012.
Agreste, statistique agricole

Ambiaud E (2012b) Pratiques phytosanitaires dans la viticulture en 2010,
SSP - Bureau des statistiques végétales et animales vol Oct 2012

Ardente F, Beccali G, Cellura M, Marvuglia A (2006) POEMS: a case
study of an Italian wine-producing firm. Environ Manag 38:350–
364

ATMO Drôme-Ardèche, COPARLY, SUP’AIR (2010) Suivi des pesti-
cides dans l’air ambiant, Mesures réalisées en 2007–2008 en secteur
de viticulture (69), de grandes cultures (38) et en zone péri-urbaine
(07). ATMO Drôme-Ardèche, COPARLY, SUP’AIR

Aubertot J-N et al (eds) (2005) Pesticides, agriculture et environnement.
Réduire l’utilisation des pesticides et en limiter les impacts
environnementaux, Rapport d’Expertise scientifique collective

Benedetto G (2013) The environmental impact of a Sardinian wine by
partial Life Cycle Assessment. Wine Econ Policy 2:33–41

Berghoef N, Dodds R (2013) Determinants of interest in eco-labelling in
the Ontario wine industry. J Clean Prod 52:263–271

Bessou C, Basset-Mens C, Tran T, Benoist A (2012) LCA applied to
perennial cropping systems: a review focused on the farm stage.
Int J Life Cycle Assess 18:340–361

Birkved M, Hauschild MZ (2006) PestLCI–a model for estimating field
emissions of pesticides in agricultural LCA. Ecol Model 198:433–
451

Bosco S, Di Bene C, Galli M, Remorini D, Massai R, Bonari E (2011)
Greenhouse gas emissions in the agricultural phase of wine produc-
tion in the Maremma rural district in Tuscany, Italy. Ital J Agron 6:
93–100

Brausch J, Smith P (2007) Toxicity of three polyethoxylated tallowamine
surfactant formulations to laboratory and field collected fairy
shrimp, thamnocephalus platyurus. Arch Environ Contam Toxicol
52:217–221

Brugière F (2009) Pratiques culturales sur vignes et pratiques
oenologiques: connaissances et opinions des Français Viniflhor-
Infos Vins et Cidres 160:1–10

Celen I (2010) The effect of spray mix adjuvants on spray drift. Bulg J
Agric Sci 16:105–110

Christ KL, Burritt RL (2013) Critical environmental concerns in wine
production: an integrative review. J Clean Prod 53:232–242

Codis S (2014) personal communication about drift measurement in viti-
culture and vineyard sprayers characteristics

Codis S, Bos C, Laurent S (2011) Réduction de la dérive, 8 matériels
testés sur vigne. Phytoma 640:1–5

Codis S et al (2014) Une vigne artificielle pour tester la qualité de la
pulvérisation. Phytoma April 2014 20–25

Dijkman T (2014) Modelling of pesticide emissions for Life Cycle
Inventory analysis: model development, applications and implica-
tions. phD Thesis, Technical University of Denmark

Dijkman T, Birkved M, Hauschild M (2012) PestLCI 2.0: a second gen-
eration model for estimating emissions of pesticides from arable
land in LCA. Int J Life Cycle Assess 17:973–986

Dijkman TJ, BirkvedM, Hauschild MZ (2013) Fate process modelling in
LCI: improving inventory quality or double counting? Paper pre-
sented at the SETAC Europe 23rd Annual Meeting, Glasgow

Dousset S, Thévenot M, Schrack D, Gouy V, Carluer N (2010) Effect of
grass cover onwater and pesticide transport through undisturbed soil
columns, comparison with field study (Morcille watershed,
Beaujolais). Environ Pollut 158:2446–2453

Ducroz F (2006)Mesures de produits phytosanitaires dans l’air en Anjou,
campagne de mesures été 2006. Air Pays de Loire

European Commission Joint Research Centre IfEaS (2010) International
Reference Life Cycle Data System (ILCD) handbook - general
guide for life cycle assessment - detailed guidance. First edition
vol EUR 24708 EN. Publications Office of the European Union,
Luxembourg, doi:10.2788/38479

