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a  b  s  t  r  a  c  t

While  pesticides  help  to effectively  control  crop  pests,  their collateral  effects  often  harm  the  environment.
On  the French  island  of  Reunion  in  the  Indian  Ocean,  over  75%  of  the pesticides  used  are  herbicides
and they  are  regularly  detected  in water.  Agri-environmental  models  and  pesticide  risk  indicators  can
be used  to predict  and  to help  pesticide  users  to  reduce  environmental  impacts.  However,  while the
complexity  of  models  often  limits  their  use to the  field  of  research,  pesticide  risk  indicators,  which  are
easier  to  implement,  do not  explicitly  identify  the technical  levers  that  farmers  can  act  upon to  limit
such  transfers  on  their  scale  of  action  (the field).  The  aim  of  this  article  is  to contribute  to  developing
a  decision  support  tool  to  guide  farmers  in implementing  relevant  practices  regarding  the  reduction  of
pesticide  transfers.  In this  article,  we propose  a methodology  based  on classification  and  regression  trees.
We applied  our methodology  to a  pesticide  risk  indicator  (I-PHY  indicator)  for  identifying  the  importance
of  the  variables,  their  interactions  and  relative  weight  in  contributing  to the  score  of  the indicator.  We
applied  our  methodology  to the assessment  of transfer  risks  linked  to  the  use  of  20  herbicides  applied
to  all soils  in  Reunion  and  according  to  different  climate,  plot  management  and  product  application
scenarios  (4096  scenarios  tested).  We  constructed  regression  trees  which  identified,  for each  herbicide
on each  soil  type,  the  contribution  made  by  each  input  variable  to the  construction  of  the  indicator  score.

The tree  is represented  graphically,  and  this  aids  exploration  and  understanding.  The  20  herbicides  were
divided  into  3 groups  that differed  through  the  main  contributing  variable  to the  indicator  score.  These
variables  were  all technical  levers  available  to  farmers  to limit  transfer  risks.  These  trees  then  become
decision  support  tools  specific  to each  pesticide  user,  enabling  them  to take  appropriate  decisions  with
a  view  to reducing  pesticide  environmental  impacts.
. Introduction

While pesticides help in effectively controlling the main crop
ests (including weeds), their collateral effects are often harmful
o human health (Pedlowski et al., 2012) and more generally to
iodiversity (Pedlowski et al., 2012; Reichenberger et al., 2007).
ccording to the FAO (Food and Agriculture Organization of the
nited Nations), based on statistics from 58 countries, almost
3% of the pesticide volumes applied worldwide in 2010 were
erbicides (FAOSTAT, 2013). On the French island of Reunion
n the western Indian Ocean (located at 21◦06 S, 55◦36 E), the
redominance of herbicides is even more marked. In 2011, 75% of
he pesticide volumes sold were herbicides (Maillary, 2012). The
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sustainable development objectives of the island are spearheaded
by the Parc National de la Réunion (70% of the island’s area belongs
to the UNESCO World Heritage List) and encompass the reduction
of surface water and groundwater contamination. Indeed, in 2010,
out of 21 active ingredients found in the waters of Reunion, 17
were herbicides or their degradation products (Badat, 2011). Such
contamination can be linked to poor agricultural practices (wrong
choice of herbicide, equipment or application conditions, etc.) but
also to local pedoclimatic and topographical conditions (Oliver and
Kookana, 2006; Davis et al., 2011; Mottes et al., 2013), which can
vary substantially in the Tropics. For example, in Reunion, rainfall
varies from 600 to 7000 mm year−1 and slopes from 0 to 45%. In the
circumstances, replacing one herbicide by another and/or appro-

priate application conditions would help to limit environmental
impacts (Reichenberger et al., 2007). Decision–support tools are
needed to help farmers identify relevant technical levers to deal
with this issue of reducing water contamination by herbicides.

dx.doi.org/10.1016/j.ecolind.2015.02.020
http://www.sciencedirect.com/science/journal/1470160X
http://www.elsevier.com/locate/ecolind
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The degree of herbicide transport in the environment depends
n several factors, such as the application rate, herbicide persis-
ence and mobility, rainfall, topography, and climate (Lin et al.,
999). Pesticides in soil are subject to sorption as well as several
iological and chemical degradation mechanisms. These involve
hemical, microbial, and photodecomposition, which lead to a
ecrease in pesticide concentrations in the soil. Pesticides may  be
ransported to different parts of the environment by volatilization,
unoff erosion, and leaching. Transport by runoff and leaching may
ause the contamination of surface water and groundwater. Many
odels can be used to simulate these different pollution processes

Mottes et al., 2013) but their complexity often limits their use to
he field of research and to specific assessment situations (Voltz
t al., 2005). Many pesticide environmental risk indicators based on
perational models that are easier to implement have been devel-
ped for predicting or assessing the environmental risks linked to
esticide use (Bockstaller et al., 2009; Payraudeau and Gregoire,
012). These pesticide risk indicators can be used to assess these
isks, which are often difficult to perceive as a whole (Payraudeau
nd Gregoire, 2012; Reus et al., 2002). However, as these indicators
re less accurate than models, Voltz et al. (2005) recommended
sing them as a decision–support tool to prioritize risk situations
ather than as a tool to predict pesticide flows.

