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• PRZM and MACRO performance to as-
sess herbicides fate in amended soils
was tested.

• MACRO simulated water contents in
control and amended soils better than
PRZM.

• Both models predicted well herbicide
distributions in the amended soil pro-
files after a calibration step.

• The calibration of Kd and DT50 was dif-
ferent for each soil treatment, herbicide
and model.

• The calibration of Kd and DT50 in the
amended soils was based on their dis-
solved organic carbon content.
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Addition of organic residues to soil is a current farming practice but it is not considered in the modelling studies
for pesticide risk assessment at regulatory level despite its potential impact on the pesticide dynamics in soil.
Thus, the objective of this work was to examine and to compare the ability of PRZM and MACRO pesticide fate
models to simulate soil water content, and bromide (Br−, tracer), chlorotoluron and flufenacet concentrations
in the soil profiles (0–100 cm) of one agricultural soil, unamended (control soil, S), amended with spent mush-
roomsubstrate (S+ SMS) or amendedwith green compost (S+GC). Based on a two-yearfield-scale dataset, the
models were first calibrated against measurements of water and solutes contents in the soil profiles (first year)
and then tested without any further model calibration by comparison with the field observations of the second
year. In general, the performance ofMACRO to simulate thewhole dataset in the three soil treatmentswas higher
than that of PRZM. MACRO simulated satisfactorily the water dynamics along the soil profiles whereas it was
poorly described by the capacity model PRZM. Both models predicted very well the Br− mobility in control
and amended soils after dispersion parameters were fitted to observations. No calibration was necessary to re-
produce correctly herbicides vertical distribution in the control soil profile. In the amended soils, MACRO simu-
lations were highly correlated to the observed vertical distribution of flufenacet and chlorotoluron, but
calibration of the Kd of chlorotoluron was needed. On the contrary, modelling with PRZM required calibration
of Kd and DT50 of both herbicides to obtain an acceptable agreement between observations and predictions in
the amended soils. Kd and DT50 calibration was based on the initial dissolved organic carbon contents (DOC) of
amended soils. It allowed to take into account the processes that decrease the herbicides sorption on the soil
and enhance their bioavailability, but that are not described in PRZM and MACRO (such as the formation of
herbicide-DOCmobile complexes). Thiswork showed thatmodels such as PRZMandMACRO are able to simulate
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the fate of pesticides in amended soils. However, before using these models as predictive tools in large amended
soil conditions, and especially in the regulatory context, further modelling studies should focus on other
pedoclimatic-pesticides-organic residues combinations, and on longer periods.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Preserving the quality and sustainability of soils and waters repre-
sents a great challenge in the modern agriculture. This agriculture is
mainly based on the use of pesticides for crop protection, and on the ap-
plication of fertilizers such as organic wastes to increase soil organic
matter (OM) content and fertility, and consequently crop yields (Chen
et al., 2018). The dynamic of pesticides in the soil can be modified by
the solid and dissolved OM of the organic wastes, leading to environ-
mental consequences such as groundwater contamination by pesticides
(Barriuso et al., 2011; Briceño et al., 2008; López-Piñeiro et al., 2013;
Marín-Benito et al., 2014a; Song et al., 2008; Thevenot et al., 2009).
However, studies tackling the influence of organic amendments on the
fate of pesticides under real field conditions have been rarely conducted
(Boesten andVan der Pas, 2000; Herrero-Hernández et al., 2011;Marín-
Benito et al., 2018), and even less its modelling at this scale (Filipović
et al., 2014; Ghirardello et al., 2010; Hughes et al., 2008; Jarvis et al.,
2000).

Numerical models have become essential tools to study pesti-
cide transport processes through soil profile, not only at research
level but also for registration purposes. A large number of models
has been developed to evaluate the fate of pesticides in the envi-
ronment (Siimes and Kämäri, 2003). Among these models, four of
them are recommended by the FOCUS (FOrum for Co-ordination
of pesticide fate models and their USe) group for risk assessment
for pesticide registration at the European level (FOCUS, 2000):
MACRO (Larsbo and Jarvis, 2003), PEARL (Leistra et al., 2001),
PELMO (Klein, 1995) and PRZM (Carsel et al., 2005). These models
take into account the main processes affecting the dynamics of pes-
ticides in soil (sorption, degradation, leaching, volatilization, ab-
sorption by plants, erosion, and/or runoff), and numerous studies
showed they provided reliable simulations of the environmental
fate of these compounds (Giannouli and Antonopoulos, 2015;
Gottesbüren et al., 2000; Mamy et al., 2008; Marín-Benito et al.,
2015; Vanclooster and Boesten, 2000). From a regulatory point of
view, 125 groundwater scenarios (based on 9 pedoclimatic scenar-
ios with 12 to 16 crops each) have been defined to collectively rep-
resent agriculture conditions in the European Union to assess the
leaching of active substances (FOCUS, 2000, 2009) but the addition
of organic amendments is not considered. Despite the nine
pedoclimatic scenarios comprise soils having a wide range of OM
contents, from 1.3% to 7.0% (FOCUS, 2000), the behavior of pesti-
cides in soils with endogenous OM is different from their behavior
in soils with exogenous OM added through organic amendments
(Houot et al., 2014). It is therefore necessary to test the ability of
numerical models to simulate the fate of pesticides in amended
soils. In addition, this will help to improve risk assessment in the
regulatory context.

