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Abstract

The development of methodologies to assess the effects of pesticides in a consistent way and to enable comparison with the
impacts from other agricultural practices is urgently needed. This paper describes a life cycle assessment method to determine
the impact of pesticides on human health and ecosystems. The approach considers a full-fate analysis and the exposure to
toxic pollutants through different media and pathways, including residues in food, based on the behavior of the pesticides in
air and the importance of transfers between soil and surface or ground waters.

For human toxicity, estimates of pesticide residues show that food intake results in the highest toxic exposure, about 103

to 105 times higher than that induced by drinking water or inhalation. Better evaluation practices of pesticide residues in
food need to be established in priority. For the “no effect concentration (NEC)” used as a reference for both terrestrial and
aquatic ecotoxicity, extrapolation methods are developed on the basis of experimental data. Extrapolation coefficients for risk
assessment are to be used with caution; an intra-species extrapolation factor of 10 explained the relationship between acute
(LC50) and chronic (NOEC) ecotoxicity, whereas it was not suitable for inter-species extrapolation.

The method is applied to a case study of five fungicides that have the same function on wheat. Results obtained for the
100 most commonly used pesticides in Switzerland are presented. It is demonstrated that the comparison of pesticides is
feasible, the pollution sources of highest concern being identifiable and the best environmental management practices thereby
promoted without penalizing the crop itself.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Most agricultural production relies on the use of
chemicals to maintain high crop yields. The use of
these chemicals in modern farming practices is viewed
as an integral part of the success of the agricultural
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industry. However, most of the pesticides1 applied to
agricultural lands may affect non-target organisms and
contaminate soil and water media. In recent years there
has been an increasing concern that pesticides consti-

1 Pesticide is a generic term to describe a substance used to kill,
control, repel, or mitigate any pest. Insecticides, fungicides, roden-
ticides, herbicides, germicides, etc. are all pesticides. A pesticide
product consists of one or more active ingredients co-formulated
with other materials. In this paper we assess the impact of the
active ingredients and the term pesticide is used to describe the
active ingredient.
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tute a risk to the general population through residues
in the food supply.

There is a need to determine the extent of the
real problem concerning the use of pesticides. While
chemicals are not inevitably bound to have high en-
vironmental impacts, alternative methods such as
weed control by burning or mechanical processes
also generate emissions (Jolliet, 1994). Therefore, it
is important to go beyond any “a priori” and quantify
the respective impacts of different practices.

Several methods have been proposed to estimate
the environmental impacts of pesticide use, but most
of them approaches have strong limitations. Van der
Werf (1996) evaluated six methods to assess the envi-
ronmental impacts of pesticides and identified several
problems. These include a lack in the explicit def-
inition of the pesticide environmental impacts and
neglecting some important fate processes, toxicology
information or the amount of pesticide applied.

To determine the pollution potential of pesticides
the already existing methods can be grouped in the
following three main types of methods:

1. Transfer models as developed by Jury et al.
(1987) and Leonard (1990) target the fate of the
substances. Detailed knowledge of the physical,
chemical and microbial processes controlling their
persistence and transport in the different environ-
mental compartments is necessary. However, these
methods concentrate on the behavior of pesticides
in the environment and often ignore the effect on
the receptor population or ecosystem.

2. Ranking methods as used by Kovach et al. (1992),
Jouany (1995) and Newman (1995) incorporate
different effects, but the weighing is often made
without any reference to calculations. Also, risk as-
sessment methods take both fate and exposure into
account, but cannot provide insight into the trade
off between different impacts (Kolluru et al., 1996).

3. Environmental life cycle assessment (LCA) ap-
prehends the environmental impact of products
over their whole life cycle. This methodology is
designed to include different types of impact and
can be applied to various products. Methods such
as CML 92 (Heijungs et al., 1992) or Ecoindicator
(Goedkoop, 1995) incorporate several pesticides,
but on a very rough basis, considering only toxi-
cological and ecotoxicological data, but not their

fate in the environment. More recent LCA meth-
ods like Ecoindicator 99 (Goedkoop et al., 1999)
and USES-LCA (Huijbregts et al., 2000), evaluate
pesticides combining fate and exposure analysis
with toxic assessment for humans and ecosystems.
However, their scenario does not refer to agricul-
ture, i.e. no direct transfer to the treated crops is
taken into account, only diffuse emissions in a
well-mixed one box air model are considered.