These pesticide risk indicators combine a more or less large
umber of variables and consider agricultural practices and appli-
ation conditions to varying degrees (Devilliers et al., 2005). All
ndicators produce a score to reflect environmental risk or perfor-

ance; this outcome is generally the only result. Indeed, indicators
o not explicitly provide information on the levers for action to be
cted upon in order to improve practices. The large number of vari-
bles used and their interactions, but also the aggregation methods
nd the often incomplete sensitivity analyses of these indicators
Devillers et al., 2005), make the search for levers a complex busi-
ess. This finding contributes to the “black box” image that such
ools are often criticized for; this is also why these indicators are
arely decision–support tools for farmers (Reus et al., 2002).

In this article, we propose some solutions for analysing these
evers which, to our knowledge, have yet to be explored. We  applied
ur methodology, based on classification and regression trees, to
he I-PHY indicator of the assessment method INDIGO (Bockstaller
t al., 2009). We  tested this indicator and our method to assess the
nvironmental risks associated with the application of 20 herbicide
ctive ingredients used in Reunion. We  then discuss our results
nd our method to identify and prioritize importance variables
or this indicator in order to make it a decision–support tool for
armers.

. Materials and methods

.1. I-PHY indicator

The pesticide risk indicator I-PHY was developed in parallel to
ther environmental indicators for the assessment method INDIGO
Bockstaller et al., 2009). The score of the indicator was  published by
an der Werf and Zimmer (1998) and enhanced, adapted and tested

or arable farming (Bockstaller et al., 2008). Since then, I-PHY has
een adapted to other farming systems such as wine growing, fruit
roduction, field vegetable production, palm trees, etc. In the last

 years, the I-PHY indicator has been used in more than 100 cases
n France by advisers mainly working on the assessment of risks
t field/farm level or working on the development of innovative

ropping systems (Bockstaller et al., 2008).

Calculation of the indicator is based on four components respec-
ively assessing the risk linked to the amount of active ingredient
a.i.) applied and the risk for groundwater, surface water and air.
cators 54 (2015) 207–216

In a second step, an overall indicator is calculated. Three types of
input variables are used (Table 1):

1. Pesticide properties related to environmental fate or to the eco-
toxicology effect,

2. Site-specific conditions (e.g. runoff sensitivity),
3. Characteristics of pesticide application (e.g. rate of application).

A fuzzy expert system is used to aggregate all these hetero-
geneous variables into indicator modules and to subsequently
aggregate these modules into a synthetic indicator. By using
fuzzy subsets the effect of a knife-edge limit of a given class
can be avoided. Output values for each module, as well as
for the overall indicator, are expressed on a qualitative scale
used in the INDIGO method: between 0 (maximum risk) and
10 (no risk) with a reference value of 7 (maximum acceptable
risk).

Fig. 1 shows an example for groundwater risk where the main
weight is given to a pesticide property variable (ground water
ubiquity score – GUS) (Gustafson, 1989), with less weight given
to position (crop interception here) and soil sensitivity to leach-
ing. Aggregation rules are defined according to knowledge about
the processes for each module. It should be noted that for surface
water (Fig. 2), the sensitivity of the field to runoff and drift plays a
major role in comparison with the pesticide property (half-life of
a.i. (DT50) variable). This aggregation method enables to cope with
cases of compensation between input variables as well as cases of
non-compensation (Sadok et al., 2008). For the groundwater sur-
face water and air component of I-PHY, aggregation rules integrate
knowledge on the processes. Compensation between variables may
occur only when a variable belonging to the ‘favourable’ class lim-
its pesticide transfer. For instance, this is the case of ‘position’
variable that indicates that pesticide may  be in a position out
of reach for leaching or runoff by interception by crop cover or
incorporation into soil (see Figs. 1 and 2). For the environment
component of I-PHY (Fig. 3), we  assumed that low spraying rate
compensates a high transfer risk. This is based on some litera-
ture data (e.g. Battaglin et al., 2000; De Lafontaine et al., 2014)
and pesticide registration data (Tomlin, 2006). Conversely, we do
not accept a high level of compensation between the three risk
components, groundwater surface water and air. We  considered
that when one is unfavourable and the rate is high, the situation
is unacceptable for stakeholders. This is given by a low score of
2 out 10 for the environment component of I-PHY (Fig. 3), show-
ing a high risk. Finally, in all components of I-PHY, the toxicity or
ecotoxicity variable can increase but not decrease the risk. In con-
clusion, in no case can total compensation occur between input
variables.

In order to carry out our study, we constructed some use
scenarios for 20 active ingredients for the whole arable area of
Reunion. These scenarios were constructed from the known val-
ues related to the pesticide properties and the characteristics of
the soil (Table 1, variables 1–12) and from values related to the
use of the pesticide, considered by the scenarios (Table 1, variables
13–27).

2.2. Choice of active ingredients studied and their characteristics

We  studied 20 herbicide active ingredients (Table 2). Six-
teen active ingredients were herbicides marketed in Reunion
between 2009 and 2011, three of which (glyphosate, 2,4-D

and S-metolachlor) alone amounted to 80% of herbicide sales
(Maillary, 2012). Three other active ingredients (isoxaflutole, thien-
carbazone and nicosulfuron), earmarked to eventually replace
some active ingredients, were also studied. Lastly, atrazine



F. Le Bellec et al. / Ecological Indicators 54 (2015) 207–216 209

Table  1
Variables needed for I-PHY calculation, their short name used for this paper.