Thus, the objectives of this work were: (i) to simulate, using PRZM
and MACRO, the mobility of two herbicides widely used in wheat
crops and having contrasting mobility (PPDB, 2019), chlorotoluron
and flufenacet, in unamended (control soil, S) and amended (with
spent mushroom substrate, S + SMS, or green compost, S + GC) agri-
cultural soils, (ii) to assess and to compare their performances to be
used as predictive tool in amended soils. Modelling was based on a
two-yearfield dataset includingwater, Br-, chlorotoluron and flufenacet
contents in control and amended soil profiles cropped with winter
wheat (Carpio et al., 2020).
2. Materials and methods

2.1. Pesticide fate models

The two one-dimensional PRZM 3.21 and MACRO 5.2 models were
selected because they differ in their description of water and solute
transport. A detailed description of PRZM and MACRO can be found in
Carsel et al. (2005) and Larsbo and Jarvis (2003), respectively, and a
comparative description of how both models simulate the main pro-
cesses involved in the fate of pesticides in the environment is provided
inMarín-Benito et al. (2014b). Briefly, PRZM describes thewater move-
ment in the soil profile with a capacity-based approach. Solute transport
is described by convection, and numerical dispersion.MACRO considers
non-steady state flows of water and solute for a variably-saturated lay-
ered soil profile. It is a dual-permeability model which divides the total
soil porosity into two separate flow regions (micropores and
macropores), each characterized by their ownflow rates and solute con-
centrations. A soil water pressure head close to saturation and its asso-
ciated water content and hydraulic conductivity define the boundary
between the two regions. Soil water flow is described by the Richards
equation in themicropores, and it is gravity driven in themacropore re-
gion. For the solute transport simulation, MACRO implements the
convection–dispersion equation in the micropores, while it is assumed
to be solely convective in the macropores. Exchange between the two
domains is calculated according to physically based expressions using
an effective aggregate half-width.

2.2. Experimental site, soil treatments and measurements

Simulations were based on a two-year (2016–2018) field experi-
ment set up at theMuñovela experimental farm belonging to the Span-
ish Institute of Natural Resources and Agrobiology of Salamanca (40°54′
15″N latitude and 5°46′26″W longitude). A detailed description of the
Muñovela dataset is given by Carpio et al. (2020), therefore, only a
short overview of the experimental site, soil treatments, and measure-
ments is given here. Nine plots of 81 m2 were treated as follows
(three replicate plots per treatment): unamended control soil (S), soil
amended with 140 t ha−1 (dry weight basis) of spent mushroom sub-
strate (S + SMS), and soil amended with 85 t ha−1 (dry weight basis)
of green compost (S + GC). The soil is an Eutric-Chromic Cambisol
(IUSSWorking GroupWRB, 2015)with a predominant sandy-loam tex-
ture down to 1 m depth (Table 1). Organic amendments were incorpo-
rated into the top 20 cmusing a rototiller in November 2016. Then each
plot was equipped with one PVC pipe (120 cm length × 5.2 cm Ø) to
monitor soil water content every 20 cmdown to 1m depth using a por-
table dielectric probe. From 29 November 2016 to 30 November 2018,
38 soil water content measurements at 20, 40, 60, 80 and 100 cm
depth were recorded per plot. Winter wheat was annually sown in No-
vember in all plots (Table 2). After harvest, a bare soil was maintained
during the fallow period.

The 9 plots were sprayed once a year with chlorotoluron and
flufenacet herbicides at 15 and 5 kg a.i. ha−1 as Erturon® (Cheminova
Agro S.A.) and Herold® (Bayer Crop Science S.L.) formulation, respec-
tively, and with Br− tracer at 53 kg a.i. ha−1. The three compounds
were jointly applied in pre-emergence on 1 December 2016, and on
13 November 2017 (346 days after the first application). Soil samples
were taken on 17 sampling dates over the whole experiment (at 1, 17,
33, 60, 80, 151, 229 and 339 days after the first application, and at 1,



Table 1
Main physicochemical and hydraulic characteristics of unamended control (S), SMS- and GC-amended (S + SMS and S + GC) soil profiles.