For the development of modern and environmen-
tally friendly agriculture management, a new quanti-
fied approach is needed to evaluate the overall impact
of pesticides on the health of humans and ecosystems.
This paper answers this need by providing:

A) A method to evaluate the impact of pesticides on
human health, aquatic and terrestrial ecosystems.
The method enables:
• different exposure effects to be compared (in-

halation, intake via food and drinking water,
etc.);

• inter-media transfer, especially soil-to-water,
and the intra-media behavior in between air and
water to be modelled;

• fate, exposure and effect assessments to be com-
bined.

B) An application of the method to a limited number
of pesticides, to provide an example with the results
obtained for more than 100 pesticides commonly
used on arable crops in Switzerland.

First, the methodological framework is described
together with detailed models to calculate the different
impact coefficients (Section 2). Results are then pre-
sented in form of characterization factors (Section 3)
and damage from given application (Section 4). Dis-
cussion of the results, assumptions, margin of error
and model limitations are proposed in Section 5.

2. Methodology

2.1. Methodological framework for pesticide
evaluation

2.1.1. Impact characterization
The quantity of pesticide applied corresponds to

the mass (inventory) emitted into the environment.
For each impact category, a reference substance is
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selected. Then, emissions of each substance are trans-
formed into an equivalent emission of the reference
substance by applying a characterization factor. The
total effect score for an impact category is there-
fore obtained by multiplying the inventories by the
characterization factors corresponding to each effect
category: human toxicity potential (HTP), aquatic
ecotoxicity potential (AEP) or terrestrial ecotoxicity
potential (TEP) (Jolliet and Crettaz, 1997a):

Sj =
∑

i,m

CFTm
ij Mm

i , (1)

whereSj , total effect score in impact categoryj (kg
reference substance);Mm

i , inventory emissions (m: air,
water, soil, food), pesticides= mass emitted (kg of
substancei). CFTm

ij , characterization factor for sub-
stancei emitted in medium m, in a given impact cate-
gory j (kg of reference substance per kg of substancei).

2.1.2. General framework
This paper evaluates the impact of pesticides on

human health and ecosystems on the basis of a
semi-empirical method, the “critical surface time
(CST)” (Jolliet and Crettaz, 1997a). This method
includes a full fate analysis of different pollutants, re-
ferring to the residence time and the dilution volume2

in each media (air, water and soil) and the absorbed
fraction (e.g. in food). No effect concentrations, (NEC
for ecotoxicity) and human reference doses (HRD
for human toxicity) are used as toxicity measures
to evaluate the different effects. Novel mathematical
models are used to evaluate the residence time of pes-
ticides in air and to determine the inter-media transfer
soil–water, coupling substance degradation in the soil
with Swiss hydrological values.

2.1.3. Impact on human health
To compare between different routes of exposure,

the following effects are assumed to be equivalent: one
person inhales during one year the human reference
dose (HRDa) of the substancei or j in air; one person
ingests during one year the HRDf&w of the substance
k or l found in food or water.

According to the equivalency principles, human tox-
icity can be described as the overall fraction of an

2 The dilution volume corresponds to the volume per unit area
(m3/m2).

emission that is inhaled or ingested by all human be-
ings (the exposure efficiency or intake fraction3 (If m

i ))
divided by the yearly HRD. This ratio can also be in-
terpreted as the person equivalent of a population that
would be exposed to the HRD during one year for
every kg of substance emitted.