Nr. Variables Values tested

Short name Fixed Favourable Unfavourable

1 Henry’s law constant at 25 ◦C (Pa m3 mol−1) KH Pesticide – –
2  Half-life of active ingredient (day−1) DT50 Pesticide – –
3  Acceptable daily intake (mg  kg−1 j−1) ADI Pesticide – –
4  Aquatox (EC 50, mg  L−1) Aquatox Pesticide – –
5  Leaching potential index GUS Pesticide – –
6  Organic carbon sorption (m L−1) Koc Pesticide – –
7  Soil type (sandy, loamy, clayey) Soil type Soil – –
8  Soil depth (<30, 30–60, 60–90, >90) (cm) Soil depth Soil – –
9  pH (<5, 5–5.5, 5.5–6, 6–6.5, >6.5) pH Soil – –
10  Organic carbon content (<2, 2–5, >5) (%) OC Soil – –
11  Absence/existence of swelling clay Clay Soil – –
12  Slop (0, <5, 5–10, >10) (%) Slop Soil – –
13  Drift-reducing nozzle? Reducing nozzle Yes – –
14  Maintenance of nozzle? Maintenance Yes – –
15  Is the soil is draining? Draining No – –
16  Is the soil filtering? Filtering – No Yes
17  Distance between the waterway and the plot Water-dist – >15 m <5 m
18  State of the waterway Water-state – Dry Full of water
19  Dry or humid weather Weather – Humid Dry
20  Number of days without rainfall (>5 mm)  Rainfall – >DT50 a.i. 0
21  Plot cover crop state Cover-state – Total Without plants
22  Cover crop occupation (%) Cover-occup. – 100 0
23  Number of 10-day periods between the treatment and

the last mower
Mower – >4 <1

24  Non-cultivated plant strips downslope (m)  Plant strip – <12 m >6 m
25  Application position of the product Position – Into the soil On  bare soil
26  Type of spray Spray – Hose Pressure and airblast

with axial fan spray
27  Type of spray nozzle Nozzle – Other types of nozzle Classic slit

Values tested: variables 1–12 fixed by pesticide and soil properties; 13–15 fixed by Reunion Island conditions; 16–27 tested at their favourable and unfavourable subsets in
the  scenarios. The subsets were determined during I-PHY construction. DT50: half-life of active ingredient (a.i.). GUS: groundwater ubiquity score (Gustafson, 1989) where
GUS  = log 10(DT50) × [4 − log 10(Koc)], this index indicates the risk of pesticide transfers to groundwaters. The Koc value is a measure of how tightly pesticide is retained by
the  organic fraction in soils.

Fig. 1. Decision tree of the groundwater component of I-PHY, GUS: groundwater ubiquity score (Gustafson, 1989) where GUS = log 10(DT50) × [4 − log 10(Koc)] where DT50
i tion o
i

w
u

t

-

s  the half-life of the active ingredient, Koc: soil sorption coefficient, position; func
ntake  of the active ingredient.

as added to our study as a control for past phytosanitary
ses.

Pesticide properties related to environmental fate or to the eco-

oxicology effect for I-PHY score calculation were (Table 1):

 Henry’s law constant (KH) which characterizes the ability of a
substance in a solution to volatilize.
f crop cover, leaching sensitivity function of soil properties. ADI: acceptable daily

- The half-life (DT50) of an active ingredient provides information
on the time taken to break down half the quantity of the active
ingredient used.
- Acceptable daily intake (ADI) indicates toxicity for humans.
- Aquatox, this variable results from the toxicity of the active ingre-

dient for an invertebrate aquatic organism (Daphnia magna)  after
48 h.
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h

ig. 2. Decision tree of the surface water component of I-PHY, runoff sensitivity a
ater,  position; as a function of crop cover, DT50: half-life of the active ingredient,

 Groundwater ubiquity score (GUS). GUS is an index used to
estimate the potential of pesticides to contaminate groundwa-
ter (Gustafson, 1989). GUS = log 10(DT50) × [4 − log 10(Koc)]; the
higher the GUS value, the higher the potential for pesticides
to move towards groundwater. GUS is a pretty simple indica-
tor but other variables may  explain this transfer of pesticides to

groundwater (e.g. soil type, pH, matter content. . .);  they are also
considered by I-PHY when the GUS value is unfavourable (Fig. 1).

ig. 3. Decision tree of the environment component of I-PHY, Rgw, Rsw, Rair: respective
a.
ction of slope, soil properties, drift sensitivity as a function of distance to surface
ic toxicity of active ingredient for Daphnia magna.

The characteristics of the active ingredients come from the Pes-
ticide Properties Database (University of Hertfordshire, 2013) and
are given in Table 2. The active ingredients were studied sepa-
rately without considering any possible combinations (e.g. such
as in commercial specialities) at the approved rate for weed-
ing (active ingredient rate ha−1) (Ministère de l’agriculture et de

l’agroalimentaire, 2013). Finally, we  did not study the metabolites
of the active ingredients because I-PHY does not allow it.

ly groundwater, surface water and air component, rate: active ingredient rate per
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Table  2
Characteristics of the 20 active ingredients studied. The characteristics come from the Pesticide Properties Database (University of Hertfordshire, 2013).

