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Rpest—An indicator linked to a crop model to assess the
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bstract

Like many intensive monocultures, some features of banana-based cropping systems may be detrimental to the environment. Pesticide use is a
ajor cause of surface water and groundwater pollution. The risk of water pollution due to pesticides is very high in the insular areas of the French
est Indies (FWI). In order to assess these risks and help design more sustainable cropping systems, we propose using an indicator to assess the

isk of pesticide pollution over time (Rpest). Rpest provides dynamic assessments through a linkage with a cropping system model that simulates

nvironmental factors and agricultural practices. An expert validation check was conducted and demonstrated that Rpest can rank cropping systems
y risk as well as experts. A sensitivity analysis highlighted that the indicator can take the properties of active ingredients and pedoclimatic data
nto account in assessments. Rpest helps to pinpoint high pollution risk periods. It can also be used to test alternatives and compare systems. This
ool can be integrated into a model-based, global, prototyping methodology used for more sustainable cropping systems.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Intensive agro-systems are limited by their low ecological,
gronomic and socioeconomic sustainability in many tropical
egions (St. Lucia: McDonald et al., 1999; Costa Rica: Castillo
t al., 2000; Guadeloupe: Bonan and Prime, 2001). Soil ero-
ion and the widespread use of chemical pesticides are the main
actors that disrupt the natural environmental balance. There is

onsiderable local, national and international demand for the
evelopment of more environment-friendly cropping systems to
vercome these problems.
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The banana production area in Guadeloupe is characterized
y: young andic-type volcanic soils, with substantial infiltra-
ion, a saturated hydraulic conductivity of over 60 mm/h (Perret,
993; Dorel, 2000; Poulenard et al., 2001), low runoff rates
Perret, 1993; Rishirumuhirwa, 1993; Dorel et al., 1996) and

soil organic matter content ranging from 5 to 12%. Tropi-
al plantations that produce bananas for export on the world
arket are generally intensively-managed and based on mono-

ropping systems with heavy pesticide treatment programmes.
n Guadeloupe, the pesticide risk is quite high since the inten-
ive banana plantations are close to inhabited areas and frag-
le natural environments (primary tropical forests, freshwater
esources). Most of these plantations are on the volcanic island
f Basse-Terre. The pesticide risk and environmental impact
ary according to local pedoclimatic and topographical con-
itions (rainfall ranges from 1000 to 7000 mm year−1, 0–45◦

lope, andisol-based toposequences), and the cropping system
sed. Strategies must now be developed to limit the major envi-
onmental impact on rivers, which has already been documented
Bonan and Prime, 2001).
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New strategies for cropping systems include crop manage-
ent sequences involving rotations with other crops such as

ugarcane and pineapple, fallowing, tailored tillage techniques
nd, especially, sustainable management of cropping cycles and
est control. A trade-off between socioeconomic, ecological and
gro-technical imperatives is required for the development of
ore sustainable agro-systems (Vereijken, 1997). Tools to eval-

ate different ecological risks are essential in the prototyping
rocess for new sustainable cropping systems. Crops models
re a privileged approach by scientists to meet that need. In
he context of the Guadeloupe, some models are still being
eveloped for the specific conditions found in the French West
ndies (FWI) on the basis of models developed by Louchart
t al. (2001) and Moussa et al. (2001) in vineyard watershed.
owever, these have not been developed for analysis or crop-
ing system design but for the study of active ingredient (a.i.)
ransfer in some specific pedoclimatic and geological condi-
ions. As alternative to simulation models, a growing number
f authors built methods based on indicators. Different agri-
nvironmental indicator-based assessment methods have been
eveloped as tools to improve diagnosis, cropping system man-
gement and the design of new practices (Smith and Mc Donald,
998; Girardin et al., 1999; Sánchez-Bayo et al., 2002; Van der
erf and Petit, 2002; Lefroy and Rydberg, 2003). These tools

an be implemented by various stakeholders (farmers, scien-
ists, agricultural and political coordinators) to assess cropping
r production systems at a field or regional level (Payraudeau
nd Van der Werf, 2005). The simplest indicators are based on a
ingle variable. Whereas, other more complex indicators aggre-
ate several variables that are measured in the field (Vereijken,
997; Smith et al., 2000), available data on farming systems
Bockstaller et al., 1997) and/or model output (Guipponi, 1998).
egarding the risk linked to pesticide use, several types of indi-
ators were designed. Beside indicators consisting in a simple
alculation, like the amount of a.i. or the number of treatments,
umerous pesticides risk indicators were developed as reviewed
y several authors (Levitan et al., 1995; Van Der Werf, 1996;
aud et al., 2001; Reus et al., 2002; Devillers et al., 2005).

ome are expressed in form of scores resulting from the aggre-
ation of variables linked to the fate of the a.i. and toxicologic
ariables; others are based on a risk ratio approach which com-
ares a predicted concentration in the environment with help of
model and an ecotoxicological concentration.