Treatment S S + SMS S + GC

Parameter/soil layer (cm) 0–10 11–30 31–55 56–90 91–160 0–10 11–30 0–10 11–30

Sand (%) 80.4 79.7 77.4 72.9 68.3 76.7 78.8 78.7 79.2
Silt (%) 4.7 4.9 6.0 7.4 9.7 5.8 5.0 4.7 4.7
Clay (%) 14.9 15.4 16.6 19.7 22.0 16.5 16.2 16.6 16.1
pH 6.34 6.62 7.13 7.36 7.74 7.11 7.15 6.99 6.70
Bulk density (g cm−3) 1.48 1.45 1.54 1.61 1.60 1.23 1.45 1.34 1.45
OC (%) 0.77 0.91 0.51 0.27 0.29 2.64 0.95 1.69 0.94
DOC (mg g−1) 0.12 0.13 0.09 0.04 0.03 0.50 0.39 0.38 0.27
θinitial (m3 m−3)a,b 0.183 0.199 0.147 0.141 0.192 0.279 0.238 0.244 0.239
θFC (m3 m−3)c 0.225 0.235 0.239 0.259 0.275 0.290 0.244 0.264 0.242
θWP (m3 m−3)c 0.072 0.075 0.076 0.094 0.108 0.090 0.077 0.081 0.077
θr (m3 m−3)d 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
θs (m3 m−3)d 0.383 0.393 0.341 0.327 0.336 0.472 0.394 0.428 0.393
α (cm−1)d 0.087 0.085 0.096 0.094 0.088 0.068 0.086 0.078 0.087
n (−)d 1.339 1.326 1.271 1.223 1.192 1.240 1.314 1.290 1.319
Ksat (mm h−1)d 76.41 76.32 48.79 24.52 6.41 75.79 76.20 76.08 76.25
CTEN (cm)e 10 10 10 10 10 10 10 10 10
θb (m3 m−3)f 0.332 0.343 0.325 0.319 0.332 0.422 0.344 0.378 0.343
Kb (mm h−1)f 1.413 1.316 0.793 0.516 0.409 0.789 1.202 1.083 1.246
ASCALE (mm)f 15 15 150 150 15 15 15 15 15
ZN (−)f 4 4 2 2 4 4 4 4 4

Note: The parameters without exponent correspond to measured parameters taken from Carpio et al. (2020).
a Data for 0–20, 20–40, 40–60, 60–80 and 80-100 cm soil layers, respectively. The data measured for the 80-100 cm layer were used to parameterize the 100–160 cm layer.
b θinitial at 40–60, 60–80 and 80–160 cm depth were 0.166, 0.177 and 0.193 m3 m−3 for S + SMS and 0.171, 0.144 and 0.166 m3 m−3 for S + GC, respectively.
c Estimated by Rosetta's pedotransfer functions (Šimůnek et al., 2008).
d Estimated by HYPRES pedotransfer functions (Wösten et al., 1999).
e Default value (Larsbo and Jarvis, 2003).
f Estimated using the pedotransfer functions included in MACRO 5.2.
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29, 64, 127, 142, 181, and 225 days after the second application), every
10 cm from 0 to 100 cm. Then they were analysed by ion chromatogra-
phy and HPLC-DAD-MS for Br− and herbicide concentrations, respec-
tively. The analytical methods are described in detail in (Marín-Benito
et al., 2019).
2.3. Modelling strategy

Simulations were run from 29 November 2016 to 30 November
2018 according to field dataset. One period out of the two experimental
periods was used for models calibration (between 29 November 2016
and 12 November 2017), and another one to test the performance of
themodels (from 13 November 2017 to 30November 2018). Therefore,
the strategy of simulation was first to calibrate the models against the
field measurements of water, Br−, chlorotoluron and flufenacet con-
tents in the control and amended soil profiles over the calibration pe-
riod. Then soil water contents and chemicals transport were simulated
without any further models calibration, and the results were compared
to soil moisture, Br−, chlorotoluron and flufenacet concentrations mea-
sured in the soils over the test period.
Table 2
Crop input parameters for winter wheat in unamended control (S)/SMS-amended (S + SMS)/G
model), LAI: Leaf area index.