1542 Int J Life Cycle Assess (2015) 20:1528–1543

http://dx.doi.org/10.2788/38479


European-Commission (2014) Geographical indications and traditional
specialities. http://ec.europa.eu/agriculture/quality/schemes/index_
en.htm, Accessed 30 Jul 2014

Ganzelmeier H (2000) Drift studies and drift reducing sprayers -a german
approach. Paper presented at the 2000 ASAE annual international
meeting, Milwaukee, Wisconsin, July 9–12 2000

Gazulla C, Raugei M, Fullana-i-Palmer P (2010) Taking a life cycle look
at crianza wine production in Spain: where are the bottlenecks? Int J
Life Cycle Assess 15:330–337

Gil Y, Sinfort C, Guillaume S, Brunet Y, Palagos B (2008) Influence of
micrometeorological factors on pesticide loss to the air during vine
spraying: data analysis with statistical and fuzzy inference models.
Biosyst Eng 100:184–197

Godard C, Boissy J, Suret C, Gabrielle B (2012) LCA of starch potato
from field to starch production plant gate. Paper presented at the
LCAFood 2012, 8th Int. Conference on LCA in the Agri-Food
Sector, Saint Malo, 1–4 Oct 2012

Goulet E, Morlat R (2011) The use of surveys among wine growers in
vineyards of the middle-Loire Valley (France), in relation to terroir
studies. Land Use Policy 28:770–782

Guinee J (2002) Handbook on life cycle assessment operational guide to
the ISO standards. Int J Life Cycle Assess 7:311–313

Hauschild MZ et al (2008) Building a model based on scientific consen-
sus for life cycle impact assessment of chemicals: the search for
harmony and parsimony. Environ Sci Technol 42:7032–7037

Hofstetter P (1998) Perspectives in life cycle impact assessment: a struc-
tured approach to combine models of the technosphere, ecosphere,
and valuesphere. Kluwer Academic Publisher

Hugonnot O, Payet J, Maillard E (2013) AIIDA: online database for
sharing and computing ecotoxicity data. Paper presented at the
Avnir, Lille, France, 4–5 Nov 2013

ISO (2005) ISO 22866: 2005, Equipment for crop protection - methods
for field measurement of spray drift

Jensen PK, Olesen MH (2014) Spray mass balance in pesticide applica-
tion: a review. Crop Prot 61:23–31

Joliet F (2003) Une typologie du paysage de vigne pour lire sa variété:
l’exemple du vignoble angevin. Rev Fr Oenol, pp 46–47

Linders J, Mensink H, Stephenson G, Wauchope D, Racke K (2000)
Foliar interception and retention values after pesticide application.
a proposal for standardized values for environmental risk assessment
(Technical report). Pure Appl Chem 72:2199–2218

Mackie KA, Müller T, Kandeler E (2012) Remediation of copper in
vineyards – a mini review. Environ Pollut 167:16–26

Mouron P, Scholz R, Nemecek T, Weber O (2006) Life cycle manage-
ment on Swiss fruit farms: relating environmental and income
indicators for apple-growing. Ecological Economics 58(3):561–578

Muthmann R, Nadin P (2007) The use of plant protection products in the
European Union, Data 1992–2003, 2007 edn. European
Commission. ISBN 92-79-03890-7

Nemecek T (2014) personnal communication about pesticide emission
accounting in Ecoinvent

Nemecek T, Schnetzer J (2011) Methods of assessment of direct field
emissions for LCIs of agricultural production systems, Data v3.0
(2012)

Neto B, Dias AC,MachadoM (2012) Life cycle assessment of the supply
chain of a Portuguese wine: from viticulture to distribution. Int J Life
Cycle Assess 18:590–602

Pattara C, Raggi A, Cichelli A (2012) Life cycle assessment and carbon
footprint in the wine supply-chain. Environ Manag 49:1247–1258