Most of the reviewed agri-environmental indicators that are
urrently available are designed to improve the annual assess-
ents of cropping systems, often for only a single cropping

ycle. However, with this time scale, it is not possible to deter-
ine short-term risks or monitor risk variations over time. These

ndicators are thus unsuitable for evaluating perennial and semi-
erennial cropping systems, such as banana cropping systems,
hose features vary over successive cycles (shift from a homoge-
eous banana stand in the first cropping cycle to an increasingly
eterogeneous stand, with plants at different phenological stages

n subsequent cycles). Nevertheless, for the development of sus-
ainable cropping systems, it is essential to be able to determine
ritical periods when the negative environmental impact could
e high (Boiffin et al., 2001). The dynamics of the banana crop
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re such that the characteristics of a plot can change quickly and
n various ways over time, i.e. soil cover which varies in relation
ith plant residues dynamic or soil compaction which changes
ver crop cycles. Therefore, indicators should be developed to
ssess short-term risks while taking into account the unique fea-
ures of banana-based cropping systems.

The aim of our study was to construct a dynamic agri-
nvironmental indicator to facilitate (i) the assessment of risks
aused by pesticide leaching or runoff in these specific systems,
ii) the temporal integration of these risks in order to determine
ong-term changes in the systems. The proposed methodol-
gy links risk indicators with a cropping system model called
IMBA, which simulates on the long-term different charac-

eristics of banana stands (e.g. fresh biomass, soil litter, soil
ompaction, leaf area index, yield) and the environment (e.g.
ater balance, physical characteristics of the soil) on a field

evel with a weekly time step. The SIMBA model has been cal-
brated and validated with respect to conditions in Guadeloupe
Tixier, 2004; Tixier et al., 2004a,b, 2006).

. Material and methods

Integrated agri-environmental indicators usually consist of
n aggregation of several variables. They are used to assess the
mpact of complex phenomena that are impossible to measure
irectly. These indicators are put together using the following
teps (Girardin et al., 2000):

Identification of objectives and users.
Aggregation of information.
Choice of thresholds
Indicator sensitivity tests.
Validations of the indicator.

We put together our indicator Rpest by following these four
teps, taking into account the limitations of banana-based crop-
ing systems, the dynamic aspects and long-term objectives.

.1. Objectives and users

Our aim was to assess and compare the risks of water pol-
ution due to pesticides in different banana-based cropping sys-
ems over time in the conditions that prevail in the FWI. The
ssessment was conducted at a field level because farmers gen-
rally apply their tactical and strategic options at this level. The
ynamic indicator Rpest was designed to help agronomists and
xtension services in the development of less pollutant and more
ustainable cropping systems.

The environmental categories considered were surface water
nd groundwater. These resources are crucial for human life and
articularly sensitive to pesticide pollution. Surface water and
roundwater quality is affected by the influx of a.i. carried by
unoff, leaching, and drift, respectively. Soil, climate conditions

nd cropping practices that modify these flows have a consid-
rable influence on the risk of environmental pollution due to
esticide a.i. and thus has to be taken into account to assess the
isks accurately.
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Fig. 1. General structure of the dynam

.2. Aggregation of information

The general structure of the dynamic Rpest indicator is shown
n Fig. 1. It highlights the architecture of the interactions between
nput data (which describe farming practices, climate, field char-
cteristics and the a.i. used), the calculation processes and the
nal indicator. These input data are used directly to calculate the

ndicators, or used in the biophysical model to calculate variables
elating to the intermediate environmental status, e.g. quantities
f runoff and drained water. Rpest produces weekly risk scores
t the same time step as the SIMBA model. It is compatible with
n-farm measurements.

The Rpest construction process involved four steps:

Assessment of the risk of exposure (surface and groundwater)
for each a.i.
Assessment of the toxicity of each a.i.
Combining the exposure and toxicity to calculate a risk score
for each a.i.
Combining the risk scores for all a.i. to make a global score
corresponding to the risk of the overall pesticide treatment
programme.