F m
i Em

i = If m
i

1

ρpNB · HRDm
i

, (2)

whereEm
i , effect factor of substancei in medium n

(air, water, soil or food chain);F m
i , fate and exposure

factor of substancei in the media n;N, number of days
per year= 365.25; B: average body weight= 70 kg;
HRDm

i , human reference dose for inhalation (mg/m3)
or ingestion (kg/kg day).

Jolliet and Crettaz (2000) and Bennett et al. (2001)
proposed an overall intake fraction (If) as a useful
concept to characterise fate and exposure in a simple
and meaningful way. The If can be expressed as the
ratio of total human intake to total emissions (Fig. 1)
and can be calculated for given media by multiplying
the fate factor4 with the amount of inhaled or ingested
exposure media as follows:

If m
i = τm

i

V m
i

ρpNVm in, (3)

where Ifmi , direct intake fraction for an emission
in media m;ρp, population density= 1.1 × 10−5

(person/m2) for the world;τm
i , overall residence time

of the substancei in medium m (year);V m
i , equiv-

alent dilution volume for substancei in medium m
(m3/m2); V m in, daily intake of air, water or soil
particles per person and day (m3/person day).

The If for food corresponds to the ingested frac-
tion and is detailed in Section 2.2.4. The characteri-
zation factor of a substancei is defined by comparing
the environmental effect of the substancei with the
effect of a reference substance. The characterization
factors are calculated as fate× effect factor, divided

3 Exposure efficiencyhas been defined by Evans et al. 2000 as
“the fraction of material released from a source that is eventually
inhaled or ingested.” Intake fraction is defined as the potential
intake to a defined population divided by the quantity emitted
(Bennett et al., 2001)

4 According to a mass balance within a given medium m, the fate
factor, defined as the concentration increase in medium m divided
by the emission flow, can also be expressed as the residence time
τm

l divided by the dilution volumeV m
i .



382 M. Margni et al. / Agriculture, Ecosystems and Environment 93 (2002) 379–392

Fig. 1. Pathways of pollutants from an emission to human exposure, via air and water (left) or food intake (right).

by the fate×effect factor of a reference substance (see
Eqs. (4) and (7)). It is assumed that toxic effects caused
by different modes of action and by different chemi-
cals can be aggregated, e.g. in terms of “equivalents”
of a single substance with a certain mode of action.

For human toxicity, the effect of the reference sub-
stance is arbitrarily chosen as lead (Pb) in air, consid-
ering only inhalation. Therefore:

HTPm
i = F m

i Em
i

F aa
PbE

a
Pb

, (4)

whereF aa
PbE

a
Pb = 0.13 m2 year kg−1

Pb
5. For pesticides

the overall HTP refers directly to the applied quantities
and is given by the sum of the transfer fraction fpn6

to media n (soil, air, water) × HTP of the respective
exposure route. The total effect score for the human
toxicity is then expressed as:

S = HTPtot
i Mi

= (f paHTPa + f pwHTPw + f pfHTPf )Mi (5)

2.1.4. Impact on aquatic and terrestrial ecosystems
Characterization factors for ecotoxicity are based

on the assumption that two emissions are equivalent if

5 Damage-effect slopes for all reference substances were calcu-
lated by Jolliet and Crettaz (1997a).

6 The transfer fractionfpn to media n is defined as the fraction
of the applied pesticide which is eventually transferred to media
n (air, water, soil).

they result in their respective NEC during one year in
the ecosystem under consideration. At concentration
levels lower than the NEC, the effect is assumed to be
linearly proportional to the concentration. Effect and
fate factors are similarly calculated both for aquatic
and terrestrial ecotoxicity. Therefore, one obtains for
aquatic ecotoxicity (replace w bys for terrestrial eco-
toxicity):

F w
i Ew

i = τw
i

V w
i

1

NECw
i

(6)

The aquatic and the terrestrial ecotoxicity potentials
of a substancei (AEP res. TEP) are defined by com-
paring the effect of the substancei with the effect of a
reference substance. Zinc (Zn) emitted into water and
into soil in the chosen reference:

AEPww
i = F ww

i Ew
i

F ww
Zn Ew

Zn
, (7)

where F ww
Zn Ew

Zn = 5.1 × 105 m2 year kg−1
Zn in water

=
7.1 × 106 m2 year kg−1

in soil
The same inter-media transfer factors as those used

for human toxicity apply, total effect score being:

S = f pwAEPwwMi (8)

2.2. Determination of fate factors

Eqs. (5) and (8) show that the characterization
factors first depend on the residence times, dilution
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volumes and transfer factors. The selected assump-
tions and models to calculate these parameters are
detailed below for each media. The LC Group web
page7 presents the values of all the coefficients and
the data sources.