Active ingredient
Herbicides

KH (25 ◦C)
(Pa m3 mol−1)

DT50 (days) ADI (mg  kg−1

day−1)
Aquatox
(mg l−1)

GUS Registered rate
(g ha−1)

Quantities sold
2009–2011 (kg)

2,4-D 1.30E−05 10 5.00E−02 1.00E+02 1.62 960 50,531
Aclonifen 3.03E−03 117 7.00E−02 1.20E+00 0.30 2700 447
Asulam 1.31E−10 3.2 3.60E−01 5.79E+01 1.36 3600 5539
Atrazine 1.20E−07 75 2.00E−02 8.50E+01 3.30 1500 Removed
Bentazone 7.20E−05 13 1.00E−01 6.40E+01 2.30 1218 92
Diquat 5.00E−12 1000 2.00E−03 2.20E+00 −2.68 800 1900
Fluazifop-P 4.90E−02 1 1.00E−02 6.20E-01 0.00 250 126
fluroxypyr 1.69E−10 13.5 8.00E−01 1.00E+02 2.42 200 659
Glufosinate 8.96E−09 7.4 2.10E−02 6.68E+02 1.06 750 2105
Glyphosate 4.20E−07 12 3.00E−01 4.00E+01 0.91 2160 52,361
Isoxaflutole 1.87E−05 2 2.00E−02 1.50E+00 0.59 99.75 New
Linuron 2.50E−06 48 3.00E−03 3.10E-01 2.03 750 169
Mesotrione 5.10E−07 32 1.00E−02 6.22E+02 3.43 150 2141
Metribuzin 2.00E−05 11.5 1.30E−02 4.90E+01 2.57 875 7678
Nicosulfuron 1.48E−11 26 2.00E+00 9.00E+01 3.79 22,5 New
Oxadiazon 3.80E−02 502 3.60E−03 2.40E+00 2.40 2400 98
Pendimethalin 2.73E−03 90 1.25E−01 2.80E-01 -0.39 1200 4245
S-metolachlor 2.40E−03 45 1.00E−01 2.35E+01 2.72 1920 21,228
Thiencarbazone 7.88E−13 11.6 1.20E+00 9.86E+00 2.13 40 New
Triclopyr 2.90E−03 39 3.00E−02 1.31E+02 3.69 3600 5131
Favourable subset* >2.63E−6 <1 >1 >100 <1.8
Unfavourable subset* <2.63E−4 >30 <0 <0.01 >2.8
Fuzzy logic* ]2.63E−6;

2.63E−6[
]0;30[ ]0;1[ ]0.01; 100[ ]1.8; 2.8[

KH: Henry’s law constant at 25 ◦C (Pa m3 mol−1) which characterizes the ability of a substance in a solution to volatilize, DT50: half-life of active ingredient (day−1), provides
information on the time taken to break down half the quantity of the active ingredient used, ADI: acceptable daily intake (mg  kg−1 j−1) indicates toxicity for humans, Aquatox:
this  variable results from the highest toxicity (EC 50, mg  L−1) of the active ingredient for an invertebrate aquatic organism (Daphnia magna) after 48 h, GUS: groundwater
u ndex 
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f  how tightly pesticide is retained by the organic fraction in soils and the registere

* Subset value for each variable in I-PHY (Van der Werf and Zimmer, 1998).

.3. Variables characterizing the soils of the study site

Pesticide mobility and fate in a soil are influenced by sorption
nd degradation processes. The adsorption of a pesticide increases
ith increased soil organic carbon and clay content, and can slow

ts movement in soil. Degradation processes depend on the soil type
nd environmental conditions. In addition, the extent of leaching
nd runoff is influenced by the soil properties, slope and soil depth.
o account for these processes, I-PHY considers 7 variables char-
cterizing soil (Table 1): soil type, soil depth, pH, organic carbon
ontent, absence of swelling clay, slope and filtering nature of the
oil. Fig. 4 shows the mapping of all the arable soils on the island
f Reunion, carried out with ArcGIS software (ESRI, ArcMap 10.0,
013). This map  was obtained by superposing 6 thematic layers cor-
esponding to the variables characterizing soil, except the filtering
ature of the soil; it could not be incorporated into this map  through

ack of cartographical data. We  therefore considered it as a variable
f the scenario tested (see Section 2.4. We  then divided the total
rable area of the island into geographical units of 5 ha each char-
cterized by the combination of the 6 soil variables derived from the
entre point of each unit. The map  comprises 34,645 geographical
nits from which 118 distinct soil combinations were identified.

.4. Creation of active ingredient use scenarios

Twenty-seven variables are needed to calculate the I-PHY score
Table 1). In order to carry out our study, we created active ingre-
ient use scenarios from the variables needed to take into account
he diversity of possible application conditions. There were 15 of
hese variables (Table 1, variables 16–27) given that the other 12
re linked to pesticide and soil properties (Table 1, variables 1–12).

ach variable takes 2 threshold values (unfavourable or favourable)
hich were used to create the scenarios. In order to limit the num-

er of scenarios, 2 variables related to the characteristics of the
quipment used (Nos. 13 and 14, Table 1) were blocked at their
indicates the risk of pesticide transfers to groundwaters. The Koc value is a measure
: the approved dose for weeding (g ha−1) (Maillary, 2012).

favourable threshold values, which amounted to regulatory con-
ditions for good agricultural practices. Likewise, variable no. 15,
“draining” was tested with its favourable threshold value as it was
a practice not found in Reunion given the major topography of
the island enabling such drainage naturally. We  therefore con-
structed our active ingredient use scenarios with the remaining 12
variables, considering their two threshold values. This gave 4096
use scenarios for each pesticide tested (212). The scenarios were
recorded and processed in a database developed with Access® soft-
ware (Microsoft Corporation 2010).