The first two steps (assessment of exposure and toxicity
isks) were conducted for groundwater and surface water. A

ub-indicator of pollution risk was calculated for each category
Rsurf and Rgrnd). These two sub-indicators were then aggre-
ated to give the global indicator (Rpest) of the overall risk of
esticide induced water pollution (Fig. 2.). The score attributed

w

c
l

est indicator. a.i. for active ingredient.

o risk varies between 0 and 10, which corresponds to no risk
nd maximum risk, respectively. Table 1 presents the input data
nd variables for the modules or sub-indicators presented.

The aggregation procedure used is similar to the meth-
ds used for agri-environmental indicators involving expert
ystems and fuzzy logic (Freissinet et al., 1998; Phillis and
ndriantiatsaholiniainan, 2001). The concept behind the pro-

edure has been described by Silvert (2000) and Cornelissen et
l. (2001) and applied by Van der Werf and Zimmer (1998) and
ervanchon et al. (2005) in a simplified way. An expert system
nd fuzzy logic procedure (ESFL) can be used to aggregate dif-
erent types of variables using expert scientific knowledge. It
s suitable for the assessment of complex situations that cannot
e handled with conventional mathematical tools (means, sums,
imple weighting, and complex models). The ESFL aggregation
rocedure used is the one presented by Van der Werf and Zimmer
1998). This procedure can be summarized in four steps:

Identification of representative variables.
Definition of their favourable, unfavourable and fuzzy range.
Definition of the weight of each variable in the expert system.
Final calculation of the indicator score.

In the case of Rpest, the application of this procedure leads
o the calculation of risk scores for each sub-indicator at each

eek step.
The shape of fuzzy class curves and fuzzy intervals was

hosen in accordance with the knowledge: sigmoid or straight
ines when the phenomena are known to follow a threshold
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ig. 2. Flowchart for the indicator for ‘i’ active ingredients of a pest control pro
able 1.
r a linear regression, respectively. The fuzzy class ranges
or S(i, t), GUS(i), DRA(t) and RUI(t) are given in Table 1.
he parameters of the expert system decision rules used in

he EFLS procedure are presented in Table 2 and in Fig. 3
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able 1
ist of variables used in the Esurf(i, t), Egrnd(i, t), Tsurf(i, t), Tgrnd(i, t), Rsurf(t), Rg

ariable (unit)

ata and variables associated with the risk of surface water exposure to the a.i. ‘i’ (E
S(i, t) weekly quantity of potentially entrained a.i. ‘i’ at step ‘t’ (kg ha−1)
RUI(t) runoff at step ‘t’ (m3 ha−1 week−1)

ata and variables associated with the risk of groundwater exposure to the a.i. ‘i’ (Eg
S(i, t) weekly quantity of potentially entrained a.i. ‘i’ at step ‘t’ (kg ha−1)
GUS(i) Groundwater ubiquity score
DRA(t) drained water at step ‘t’ (m3 ha−1 week−1)

ata associated with the toxicity of the a.i. ‘i’ in surface water (Tsurf(i, t))
DT50(i) half-life (days)
Aquatox(i) toxicity to aquatic fauna and flora (mg l−1)
ADI(i) acceptable daily intake for human health (mg kg−1)

ata associated with the toxicity of the a.i. ‘i’ in groundwater (Tgrnd(i, t))
DT50(i) half-life (days)
ADI(i) acceptable daily intake for human health (mg kg−1)

ariables associated with the risk of surface water pollution by the a.i. ‘i’ (Rsurf(i, t)
Esurf(i, t) risk of surface water exposure to the a.i. ‘i’ at step ‘t’ (score/10)
Tsurf(i, t) toxicity of the a.i. ‘i’ in surface water at step ‘t’ (score/10)

ariables associated with the risk of groundwater pollution by a.i. ‘i’ (Rgrnd(i, t))
Egrnd(i, t) risk of groundwater exposure to the a.i. ‘i’ at step ‘t’ (score/10)
Tgrnd(i, t) toxicity of the a.i. ‘i’ in groundwater at step ‘t’ (score/10)

ariables associated with the overall risk of pesticide water pollution (Rpest(t))
Rsurf(t) risk of surface water pollution by a.i. ‘i’ at step ‘t’ (score/10)
Rgrnd(t) risk of groundwater pollution by a.i. ‘i’ at step ‘t’ (score/10)

.i.: active ingredient; t: indicator step.
me at each time step ‘t’ in the indicator calculation. All variables are defined in
hat present an example of decision rules used to calculate the
surf(i, t) sub-indicator. The ‘variable rank’ and ‘score weight’

ndicate the position of the variable in the expert system and its
elative weighting in the calculation of the sub-indicator score,

rnd(t) and Rpest(t) indicators for each a.i.