2.2.1. Transfer to air
Distribution between soil, leaves and air mainly

depends on the application techniques, crop stage
and weather conditions. Pimentel and Levitan (1986)
showed that up to 50% the applied quantities could
be transported out of the field by wind. When a
spray boom is used, this amount could be reduced to
10–30%, according to Pimentel and Levitan (1986),
or to 1–10% according to Emans et al. (1992). The
European Commission for Agriculture assumes that
for water-based spraying using a boom sprayer 10%
of the applied active ingredient remains in the air
(or returns to air due to subsequent volatilisation) on
a long-term basis (Audsley et al., 1997). This sce-
nario is based on good weather conditions and has
been adopted in the present study. The fate of pesti-
cides in the air takes residence time into account (see
Eqs. (9)–(11)). This preliminary basis is discussed in
the sensitivity analysis.

For persistent pesticides, with residence time >60
days, the pollutant has time to dilute in the whole
atmosphere. The equivalent volume of dilution is then
fixed to 10,000 m3/m2. For shorter residence times,
degradation occurs before full mixing in the atmo-
sphere and is reduced according to the following equa-
tion (Jolliet and Crettaz, 1997b).

V = a τb (9)

for τ < 0.164 year (60 days) witha = 30,100,b =
0.61, (R2 = 0.82).

The total residence time in air for pesticide
aerosol–air partitioning (fraction of sorbed pesticide
on the aerosol divided by the substance in gas phase),
takes into account the residence times of both the
aerosol and the substance in the gas phase:

τtot = 1

K ′
pτa

+ 1

(1 − K ′
p)τg

, (10)

where τ tot, total residence time in the air of the
active substance (days);K ′

p, distribution coefficient

7 http://dgrwww.epfl.ch/GECOS/DD.

aerosol–air;τa, residence time of the aerosol in the
air (days);τg, residence time of the active substance
in the gas phase (days).

The residence time of pesticides in the gas phase
depends on the degradation constant of OH• radi-
cals and is calculated using a pseudo, first-order re-
action equation. The pesticide distribution coefficients
for aerosol–air are derived from the partition coeffi-
cient for octanol–air, using the empirical correlation
proposed by Finizio et al. (1997). The calculated res-
idence times range from a few hours to few days with
extremes up to more than one year.

2.2.2. Transfer to soil
The fraction of the active ingredient entering the

soil is assumed to be 85% of the total applied quantity,
assuming 5% stays on the leaves in addition to 10%
loss into the air (Audsley et al., 1997). This takes
into account the direct initial emission to soil (air to
soil), the fraction that comes from the air–plant–soil
pathway and what is deposited outside the field of
application. The dilution volume of the pesticides in
the soil is assumed to be 0.1 m3/m2.

2.2.3. Transfer to ground and surface waters
The ground water contamination is calculated

using the model of Jury et al. (1987), which assumes
steady water flow, equilibrium linear adsorption,
and depth-dependent first-order biodegradation. The
CREAMS-GLEAMS Model (Leonard et al., 1987)
is used to determine the transfer to surface waters.
The seasonal losses in surface water are calculated
according to a mass balance in the topsoil layer. The
equilibrium distribution of the pesticide between the
solution and the soil matrix is based on a dynamic
extraction coefficient, which defines the extraction
processes for the run-off to surface water.