Petti L, Raggi A, De Camillis C, Matteucci P, Sára B, Pagliuca G,
EcoLogic F (2006) Life cycle approach in an organic wine-making
firm: an Italian case-study. Paper presented at the Fifth Australian
Conference on Life Cycle Assessment, Melbourne, Australia, 22–24
november 2006

Point E, Tyedmers P, Naugler C (2012) Life cycle environmental impacts
of wine production and consumption in Nova Scotia, Canada. J
Clean Prod 27:11–20

Renaud C, Benoît M, Jourjon F (2012) An approach for evaluation of com-
patibility between grape quality and environmental objectives in Loire
valley PDO wine production Bull OIV 85 (N° 977-978-979) 339–346

Renaud-Gentié C, Burgos S, Benoît M (2014) Choosing the most repre-
sentative technical management routes within diverse management
practices: application to vineyards in the Loire Valley for environ-
mental and quality assessment. Eur J Agron 56:19–36

Rosenbaum R et al (2008) USEtox—the UNEP-SETAC toxicity model:
recommended characterisation factors for human toxicity and fresh-
water ecotoxicity in life cycle impact assessment. Int J Life Cycle
Assess 13:532–546

Sinfort C (2014) personal communication about interception of spray mix-
ture by vineyard and grass cover at different stages of vine growth

Sinfort C, Cotteux E, Bonicelli B, Ruelle B (2009) Une méthodologie
pour évaluer les pertes de pesticides vers l’environnement
pendant les pulvérisations viticoles. Paper presented at the
STIC & Environnement, Calais, France, 2009

Tonietto J, Carbonneau A (2004) A multicriteria climatic classification
system for grape-growing regions worldwide. Agric For Meteorol
124:81–97

US-Environmental-protection-Agency (2012) EPI SuiteTM v4.11. US
Environmental protection agency

van Zelm R, Huijbregts MJ, van de Meent D (2009) USES-LCA 2.0—a
global nested multi-media fate, exposure, and effects model. Int J
Life Cycle Assess 14:282–284

vanZelmR, Larrey-Lassalle P, Roux P (2014) Bridging the gap between life
cycle inventory and impact assessment for toxicological assessments
of pesticides used in crop production. Chemosphere 100:175–181

Vázquez-Rowe I, Villanueva-Rey P, Moreira MT, Feijoo G (2012)
Environmental analysis of Ribeiro wine from a timeline perspective:
harvest year matters when reporting environmental impacts. J
Environ Manag 98:73–83

Villanueva-Rey P, Vázquez-Rowe I, Moreira MT, Feijoo G (2014)
Comparative life cycle assessment in the wine sector: biodynamic
vs. conventional viticulture activities in NWSpain. J Clean Prod 65:
330–341

Int J Life Cycle Assess (2015) 20:1528–1543 1543

http://ec.europa.eu/agriculture/quality/schemes/index_en.htm
http://ec.europa.eu/agriculture/quality/schemes/index_en.htm

	Pesticide emission modelling and freshwater ecotoxicity assessment for Grapevine LCA: adaptation of PestLCI 2.0 to viticulture
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Customization of PestLCI 2.0
	Active substances for pest, diseases and weed management in viticulture
	Spraying equipment for application of pesticides
	Accounting for primary distribution in double cropping systems
	Climate and soils datasets
	Modelling of pesticide runoff from the field surface
	Calculation of USEtox™ CFs

	Case study
	Functional unit
	Geographical situation, cultivar and practices
	Climate of the studied year
	Soils, environment and yields
	Vineyard protection programs

	Sensitivity analyses

	Results
	Case study: emissions of organic PAIs and FwEtox
	With Pest-LCI 2.0
	Comparison of PestLCI 2.0 results with two simplified emission modelling approaches

	Sensitivity analysis
	Sensitivity of the model to quantitative inputs
	Scenario sensitivity analysis


	Discussion and outlook
	Case study insights
	Sensitivity and inventory priorities
	Comparison to simplified emission/inventory modelling approaches
	Further improvements and developments

	Conclusions
	References