2.5. Statistical analyses

In the statistical analysis, we sought to prioritize the importance
of the values related to the use of the pesticide in the construction
of the I-PHY score in order to determine which of them should be
acted upon as a priority to increase the score of the indicator. The
initial dataset included the 4096 use scenarios applied to each of the
118 soils, for a total of 483,328 I-PHY scores per active ingredient.
All the statistical analyses were carried out with R software (Version
2.15.2, R Development Core Team 2013, Vienna, Austria).

Firstly, we  sought to reduce the dataset for easier interpretation
of the results. We  did this using hierarchical cluster classification
according to the Ward criterion over the Euclidian distance. The
results of this stage enabled us to identify some different soil types
leading to the same I-PHY score for the same scenario. We  therefore
reduced the dataset accordingly, excluding all the doublets.

Secondly, the I-PHY score variation (called gain) was  calculated
for each soil type, each active ingredient, and each variable. The
gain was  calculated from the difference between 2 equal scenar-
ios, except the value of the variable analyzed. If a variable had no

gain, the variable and the 2 scenarios were deleted from the dataset.
Then, based on this reduced dataset, we  used CART (Breiman et al.,
1984), a statistical method that successively divides up observa-
tions, by binary divisions, into subsets (called nodes), which are
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ig. 4. Map  representation of the 118 soils characterized by 6 variables: type of so
erritory. The white zones are non-arable areas (volcano, river bed, etc.) created wi

ncreasingly uniform in relation to a target variable; in this case
he I-PHYscore. The results were displayed in the form of a regres-
ion tree (Fig. 5). The quality of the divisions was measured by the
ecrease in the mean squared error induced by the division. The
elected variable was the one that induced the largest decrease
n mean squared error. The procedure was repeated until subsets

ere obtained that had very few observations. If the condition of
his selected variable was true (unfavourable subset of variable,
able 1), the initial observations were sent to the left of the parent
ode. If the condition of this selected variable was false (favourable
ubset of variable, Table 1), the observations were sent to the right
f the parent node. Finally, the I-PHY min  score corresponded to
he scenario where all the variables were in their unfavourable
onditions, i.e. the poorest application conditions for the active
ngredient. The I-PHY minimum score is given at the bottom left of
he regression tree (Fig. 5). Conversely, the I-PHY maximum score
orresponded to the scenario where all the variables were in their
avourable conditions, i.e. the best application conditions for the
ctive ingredient. The I-PHY max  score is given at the bottom right
f the regression tree (Fig. 5).

Lastly, we compared the importance of the variables in the con-
truction of the I-PHY score between active ingredients and all soils
ombined. We  did this using the random forests statistical method

Breiman, 2001). This method is based on the aggregation of sev-
ral trees disrupted by double randomization, of both the sample
bootstrap sample, i.e. with the drawing and returning of n observa-
ions out of the initial n observations), but also some explanatory
th, pH, organic matter, swelling clay and slope. None of them is prevailing in this
MAP software (ESRI, 2013).

variables (sub-sets of explanatory variables selected from all the
initial variables). A regression tree was constructed from all these
samples (500 in our case), with a random draw of the sub-sets of
explanatory variables (of the p initial variables, p/3 were drawn
randomly) to search for each optimum division. The importance
of the variables in the construction of the I-PHY was  then defined
by the mean decrease in heterogeneity. As this measurement was
not calculated on the same sample for the active ingredients, we
rounded it off to an index between 0 and 100. These index values
then enabled us to construct uniform groups of active ingredients
according to the importance of the variables for the I-PHY score
using a principal components analysis (PCA) followed by hierar-
chical ascendant clustering. Lastly, the differences in the mean,
minimum and maximum I-PHY scores for the different groups were
tested using Kruskal–Wallis and Wilcoxon comparison of multiple
means tests.

3. Results and discussion

3.1. The validity of I-PHY scores

The mean, minimum (min) and maximum (max) I-PHY scores

for the 4096 scenarios tested on the 118 soils for each active ingre-
dient are presented in Table 3. The mean scores varied from 3.72
(triclopyr) to 8.72 (thiencarbazone). The I-PHY min scores of the
different active ingredients varied from 2.36 (triclopyr) to 6.04
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Table  3
The minimum, maximum, room for progress between minimum and maximum, mean (±standard deviation) of the I-PHY scores for 20 active ingredients.

Active ingredient I-PHY minimum I-PHY maximum Room for progress (max–min) I-PHY mean

2,4-D 4.78 8.37 3.59 7.25 (±0.88)
Aclonifen 3.51 6.02 2.51 4.97 (±0.73)
Asulam 4.60 9.03 4.43 8.30 (±0.85)
Atrazine 3.63 8.93 5.30 6.04 (±1.52)
Bentazon 3.98 7.90 3.92 6.28 (±0.87)
Diquat 4.48 9.21 4.73 7.59 (±1.24)
Fluazifop-P 4.63 7.54 2.91 6.41 (±0.84)
Fluroxypyr 5.00 9.50 4.50 6.90 (±0.63)
Glufosinate 4.92 9.21 4.3 8.29 (±0.90)
Glyphosate 4.86 9.07 4.21 8.28 (±0.85)
Isoxaflutole 5.02 8.94 3.92 7.90 (±0.87)
Linuron 4.37 9.21 4.84 7.55 (±1.16)
Mesotrione 3.85 9.26 5.41 6.57 (±1.51)
Metribuzin 3.87 8.11 4.24 6.10 (±1.05)
Nicosulfuron 4.90 9.51 4.61 7.52 (±1.22)
Oxadiazon 2.81 4.48 1.67 3.80 (±0.39)
Pendimethalin 4.24 6.67 2.43 5.78 (±0.67)
S-metolachlor 3.16 6.19 3.03 4.59 (±0.75)
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Thiencarbazone 5.73 9.60 

Triclopyr 2.36 5.28 

fluoxypyr). The I-PHY max  scores varied from 4.48 (oxadiazon) to
.60 (thiencarbazone). These results made it possible at this stage
o identify some active ingredients for which the score was under
he acceptable level of the I-PHY indicator (score < 7). Ten out of 20
esticides were in this case.