The present study combines the CREAMS-
GLEAMS model with an analysis of measured pre-
cipitation at Yverdon (Switzerland) conducted over
three years. First order degradation was considered for
pesticides that remain in the soil between two storms.
Margni (1997) presented the detailed assumptions,
parameters defining the soil properties, hydrologi-
cal and erosion data used in the model to calculate
the pesticides losses into surface water. The princi-
pal pesticide parameters used in the various models
to calculate the transfer to surface and ground wa-

http://dgrwww.epfl.ch/GECOS/DD
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ters are: the organic carbon sorption coefficientKoc,
the residence time in the soilt1/2, and the quantity
applied. The results show that few substances reach
the ground water and in most cases the pesticide
run-off is less than 10% of the applied dose.

2.2.4. Transfer to food
To determine the amount of pesticide residues in

food and to look at their relevance compared to ex-
posure via inhalation and drinking water, the residue
concentrations are determined from tolerance values.
The tolerance value is defined as the maximal pesti-
cide concentration that could be observed in food from
a correct application and is commonly used to assess
dietary risk. However, tolerance values can markedly
overestimate real dietary exposure.

For chlorothalonil, Eilrich (1991) observed that the
average residue concentration after peeling, washing
and processing amounted to 5% of the tolerance value.
Due to the lack of available information in the liter-
ature, it is assumed that the pesticide concentrations
in food correspond to 5% of their respective tolerance
values to obtain a first estimate on the magnitude of
the transfer of pesticide to food. The transfer factor is
calculated as follows:

f pf = 0.05× Ctolerable× Qf

Map
(11)

whereCtolerable, tolerance value(kgactive substkg−1
product);

Map, applied doses for good agricultural practices
(kgactive substha−1); Qf , average yield (kgproductha−1).

Further studies are clearly needed to evaluate the
pesticide transfer to food in terms of a degradation
curve based on experimental measurements from the
time of application at successive intervals up to har-
vest.

2.3. Determining effect factors

The effect factor (E) is defined here as the inverse
value of a scientifically defined toxic threshold con-
centration.

2.3.1. Human reference dose
The HRD (or acceptable daily intake, ADI), defined

as the accepted non-toxic dosage in food and drinking
water per unit of body mass per day, is used to evaluate
the effect of pesticides on human health for intake

Table 1
Determination of the HRD for evaluating the effect on human
health (hierarchy of data and related extrapolation factors used
to determine reference doses, all data sources are given at:
http://dgrwww.epfl.ch/GECOS/DD)

Data used in priority Extrapolation factors

I. ADI 1
II. RfD 1
III. DTA 1
IV. Chronic toxicity NOEL or NEL 100
V. Acute toxicity LD50 10000

through food and drinking water. Table 1 describes the
hierarchy of data used to determine these reference
doses.

2.3.2. No effect concentration
The NEC is an extrapolated measure of the quan-

tity of pollutant per unit volume of water or soil,
which does not create unacceptable damage to the
aquatic and terrestrial ecosystems. Jager et al. (1994)
describe extrapolation methods used to derive NECs,
which are based on risk analysis principles using indi-
cator species to characterize the ecosystem sensitivity.
NECs are calculated from experimental acute (lethal
concentration (LC50)) or chronic (no observed effect
concentration (NOEC)) toxicity data combined with
extrapolation coefficients.

Ecotoxicological data for several pesticides are
lacking in aquatic ecosystems, especially for algae.
Jager et al. (1994) proposed an extrapolation fac-
tor of 10 to determine chronic no effect data on the
basis of the measured acute toxicity data (LC50 or
EC50), irrespective of the chemical. This extrapola-
tion method was tested in this study on 43 pesticides
for which both acute and chronic data were available.
Fig. 2 shows that the factor of 10 is an overestimate
but still representative of the studied pesticides. Apart
from one substance (propamocarb), maximal variation
ranged from a factor one to a factor 40. More than 70%
of the values are in the interval 1–10 with an average
of 7 and a median of 4 (excluding extreme values).