Origin Fuzzy class range Fuzzy class curve

surf(i, t))
Calculation 0–1 Sigmoid
SIMBA model 0–30 Straight line

rnd(i, t))
Calculation 0–1 Sigmoid
a.i. property 1.8–2.8 Sigmoid
SIMBA model 0–100 Straight line

a.i. property 1–30 Sigmoid
a.i. property 0–1 Sigmoid
a.i. property 0–1 Sigmoid

a.i. property 0–30 Sigmoid
a.i. property 0–1 Sigmoid

)
Sub-indicator 0–10 Sigmoid
Sub-indicator 0–10 Sigmoid

Sub-indicator 0–10 Sigmoid
Sub-indicator 0–10 Sigmoid

Sub-indicator 0–10 Sigmoid
Sub-indicator 0–10 Sigmoid



P. Tixier et al. / Europ. J. Agro

Table 2
Parameters of the expert system rules used to calculate sub-indicators

Variable Variable rank Score weight (range 10)

Surface water exposure to a.i. “i” (Esurf)
S(i, t) 1 6
RUI(t) 2 4

Groundwater exposure to the a.i. “i” (Egrnd)
S(i, t) 1a 3
GUS(i) 2 4
DRA(t) 3 3

Toxicity of the a.i. “i” in surface water (Tsurf)
MIN (Aquatox(i); ADI(i)) 1 6
DT50(i) 2 4

Toxicity of the a.i. “i” in groundwater (Tgrnd)
ADI(i) 1 6
DT50(i) 2 4

Risk of surface water pollution by a.i. “i” (Rsurf(i, t))
Esurf(i, t) 1a 5
Tsurf(i, t) 2 5

Risk of groundwater pollution by the a.i. “i”(Rgrnd(i, t))
Egrnd(i, t) 1a 5
Tgrnd(i, t) 2 5

The variable rank is the order in which variables are used in the expert system
decision rule. The score weight is the weight of the variable in the final score of
the expert system decision rule. Variable descriptions and units are presented in
Table 1 a.i.: active ingredient.
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life is simple in comparison to more complex models that take
a If the variable has a favourable value, lower rank variables are not taken into
ccount.

espectively. Fuzzy class ranges and fuzzy class curves of
US(i), DT50(i), Aquatox(i) and ADI(i) have been adapted from

he Iphy indicator (Girardin et al., 2000). Fuzzy class ranges and
uzzy class curves of DRA(t), RUI(t), and S(i, t) variables have
een calibrated according to the expert knowledge. Fuzzy class
anges and fuzzy class curves of Esurf(i, t), Egrnd(i, t), Tsurf(i,

), Tgrnd(i, t), Rsurf(t), and Rgrnd(t) sub-indicators have been
alibrated by accounting the whole variation range of the score
0–10).
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.3. Calculation of the Rpest indicator

.3.1. Assessment of the risk of exposure to each active
ngredient

Pesticide exposure risk assessments are based on estimated
uantities of a.i. that could be caused by leaching or runoff. The
.i. stock S(t) varies at each time step according to a.i. inputs
PP(t) and the potential degradation DEG(t) (Eq. (1))

(t) = S(t − 1) + APP(t) − DEG(t) (1)

he potential degradation of an a.i. at time step t DEG(t) is
resented in Eq. (2). It is based on the half-life of a.i. ‘i’ DT50(i).
esidual degi,WSP(i,t) and degraded DEGi,WSP(i,t) quantities of
n a.i. ‘i’ are calculated in Eqs. (2′) and (2′′) according to the
umber of weeks since the application of the a.i. ‘i’ WSP(i,t) and
he quantities of a.i. ‘i’ for the previous application Last APP(i,t)

If APP(i, t) = 0

Then Last APP(i, t) = Last APP(i, t − 1)

Else Last APP(i, t) = APP(i, t)

(2)

eg (i,WSP(i,t) = (Last APP(i,t−1)/((DT50(i)/(WSP(i,t))) + 1))

(2′)

EG(i,t) = deg(i,t) − deg(i,t−1) (2′′)

(t), APP(t), Last APP(i,t), DEG(t), and deg(i,t) are expressed in
g of a.i. per hectare.