The question of the validity of the score still remained. In
hat respect, Bockstaller and Girardin (2003) and Bockstaller et al.
2008) proposed comparing the results of the indicator with mea-
urements of pesticide concentrations in water. Such a comparison
eans accepting a change in study scale but also accepting its lim-

tations. Indeed, water contamination, especially surface water, is
lways found after a major climate event (Louchart et al., 2001)
hile sampling to monitor water quality is usually carried out
ithout considering these risk periods (Voltz et al., 2005). When

omparing these I-PHY scores with water quality measurements in
eunion (Badat, 2011), we found that 7 active ingredients (and their
ssociated metabolites) studied in this article accounted for 72%
f total detections (in surface waters and groundwaters): atrazine
56%), metolachlor (8%), bentazon (2%), triclopyr (2%), glyphosate
2%), 2,4-D (1.5%) and metribuzine (0.5%). Apart from 2,4-D and
lyphosate, the other active ingredients had the lowest mean and
inimum I-PHY values. In addition, the same herbicides are regu-

arly incriminated in water pollution in many tropical or temperate
ountries (Daniel et al., 2002; Haarstad and Ludvigsen, 2007; Ghosh
nd Singh, 2013). Indeed, 2,4-D and glyphosate alone account for
ver 2/3 of pesticide sales in Reunion (Maillary, 2012). It is likely
hat detection of those herbicides in the waters in Reunion is also
he consequence of strong pressure linked to the volumes applied
nd/or to inappropriate cultural practices. I-PHY cannot consider
hat risk on a territory scale because, by its very construction, it
ssesses risks on small quantities of pesticides applied on a field
cale. However, the I-PHY min  values for these two active ingredi-
nts were 4.78 for 2,4-D and 4.86 for glyphosate (Table 3); these
esults indicate a high risk of transfer to the environment under
he poorest application conditions. This brief comparison of the
esults of our study with measured contamination enables us to
uggest that the I-PHY indicator seems relevant for identifying most
ubstances presenting environmental risks.

.2. Regression trees as decision–support tools
The hierarchical cluster classification enabled us to identify
ome different soil types leading to the same I-PHY score for the
ame scenario. This classification led to 9 different soil types for
3.87 8.72 (±0.78)
2.92 3.72 (±0.72)

11 active ingredients (2,4-D, aclonifen, asulam, diquat, fluazifop-P,
glufosinate, glyphosate, isoxaflutole, linuron, pendimethalin and
thiencarbazone), 37 soil types for triclopyr and 45 soil types
for the last 8 active ingredients studied (atrazine, bentazon,
fluroxypyr, mesotrione, metribuzine, nicosulfuron, oxadiazon and
S-metolachlor). Then, 496 regression trees were constructed (1
regression tree for each type of soil and per active ingredient)
using the CART method. None of the regression trees constructed
was identical. The number of nodes making up these trees notably
determined their complexity. Fig. 5 shows the 2,4-D regression tree
for the most common soil in Reunion; 9 other regression trees for 9
active ingredients are given in the supplementary data (Figs. 7–15).
These regression trees enabled us to visualize the importance of the
variables in the construction of the I-PHY score. The score at the
top of the tree corresponds to the mean of the scenarios, which is
reduced or increased depending on the unfavourable or favourable
threshold values of the variables involved in the construction of
the tree. The leaves of the trees (red, orange or green squares)
indicate the final I-PHY scores, with the minimum score furthest
left and the maximum score furthest right for the active ingredi-
ent on the soil type considered. The difference between these two
scores was used to estimate the possible room for improvement.
These trees also made it possible to visualize the variables accord-
ing to the gains they could provide. The more the variable is located
near the top of the tree the greater was the gain it provided in the
construction of the I-PHY score. From one soil to another, or from
one active ingredient to another, the prioritization of these vari-
ables and their interactions differed (see supplementary data, Figs.
7–15).