When ecotoxicological data for the three indicator
species algae, crustaceans and fish are not available,
risk assessment assumes an additional safety factor of
10 (Jager et al., 1994). This extrapolation was tested
in this study on the 53 data sets where the three
species were available. Fig. 3 shows that there is no

http://dgrwww.epfl.ch/GECOS/DD
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Fig. 2. Relationship between L(E)C50 and NOEC based on
43 species for which both L(E)C50 and NOEC were avail-
able (linear regression coefficient of log relationshipr2 = 0.8.
log(NOEC) = a log(L(E)C50) − b, with the following adjusted
coefficients and 90% confidence intervala = 0.88 ± 0.14 and
b = −0.66± 0.18).

direct correlation between data for two species and
those with the third. The algae value alone can de-
crease the NEC down to a factor 104. The extrapola-
tion method to determine the NEC for pesticides in
aquatic ecosystems is presented in Table 2.

LC50 data for earthworms have been used with an
extrapolation factor of 1000, as proposed by Jager
et al. (1994), to characterize ecotoxicological effects
when data are available for this species only. Data on
terrestrial ecosystems are often missing and the toxic

Fig. 3. Relationship between NEC calculated with two or three
indicator species based on 53 data set available for three species
(NEC2 species: NEC extrapolated with two available species: fish and
crustaceans. NEC3 species: NEC extrapolated with three available
species: fish, algae and crustaceans).

Table 2
Determination of NEC in aquatic ecosystem (method based
on risk analysis and data availability for the three indicator
species: algae, crustaceans and fish, all data sources are given at:
http://dgrwww.epfl.ch/GECOS/DD)

Procedures and data required

I. If values are available for algae, crustaceans and fish
Within each group (algae, crustaceans and fish), select the

lowest value NOEC/10 or L(E)C50/100
Select the lowest value from either NOEC/10 or

L(E)C50/100 over the three groups
II. If values are available for less than three groups

The NEC ranges between lowest NOEC or L(E)C50 ≤ NEC
≤ 10−4 × lowest NOEC or L(E)C50

effects of pesticides in soil could also be evaluated
for missing data on the basis of toxic values available
for aquatic organisms (Hauschild and Wenzel, 1998,
pp. 256–257):

NECs = NECw(Kdρ
s + vw) (12)

NECs, NEC in soil of substancei (kg/m3); NECw,
NEC in water of substancei (kg/m3); Kd, adsorption
or distribution coefficient of substancei (m3/kg); ρs,
soil density (kg/m3); vw, volumetric water content of
soil.

It is assumed that soil organisms are only exposed
to the pesticide present in soil pore water and that they
have the same sensitivity to water pollutants as aquatic
organisms. For this extrapolation, the aquatic worm
Tubifex is chosen as indicator species. LC50 data with
an extrapolation factor of 1000 are used. When no data
for Tubifex are available, NECs is directly extrapolated
from NECw.

3. Characterization factors

A selection of fungicides was chosen to provide
an example of the methodology: cyproconazole, hexa-
conazole, tebuconazole, chlorothalonil and flusilazole
are all used on wheat crops againstSeptoriaspp.8

Table 3 presents the way characterization factors are
calculated for chlorothalonil. Effects through residues

8 A disease that may be caused by three different fungi, which
affect seed germination and causes seedling blight and has the
potential to cause serious yield losses. Wheat plants are susceptible
to infection at any stage from seedlings to adult plants.

http://dgrwww.epfl.ch/GECOS/DD
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in food are about 30 times higher than those induced
by inhalation and five orders of magnitude higher
than those by consumption of drinking water. Table 4
shows the characterization factors for the five fungi-
cides. HTP and AEP, TET are expressed respectively
in equivalent kg of a chosen reference substance, i.e.
lead emitted in the air, zinc emitted in the water and
zinc emitted in soil, respectively. These factors re-
fer to the kg of applied pesticide, e.g. an AEPw of
0.75 kgw

Zn/kgChl means that the aquatic ecotoxicolog-
ical impact of 1 kg chlorothalonil applied per hectare
field is considered equivalent to the impact of 0.75 kg
Zn emitted into water.