This type of time-course pattern for soil borne a.i. concen-
rations has been widely described under different pedoclimatic
onditions (Zheng and Cooper, 1996; Guibaud et al., 1999), and
t is currently being confirmed in the andisols that are prevalent
n Guadeloupe (Cattan, personal communication).

Estimating the potential a.i. stock on the basis of the half-
esticide fixation on soil organic matter into account. This type
f model has not yet been developed for the soils and crop-
ing systems assessed here. Degradation is likely to have been

sure to a.i. “i” (Esurf) for illustration of data given in Tables 1 and 2.
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expert rank and used it to rank the five tested cases again (the
6 P. Tixier et al. / Europ. J

nderestimated by the half-life method considering the rapid
egradation of the different compounds studied (organophos-
hates and carbamates) in soils (Jamet and Piedallu, 1980;
imon-Sylvestre and Fournier, 1980; Zheng and Cooper, 1996;
atthiessen, 2001). However, the advantage of the proposed
ethod is that it can pinpoint potential risk periods, even though

hey are likely to be overestimated. In addition, a broad range of
.i. can be compared.

The risk of surface water Esurf(i, t) and groundwater Egrnd(i,
) contamination by each a.i. ‘i’ is evaluated at each time step ‘t’
y integrating:

The potentially movable stock S(i, t) of each a.i. ‘i’ (for
groundwater and surface water).
The groundwater ubiquity score of each a.i. ‘i’ GUS(i) for
groundwater (Gustafson, 1989) which is a simple method for
assessing the pesticide leachability. GUS(i) of the a.i. ‘i’ is
calculated with the half-life DT50(i) and the soil organic car-
bon sorption coefficient (in ml g−1) Koc(i).
The runoff RUI(t) and drained DRA(t) water volume at time
step t, variables calculated by the SIMBA model. SIMBA
simulates the water dynamics with soil water content, plant
transpiration (in relation with leaf area index), runoff (in rela-
tion with soil cover and soil compaction), and the drained
water, which is the last term of the water balance.

For each variable, a fuzzy class curve is defined in the fuzzy
lass range between favourable and unfavourable ranges. S(i,
) is considered to be highly unfavourable when the treatment
ose is 1 kg ha−1, which corresponds to the maximum quantity
f a.i. applied per hectare in banana cropping systems. S(i, t) is
onsidered to be favourable in the absence of the a.i. (0 kg ha−1).

fuzzy class, defined by a sigmoid response, occurs in the
nterval between these two values. GUS is considered favourable
hen it is below 1.8 and unfavourable when above 2.8 (Van der
erf and Zimmer, 1998). RUI(t) and DRA(t) are considered

o be unfavourable at 30 and 100 m3 ha−1 week−1, respectively.
his occurs when there are very heavy rain storms in the study
rea and when conditions are conducive to runoff or drainage.
hey are considered to be favourable when there is no runoff or
rainage (0 m3 ha−1 week−1). A fuzzy class defined by a linear
esponse occurs in the interval between these two values.

.3.2. Assessment of the toxicity of each active ingredient
The toxicity of each a.i. in surface water and groundwater

s evaluated with the sub-indicators Tsurf(i, t) and Tgrnd(i, t),
hich are dependent on the intrinsic properties of the a.i. These
ariables are aggregated by the EFLS method according to the
xpert system decision rule parameters presented in Table 2. For
n a.i., the variables ADI and Aquatox represent the acceptable
aily intake for human health (in mg kg−1) and the toxicity to
quatic fauna and flora (in mg l−1), respectively. The minimum
DI and Aquatox levels are taken into consideration for surface

ater because it is also a source of drinking water. Only the

oxicity to humans (ADI) is considered for groundwater. These
ariables were also selected by Roussel et al. (2000) to adapt the
pest indicator of Van der Werf and Zimmer (1998) to a region

fi
R
w
a

nomy 26 (2007) 71–81

here surface water is used for drinking. However they were
ggregated with the half-life DT50(i). This variable is used to
ssess the persistence of the pollutant in the environment. The
ssumption is made that there is a correlation between the soil
ersistence and the persistence in water.

.3.3. Global score calculation per active ingredient
Exposure scores for each environmental category and the tox-

city of each a.i. in surface water Rsurf(i, t) and groundwater
grnd(i, t) are integrated by aggregating the toxicity exposure

isk scores associated with each environmental category and for
ach a.i., using the EFLS method according to the expert system
ecision rule parameters presented in Tables 1 and 2.