The CART method (Breiman et al., 1984) is one of the few non-
parametric methods that offer a way of computing the importance
of variables (Bel et al., 2009). This method builds classification
and regression trees for predicting continuous dependent variables
(regression) and categorical predictor variables (classification).
CART procedures have proven to be very useful in ecological and
environmental contexts because the outputs are easily understood
(De’ath and Fabricius, 2000). CART models have several additional
advantages over other techniques: input data do not need to be nor-
mally distributed; it is not necessary for predictor variables to be
independent; and non-linear relationships between predictor vari-

ables and observed data can be modelled (Bel et al., 2009). Thus,
classification and regression trees by CART represent an alterna-
tive to many traditional statistical techniques, including multiple
regression, analysis of variance, logistic regression, log-linear
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Fig. 5. Regression tree of 2,4-D for the most common soil in Reunion (soil type: clayey; soil depth: >90 cm;  pH:5–5.5; organic matter rate: 2–5%; absence of swelling clay;
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‘water-state’ variables. Conversely, for the ingredients in the
‘glyphosate’ group, the 2 variables of importance were ‘water-dist’
and ‘water-state’ then the ‘spray’ variable. For the active ingredi-
ents in the ‘S-metolachlor’ group, the variable of importance was
lope:  >10%; filtering soil). The explanatory variables represented are those selected
red  dotted branch) or the favourable value (green continuous branch). These diffe
or  an explanation of the variables (spray.  . .), see Table 2. A score over 7 indicates a

odels and linear discriminant analysis (De’ath and Fabricius,
000). Under these conditions, regression trees can be used for

nteractive exploration and for the description and prediction of
atterns and processes. In our case, regression trees enabled us to

dentify and prioritize importance variables for the I-PHY indicator,
or each herbicide under our study conditions. The tree is repre-
ented graphically, and this aids exploration and understanding.
uch an analysis proves decisive for using this type of indicator (Hak
t al., 2012) as it makes it possible to determine the exact weight of
ach of the variables making up the indicator (Ferrara et al., 2012).

.3. Room for manoeuvre to reduce herbicide environmental
mpacts

The random forests statistical method was used to determine
he importance of the variables in the I-PHY score construction.
ven though all the variables contributed to this construction
xcept the ‘cover-occup’ variable (Table 4), only four variables were
ery significant. These were the ‘spray’, ‘water-dist’, ‘water-state’
nd ‘position’ variables. However, the importance of these variables
aried with the pesticide. This first analysis completed by a princi-
al components analysis brought out 3 groups of active ingredients
ccording to their variables of importance in the construction of the
-PHY scores. These groups were represented in the first factorial
lane of the analysis (Fig. 6). Axes 1 and 2 explained over 83% of this
raphic representation. Each of the 3 groups included one of the 3
ctive ingredients most used in Reunion, so we  therefore called

hese groups by the ingredient names: ‘2,4-D’ group, ‘glyphosate’
roup and ‘S-metolachlor’ group. For the ingredients in the ‘2,4-
’ group, the ‘spray’ variable was the main variable of importance

n the I-PHY score then, to a lesser degree, the ‘water-dist’ and
e CART method (see materials and methods). They take on the unfavourable value
onditions led to some mean scores (I-PHY scores) shown in the leaves of the tree.
tion where the pesticide transfer risk is acceptable.
Fig. 6. Individual factor map  of the PCA of importance measurements for the vari-
ables of all the active ingredients. The two  axes represent 83%. Three groups can
be distinguished, each represented by one of the most widely used active ingredi-
ents on the island of Reunion: group 1: 2,4-D, group 2: glyphosate and group 3:
S-metolachlor.
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Table  4
Importance of the variables in the construction of the I-PHY score. This importance is calculated with the random forest method rounded off to an index between 0 and
100.  The statistical analyses brought out 3 groups (PCA group) of active ingredients according to their variables of importance in the construction of the I-PHY scores called:
‘2,4-D’ group, ‘glyphosate’ group and ‘S-metolachlor’ group (S-meto in the table). Variables needed for I-PHY calculation: see Table 1.

Active Ingredient Spray Water-dist Water-state Posi. Cover-state Rain. Mower  Filte. Plant strip Nozzle Weather Cover-occup PCA group

2,4-D 37.2 27.1 27.7 1.3 2.7 3.0 0.2 0.0 0.4 0.3 0.0 0.0 2,4-D
Aclonifen 52.2 20.7 19.7 2.1 4.2 0.0 0.2 0.0 0.6 0.3 0.0 0.0 2,4-D
Asulam  6.8 39.8 41.0 1.8 4.5 5.0 0.2 0.0 0.7 0.2 0.0 0.0 glyphosate
Atrazine 12.2 6.2 6.3 68.1 0.5 0.2 4.5 1.9 0.1 0.0 0.1 0.0 S-meto
Bentazon 21.8 20.1 20.1 29.2 2.4 2.5 2.6 0.9 0.2 0.2 0.0 0.0 S-meto
Diquat  56.0 17.8 17.7 2.5 4.8 0.0 0.2 0.0 0.7 0.3 0.0 0.0 2,4-D
Fluazifop-P 67.7 14.2 14.1 0.8 1.3 1.3 0.1 0.0 0.2 0.3 0.0 0.0 2,4-D
Fluroxypyr 19.5 18.7 19.1 33.9 2.4 2.5 2.6 0.9 0.2 0.2 0.0 0.0 S-meto
Glufosinate 18.1 36.5 35.2 1.8 3.6 4.0 0.2 0.0 0.5 0.2 0.0 0.0 glyphosate
Glyphosate 10.3 39.1 39.6 1.6 3.9 4.4 0.2 0.0 0.6 0.2 0.0 0.0 glyphosate
Isoxaflutole 35.0 28.5 27.6 1.6 3.1 3.4 0.2 0.0 0.4 0.2 0.0 0.0 2,4-D
Linuron  54.9 18.6 18.6 2.7 2.2 2.0 0.5 0.0 0.3 0.3 0.0 0.0 2,4-D
Mesotrione 12.0 5.1 5.1 71.5 0.3 0.3 3.4 2.1 0.0 0.0 0.1 0.0 S-meto
Metribuzin 13.7 11.3 11.3 57.1 1.0 1.1 3.2 1.0 0.1 0.1 0.1 0.0 S-meto
Nicosulfuron 15.8 12.1 11.8 53.4 0.9 1.0 2.0 2.8 0.1 0.1 0.1 0.0 S-meto
Oxadiazon 15.6 13.8 14.1 50.5 4.3 0.0 0.4 0.6 0.6 0.1 0.0 0.0 S-meto
Pendimethalin 40.3 26.5 26.3 1.5 3.0 1.4 0.2 0.0 0.5 0.3 0.0 0.0 2,4-D
S-metolachlor 13.8 11.2 11.0 55.5 1.0 0.3 5.4 1.5 0.1 0.1 0.0 0.0 S-meto
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Thiencarbazone 14.0 33.7 33.4 9.2 3.8 4
Triclopyr 15.3 9.9 10.0 56.2 0.5 0