Characterization factors for the five tested fungi-
cides vary by more than two orders of magnitude:
HTPtot by 50, AEP by 300 and TEP by 2. For human
toxicity, the effects associated with residues in food
(HTPfood) are between some 30 (chlorothalonil) and
26,000 (tebuconazole) times higher than those gener-
ated by inhalation and drinking water (HTPair+ water)
(Fig. 4). The assessment of food residues therefore
needs to be based on more reliable results. The trans-
fers to food are similar for the five studied fungicides,
however, the results for more than 100 pesticides vary
by more than three orders of magnitude (LC Group
web page).

Fig. 4. Human toxicity via residues in food, HTPfood (right) com-
pared to those by inhalation and drinking water, HTPair+ water

(left).

HTPair+ water plus HTPfood represents the total
HTPtot For aquatic ecotoxicity both the transfer to
surface water through runoff lossesfpw and the NECw

influence the final results. For terrestrial ecosystems
only NECs is primarily responsible for the impact
variations.

4. Application to agricultural practices

The characterization factors allow for the impact
per kg of active ingredient applied to be estimated.
High characterization factors do not always imply high
levels of pollution. In fact, the amounts applied for a
given function, e.g. weed control, vary between pesti-
cides. The comparison therefore needs to be based on
the applied quantity to achieve the same function, i.e.
the treatment of a hectare of wheat againstSeptoria
spp.

4.1. Damage on human health and ecosystems

As a general rule for any application to a given crop,
the impact of a pesticide tends to increase when:

• the transfer fraction to the medium of exposure is
high;

• the degradation rate in the medium of exposure is
low;

• the effect data (NEC, HRD) are low; and
• the applied quantity is high.

Fig. 5 compares the damage to human health and
ecosystems (terrestrial and aquatic) caused by five
studied fungicides. Damage are expressed in kg of
lead equivalent per hectare. Chlorothalonil has the
largest impact on aquatic ecosystems, which is higher
compared to tebuconazole, cyproconazole and hexa-
conazole by more than one, two and three order of
magnitudes, respectively. The differences are mainly
caused by the high sensitivity of aquatic ecosystems,
i.e. the NECw. The relatively low transfer fraction to
surface water and low fate factor of chlorothalonil
compared to the other substances thereby play the role
even if chlorothalonil has the highest impact because
of its high ecotoxicity.

Damage to human health are calculated with re-
gard to a particular crop, cyproconazole having here
the lowest damage, one order of magnitude lower than
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Fig. 5. Impacts of five fungicides on human health, aquatic and terrestrial ecosystem (expressed in kg equivalent reference substance per
application).

chlorothalonil and up to two orders of magnitude lower
than flusilazole. Hexaconazole and tebuconazole im-
pacts are similar and differ from chlorothalonil and
flusilazole by a factor 3. Only a detailed uncertainty
analysis could show if differences are significant or
not.

The results obtained for the terrestrial ecosys-
tem are similar to those of the aquatic ecosystem.
Chlorothalonil has slightly higher impacts compared
to the other fungicides, more than a factor 5 compared
to flusilazole, about 40 compared to cyproconazole.
A lower NECs and higher amounts/ha lead to an in-
crease in the final value, whilst the low fate factor has
a cancelling role.

4.2. Evaluation and decision making

To evaluate pesticides damage, each of the three
impacts (human health, aquatic and terrestrial ecosys-
tems) needs to be considered. A substance caus-
ing more damage simultaneously to human health,
to aquatic and to terrestrial ecosystems is clearly
of higher concern than any other. In the present
case study, cyproconazole has lower impacts in
all three categories compared to chlorothalonil
and tebuconazole and should therefore be pre-
ferred againstSeptoria spp. Hexaconazole has low
aquatic ecotoxicity, but its damage in terms of

human toxicity are similar to cyproconazole and
tebuconazole.