The global score (for the set of “n” a.i.) for the risk of pes-
icide contamination of surface water Rsurf(t) and groundwater
grnd(t) is the score calculated for the a.i. that shows the highest

isk (Eqs. (3) and (3′))

surf(t) = MAX(i=1;i=n)Rsurf(i, t) (3)

grnd(t) = MAX(i=1;i=n)Rgrnd(i, t) (3′)

pest(t) = MAX(Rgrnd(t); Rsurf(t)) (3′′)

global pesticide pollution risk score (Rpest) is calculated on
he basis of the maximum Rsurf(t) and Rgrnd(t) values. A mean
pest score can then be calculated to obtain a general score for

he entire period for the cropping system under investigation.

.4. Indicator evaluation procedures

.4.1. Sensitivity test
A sensitivity analysis was carried out to test the performance

f the indicators with different input variables or parameters. The
nalysis differed when fixed variables (slope, a.i. properties) and
ynamic variables (rainfall, soil coverage) were considered. For
he dynamic variables, the same cropping system was assessed
nder different conditions in which the variable being tested
aries (e.g. rainfall in lowland and highland areas).

.4.2. Expert validation
Indicators are used to assess complex processes that often

o not have quantitative equivalents (Bockstaller and Girardin,
003). They can be used to compare different states of one sys-
em or different systems. Dynamic indicators must be able to
ighlight temporal variations in real impacts and to rank crop-
ing systems accurately, according to intrinsic pollution risks.
ccording to Bockstaller and Girardin (2003), output of the

ndicator can be confronted to measured data when they are
vailable, but also submitted to expert evaluation because of lack
f measurements under banana cropping systems, we decided to
sk experts to validate Rpest. Each expert ranked five cropping
ystems (in their pedoclimatic context). We calculated the mean
nal expert rank ranged from 1 to 5). To test the accuracy of
pest for ranking cropping systems according to pollution risk,
e compared the final expert ranks with the Rpest ranks using
Spearman rank correlation.
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Fig. 4. Analysis of the sensitivity of the pesticide groundwater pollution risk
indicator (Rgrnd) to variations of (A) DT50 (with ADI set at 0.5 and GUS set at
2); (B) ADI (with Aquatox set at 0, DT50 set at 15 and GUS set at 2); and (C)
GUS (with ADI set at 0.5 and DT50 set at 15), under monoculture conditions
with a pesticide treatment in week 1. For a given active ingredient, ADI is the
acceptable daily intake for human health (in mg kg−1), DT50 is the half-life,
G
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3

3

i
A
i
t
t

Fig. 5. Analysis of the sensitivity of the pesticide surface water pollution risk
indicator (Rsurf) to variations of (A) DT50 (with ADI set at 0.5 and GUS set at
2) and (B) ADI (with Aquatox set at 0, DT50 set at 15 and GUS set at 2), under
monoculture conditions with a pesticide treatment in week 1. For a given active
ingredient, ADI is the acceptable daily intake for human health (in mg kg−1),
D
t

w
c
t
between cropping systems when a.i. with different properties are
applied.

Fig. 6. Analysis of the sensitivity of global pesticide pollution risk indicators
US is the pesticide leachability, and Aquatox is the toxicity to aquatic fauna
nd flora (in mg l−1).

. Results

.1. Sensitivity test results

Fig. 4 presents the three score patterns showing the sensitiv-
ty of the indicator Rgrnd to the variation of half-life (DT50(i)),
DI(i) and GUS(i) with fixed values of non-tested variables
n a banana monoculture cropping system. Fig. 5 presents
he two score patterns showing the sensitivity of the indica-
or Rsurf to the variation of half-life (DT50(i)) and ADI(i)

(
o
o
w

T50 is the half-life, GUS is the pesticide leachability, and Aquatox is the
oxicity to aquatic fauna and flora (in mg l−1).

ith fixed values of non-tested variables for the same mono-
ulture cropping system. The results of these analyses revealed
hat the Rgrnd and Rsurf indicators are able to distinguish
Rpest) to rainfall variations (low, medium and high rainfall patterns with a total
ver the 25 weeks of 709, 1418 and 2836 mm, respectively in the same number
f precipitations), under monoculture conditions with a pesticide treatment in
eek 1.