he ‘position’ variable then, to a lesser degree, the ‘water-dist’,
water-state’ and ‘spray’ variables. When considering the I-PHY
cores, the mean and minimum scores for the active ingredients
n the ‘glyphosate’ group were significantly greater than those of
he ‘S-metolachlor’ group. The mean scores were 5.57 for the ‘S-

etolachlor’ group as opposed to 8.54 for the ‘glyphosate’ group
ith a p-value of 0.00062. The minimum scores were 3.57 for the

S-metolachlor’ group as opposed to 5.38 for the ‘glyphosate’ group
ith a p-value of 0.0018. However, the I-PHY mean and minimum

cores for the ‘S-metolachlor’ group did not differ from those of the
2,4-D’ group. Lastly, the maximum I-PHY scores for the 3 groups

ere not statistically different: 7.96 for the ‘2,4-D’ group, 9.32 for
he ‘glyphosate’ group and 7.45 for the ‘S-metolachlor’ group. This
ast point shows that the conditions under which these active ingre-
ients were used had a strong impact on the scores.

With a view to limiting the environmental impacts of herbicides,
ur results showed that replacing the active ingredients of the ‘S-
etolachlor’ group with those of the ‘glyphosate’ group would be
orthwhile. Unfortunately, this is not always possible because the

ctive ingredients do not always have the same target (monocotyle-
onous or dicotyledonous weeds) and the same modes of action
pre or post-emergence). If the substitution of active substances
s not possible, regression trees can help farmers to identify vari-
bles of importance constituting their own room for manoeuvre.
e found that farmers had possibilities to act upon these differ-

nt variables of importance. Those possibilities were either partial
or the ‘water-dist’ and ‘water-state’ variables, or total for all the
thers. Our results showed that four variables mainly affected the
-PHY score and this importance varied depending on the pesticide
roup. However, the comparison of these results with literature,
uggests that I-PHY probably minimizes the specific risks linked
o major rainfall events given the main variables we  identified
hat influence its score. In fact, while the two variables linked to
he proximity of a water point (‘dist-state’ and ‘water-state’) log-
cally influenced the I-PHY scores whatever the active ingredient
Haarstad and Ludvigsen, 2007), the ‘rainfall’ variable only had a

oderate impact on this score. Yet, that variable was considered
ery important in some other case studies (Louchart et al., 2001;

ermosin et al., 2013) and particularly in a tropical climate (Damm
nd Van den Brink, 2010). Bernard et al. (2005) showed that what-
ver the type of soil considered, the risks of groundwater pollution
uring heavy rainfall (>50 mm  day−1) by all the active ingredients
1.3 0.1 0.5 0.1 0.0 0.0 glyphosate
6.7 0.7 0.1 0.1 0.0 0.0 S-meto

they studied were proven. Included in these ingredients and those
we assessed figured atrazine, triclopyr and 2,4-D. Davis et al. (2011)
also showed that the risks of surface water pollution linked to herbi-
cides (atrazine) on a crop such as sugarcane mainly arose from
irrigation practices just after herbicide application. This practice
is widely used in Reunion, particularly to increase the effectiveness
of pre-emergence herbicides such as S–metolachlor. I-PHY does not
consider irrigation practices and they could be included with the
‘rainfall’ variable, which would all the more warrant increasing the
weight of that variable.

4. Conclusion

Our methodology enabled us to identify and prioritize impor-
tance variables for the I-PHY indicator, for each herbicide under
our study conditions. Such an analysis proves decisive for using
this type of indicator as it makes it possible to limit the “black
box” image of these indicators. As such, these variables become
levers for action upon which users of these herbicides can act to
limit the risk of transfers to the environment. We  tested some
scenarios based on the extreme threshold values of the variables
(favourable and unfavourable) in order to determine the maximum
room for improvement. In practice, and for an ex ante risk assess-
ment, some variables can be blocked at their true values relative to
the actual conditions of use. This makes it possible to reduce the
number of scenarios and, thereby, the complexity of the regression
trees. These trees then become decision–support tools specific to
each user and provide customized advice enabling users to take
appropriate decisions with a view to achieving their objectives.
In order to help farmers, this decision–support tool is now avail-
able as an application, called Phyto’Aide, on our web  applications
platform (www.margouilla.net/phyto aide). This tool, based on an
open source code, is completely free and the user friendly interface
allows the farmer, or any user, to select an active ingredient and soil
parameters to acquire a regression tree and then advice. It provides
users with a tutorial to understand the method, how to interpret
the tree and to know which actions can be taken.
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