The same analysis was made with some 100 pes-
ticides currently used in agriculture in Switzerland
with a view to provide a useful tool for agricultural
management (Jolliet et al., 1998). Large impact dif-
ferences between pesticides with the same function
were observed, e.g. herbicides applied on wheat crops
showed impact variations up to a factor 105 for human
health, up to 107 for aquatic ecosystems and up to 105

for terrestrial ecosystems. Such large differences allow
for the highest pollution sources to be identified and
consequently avoided (all results displayed on website
http://dgrwww.epfl.ch/GECOS/DD).

5. Discussion

5.1. Assumptions

The present work describes a method to assess the
overall environmental impacts of pesticides, within the
following limits:

1. The current state of the LCA method permits only
a screening evaluation.

2. The characterization factors cannot be considered
as absolute values, but only as a means for compar-

http://dgrwww.epfl.ch/GECOS/DD
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ing different pesticides applied for the same func-
tion.

3. The analysis is not based on a real environment, but
on simplified hypothesis. For site-specific analy-
sis, assumptions (soil characterization, application
technology, water system, etc.) would need to be
adapted.

4. The present study only evaluates active ingredients.
In some substances the degradation products are as
toxic as the original molecules and should therefore
be included in the analysis.

5. Damages are evaluated using a simplified lin-
earized effect function of the reference damage.
Efforts currently underway to identify best avail-
able practice in LCA (Udo de Haes et al., 1999a,b)
show that the impacts of pesticides could be also
measured in terms of disability adjusted life years
(DALYs) (Hofstetter, 1998; Crettaz et al., 2001)
for human health, and in terms of percentage of
affected or disappeared species for ecosystems
(Goedkoop et al., 1999).

Also, any comparison between pesticides is only
reasonable if the impact difference is higher than the
uncertainty. It is therefore suggested to consider results
within one order of magnitude being as equivalent.
The assumption that 10% of the pesticide remains in
the air after an application has little influence on the
final results as impacts on human health through food
residues are between two and four orders of magnitude
higher than those generated by inhalation.

5.2. Further development in damage evaluation

In future it would be interesting to use probabilistic
methods like the Monte Carlo method (Meier, 1997)
to perform uncertainty analysis. Combined with a sen-
sitivity analysis, this would allow for the uncertainty
associated with the data to be measured and the key
parameters having largest influence on the final results
to be identified.

Pesticide transfer to food potentially represents
the most important exposure pathway for humans.
However, there is a general lack of data in terms of
pesticides residues in food. The effects of pesticides
evaluated in this paper were based on data available to
evaluate the damage on aquatic and terrestrial ecosys-
tems. Lack of some ecotoxicological data could cause

variations up to four orders of magnitude in determin-
ing the effects. In aquatic ecosystems, ecotoxicologi-
cal data are available for the three indicator species for
most of the pesticides, the main question being if three
species are enough to evaluate the overall sensitivity
of an ecosystem (Hauschild and Pennington, 2001).

This study proposes simple models to calculate the
residence time in the atmosphere and the seasonal
transfer in surface water for each pesticide. However,
a series of simplifying assumptions have been made
and some important inter-media transfer processes,
e.g. volatilisation from soil, were neglected. Further
improvements in modelling the fate of pesticides in
the environment are therefore needed.

6. Conclusions

The present approach provides a consistent method
to assess pesticide environmental impacts. The overall
impact of a pesticide depends on its behavior in the
environment, on its ecotoxicity and on the amounts
applied. It demonstrates that for human health food
intake results in the highest toxic exposure, about 103

to 105 times higher than that induced by drinking
water or inhalation. It enables the identification of least
environmentally damaging pesticides among similarly
used substances. Suggestions for future improvements
include:

• a better understanding of pesticide transfer to food;
• an in-depth understanding of inter-media transfers;
• an increased availability of ecosystem evaluations,

especially for terrestrial ecosystems;
• the replacement of acceptable-risk thresholds by

methods measuring the impacts of pesticides in
terms of disability adjusted life years (DALYs) for
human and percentage of affected or disappeared
species for ecosystems.
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