7 . Agronomy 26 (2007) 71–81

f
d
(
o
T
i
a
s
t
p
b
c

3

s
r
w
t
t
b
2
c
o
a
w
e
o
R

Fig. 8. Rpest scores over 150 weeks for an intensive banana monoculture and
for a banana-fallow rotation cropping system; Rpest mean scores are 3.6 and
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Fig. 6 shows variations in the Rpest indicator for the same
requently replanted banana monoculture system under three
ifferent climatic conditions: low, medium and high rainfall
same number and periods of rainfall but different total quantity
f rain). Rpest accurately accounted for the amount of rainfall.
he test variable (rainfall) was one of the variables, which

nduced temporal variations in the final indicator score. This is
key factor with respect to pesticide runoff and leaching. This

ensitivity analysis revealed that Rpest can efficiently assess
he pesticide pollution risk for cropping systems under different
edoclimatic conditions. The information that it provides could
e useful for tailoring cropping systems to local pedoclimatic
onditions.

.2. Expert validation

Fig. 7 presents the results of the assessment of five cropping
ystems: Rpest ranks, the mean expert ranks (with their variation
anges), and the final expert ranks for the four experts. The latter
ere chosen for their expertise in environmental issues relating

o banana production in Guadeloupe and pesticide contamina-
ion. A Spearman rank correlation coefficient was calculated
etween expert and Rpest ranks for each cropping system, i.e.
0 pairs (4 experts and 5 cropping systems). The Spearman rank
orrelation coefficient obtained was: rs = 0.9865 (n = 20; degrees
f freedom = 18; t = 25.52), so the Rpest ranking was not rejected
t the 0.001 threshold. The cropping system rankings obtained

ith Rpest were always within the same variation range as the

xpert rankings. The final expert rankings obtained on the basis
f the mean expert ranks was the same as that obtained with
pest.

w
a
n
t

ig. 7. Pesticide pollution risk rank for five cropping systems assessed by Rpest (♦)
ariation range. Pesticide quantities mentioned correspond to the a.i. input APP(i, t)
◦, 15◦ and 30◦, respectively.
.2, respectively.

.3. Comparative assessment of two cropping systems
sing the Rpest indicator

An environmental assessment of two different cropping sys-
ems was conducted using the Rpest indicator in the same soil
nd climate environment (medium elevation, slope and rain-
all). The first system was a frequently replanted (every 2–3
ears) intensive banana monoculture system with high chemical
esticide use. The second was a rotation system where banana

as planted after a fallow period using an integrated pest man-

gement strategy, whereby pesticides were only applied when
ematode populations reached a level that could be detrimen-
al to the crop. The pesticides used were nematicides (alternate

and by four experts; (�) final expert ranks and ( ) mean expert rank with
the day of the application. Moderate, medium and steep slopes correspond to
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ronmental risk assessment tools (e.g. indicators) is an innovative
methodological approach. Previous authors have proposed using
indicators to assess the input variables in crop function mod-
els (Meynard et al., 2002). However, we used model outputs to
Fig. 9. Rpest percentage scores in three classes (0–3.3, 3.3–6.6 and 6.6

pplications of cadusafos and terbufos with APP(i, t) = 5.4 kg of
.i. per treatment).

Fig. 8 shows time-course variations in the Rpest indicator
or these two systems after the banana crop was planted. This
ndicator highlights the risk periods. In the managed system, a
eriod without treatment had a substantial influence on the mean
ndicator score over the 150-week assessment period (3.6 and
.2 for the intensive and managed systems, respectively).

A risk profile was then drawn up for each system (Fig. 9).
hese profiles corresponded to the Rpest indicator score distri-
ution (over the entire assessment period) in three score classes
0–3.3, 3.3–6.6 and 6.6–10). Contrary to the mean scores, a
core distribution is an effective way of integrating data and data
ynamics. Such risk profiles are useful for comparing different
ropping systems. They can be considered as the environmental
ignature of specific cropping systems under given soil and
limate conditions. Risk profiles take into account the persis-
ence of the applied pesticides and the importance of high-risk
eriods. The risks can be transient or long-term, depending
n the environment and type of a.i., which means the environ-
ental impacts can differ. Thus, the risk profile can be a useful
ay of presenting the output for both researchers and policy
akers.

. Discussion and conclusion

In comparison to most of pesticide indicator developed until
ow (Levitan et al., 1995; Van Der Werf, 1996; Maud et al.,
001; Reus et al., 2002; Devillers et al., 2005), Rpest provides
ynamic information on risk. Dynamic indicators are effective
or evaluating time-course variations in the impact that crop-
ing systems have on surface and ground water. Indicators are
real improvement on available tools for designing and devel-
ping more environment-friendly cropping systems. They can
e used to compare the potential outcome of different strategies,
uch as weed control using herbicides or mechanical weeding
achines, which could help stakeholders, make tactical deci-

ions. Different types of variables can be integrated into the
ndicators because they are based on the modelling of biophys-

cal cropping systems and on an “expert system” approach.

The method proposed for the environmental assessment of
ropping systems is an efficient new tool to help scientists and
gronomists design sustainable cropping systems. The indica-

F
c

for an intensive banana monoculture and for a banana-fallow rotation.

ors constructed provide continuous information on variations in
ropping systems, thus facilitating the detection of transient risk
actors and the testing of alternatives. Fig. 10 shows a potential
ramework for using dynamic indicators to help develop inno-
ative cropping systems.

Combining a cropping system simulation model with envi-
ig. 10. Proposal for using a dynamic indicator to prototype more sustainable
ropping systems.
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alculate indicators that are specific to issues that cannot be sim-
lated or are problematic (e.g. pesticides) or for which modelling
ould generate non-applicable tools. Some authors (Belcher et

l., 2004) have already used this approach for yearly results (e.g.
rganic matter content in soil). However, they have not used it
n a dynamic way. Modelling is, therefore, not “the only or even

ajor tool”, but rather just one strategy to facilitate the develop-
ent of more sustainable cropping systems (Van Ittersum and
onatelli, 2003).
Actually Rpest is used as a research tool for the evaluation and

or the conception of innovative cropping systems. The dynam-
cal aspect of Rpest’s outputs maybe useful for stakeholders
nd policy makers to understand the complexity of the pollu-
ion risk phenomena. It also should be taken into account in
heir recommendations and incentive actions. The different lev-
ls of integration of Rpest outputs (dynamic, risk profile and
ean score) correspond to different needs of farmer and pol-

cy makers to choose practices with low environmental impact.
pest will be particularly helpful when it will be used linked

o the SIMBA cropping system simulation framework; provid-
ng additional information on the simulated systems (agronomic
erformances, economic results).

This indicator is limited by current knowledge of a.i. trans-
ort. However, the problem should soon be overcome with the
evelopment of knowledge in this field. This leads us to a major
eakness of Rpest, which is related to the fact that the outputs

re qualitative and not quantitative. Therefore, accurate guide-
ines cannot be drawn up to help stakeholders achieve goals
ith respect to authorised pesticide concentrations in runoff or
rainage water. Rpest was designed to compare the risks of dif-
erent cropping systems but not to simulate a.i. concentrations
n water.

Lack of knowledge on cumulative effects of association of
.i. also explains that Rpest does not allow evaluation of mixture
oxicity. This limit is found in most pesticide indicator as in the
eviews quoted at the beginning of this section. Like in many
esticide indicators, the use of Aquatox and ADI to evaluate
he toxicity is relatively coarse; in the future we can imagine
inking our dynamical approach with models that predict the
ffect of a.i. on various communities or on human health. For
nstance, the PERPEST model (Van den Brink et al., 2002) could
epresents an interesting approach to predict the ecological risks
f pesticides in freshwater ecosystems, based on empirical data
xtracted from the literature, a.i. databases.

Another methodological limit of Rpest lies in the fact that
onstruction, calibration, and validation are in part based on
cientific expertise. As datasets in modelling, there must be
separation between experts involved in the construction and

hose involved in the validation. If the development of the indi-
ator includes this last step, like for Rpest, there is a possibility
o test expert knowledge used to design and calibrate the indi-
ator. The number of experts involved in the validation of Rpest
s probably be too low. The consultation of experts for indicator

alidation has been described in a detailed way by Cloquell-
allester et al. (2006). Another remark on the validation carried
ut on Rpest is that the dynamical aspect was not evaluated by
xperts. In case of lack of measurements, an alternative would be

J

L

nomy 26 (2007) 71–81

o compare output of Rpest with output of a model (Bockstaller
nd Girardin, 2003).

As a perspective, a way to improve the indicator will be the
evelopment of a spatial representation of Rpest in order to view
nd assess the impact of changes in cropping practices on a
egional level. This would allow a mapping of the results which
an help the use of the results by stakeholder which manage
nvironmental issues at regional level.
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