Date Crop development COVMAX (%)a LAI (m2 m

14 November 2016 Sowing
3 December 2016 Emergence 0.00
5 May 2017 Flowering 10/75/20 0.30/2.25/
3 July 2017 Harvest 0.30/2.25/
2 November 2017 Sowing
23 November 2017 Emergence 0.00
30 April 2018 Flowering 0/75/50 0.00/2.25/
24 July 2018 Harvest 0.00/2.25/

a Determined from field measurements or observations.
b Data estimated from COVMAX (−) = LAI / 3 for MACRO (Kroes et al., 2008).
c Fraction of root density in the uppermost 25% of the root depth for MACRO.
2.4. Models parameterization

The control, SMS- and GC-amended soil profiles of 1.6 m were split
into five horizons of various thicknesses (Table 1). The soil physico-
chemical characteristics were measured at the experimental site
(Carpio et al., 2020). For each soil layer, water contents at field capacity
(θFC, pF= 2.5) and at wilting point (θWP, pF= 4.2), as needed in PRZM,
were estimated using Rosetta pedotransfer functions (Šimůnek et al.,
2008). For MACRO parameterization, the pedotransfer functions of
HYPRES (Wösten et al., 1999)were used to calculate the vanGenuchten
soil-water retention parameters (θr, θs, α and n) and the saturated hy-
draulic conductivities (Ksat) (Table 1). The soil characteristics of the
macropore region, such as the water content corresponding to the
boundary soil water pressure head between micropores and
macropores (θb), the boundary hydraulic conductivity (Kb), the param-
eter controlling the exchange of both water and solute between themi-
cropore and macropore flows (ASCALE), and the pore size distribution
index in the macropores (ZN), were estimated using the pedotransfer
functions included in MACRO 5.2 (Moeys et al., 2012). The boundary
soil water pressure head between micropores and macropores was set
to MACRO default value (CTEN = 10 cm) (Table 1).
C-amended (S + GC) soils. COVMAX: Maximum areal coverage of the canopy (for PRZM

−2)b Root depth (m)a Root distributiona,c Crop height (m)a

0.01/0.01/0.01 0.01/0.01/0.01
0.60 0.21/0.21/0.21 0.90/0.90/0.90 0.55/0.65/0.65
0.60 0.21/0.21/0.21 0.55/0.65/0.65

0.00/0.01/0.01 0.00/0.01/0.01
1.50 0.00//0.21/0.21 0.00/0.90/0.90 0.00/0.67/0.67
1.50 0.00//0.21/0.21 0.00/0.67/0.67
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Crop parameters including emergence, flowering and harvest dates,
maximum height and rooting depth of the wheat plants, root distribu-
tion and the maximum soil cover fraction (COVMAX in PRZM)
corresponded to field site observations and relied on expert judgement
(Table 2). The wheat maximum leaf area index (LAI) was estimated
from the observed maximum soil cover fraction according to COVMAX
= LAI / 3 (Kroes et al., 2008).

Sorption coefficients (Kd) of chlorotoluron and flufenacet in the con-
trol and amended soil profiles, their topsoil half-lives (DT50) and the ef-
fect of temperature on herbicides degradation rate (Q10 in PRZM and
TRESP in MACRO) were obtained from laboratory experiments on soil
samples taken in situ at the beginning of the field experiment
(Table 3) (Marín-Benito et al., 2019). However, in some cases a calibra-
tion step was done for DT50 and/or Kd to improve the goodness-of-fit
statistics of the models (see Section 3.1). The variation of DT50 with
depth was calculated according to the recommendations of FOCUS
(2000). The dispersivity (DV forMACRO) and the hydrodynamic disper-
sion (DISP for PRZM) coefficients for each soil treatment were fitted
manually from the observed Br− concentrations in the corresponding
soil profiles over the calibration period (29 November 2016–12
Table 3
Main herbicide input parameters used in the simulations. Kd: Sorption coefficient, nf:
Freundlich exponent, DT50: Degradation half-life, Q10: Q10 factor, TRESP: Exponent in the
temperature response function, DISP: Pesticide hydrodynamic solute dispersion coeffi-
cient, DV: Dispersivity, S: unamended control soil, S + SMS: Soil amended with spent
mushroom substrate, S + GC: soil amended with green compost.

Parameter Soil layer
(cm)

Chlorotoluron Flufenacet

S S + SMS S + GC S S + SMS S + GC

Sorption
Kd (mL
g−1)a

0–10 0.773 4.773
(1.114)

2.563
(0.783)

1.038 6.340
(1.479)

2.909
(0.889)

11–30 0.873 0.747
(0.336)

1.655
(0.855)

1.118 1.092
(0.492)

1.180
(0.610)

31–55 0.419 0.419 0.419 0.316 0.316 0.316
56–90 0.155 0.155 0.155 0.077 0.077 0.077
91–160 0.105 0.105 0.105 0.073 0.073 0.073

nf
b 0–10 0.83 0.92 0.92 0.85 0.99 0.80

11–30 0.83 0.92 0.92 0.85 0.99 0.80

Degradation
DT50 (days) 0–10c 38.6 51.3

(10.3)
67.6
(16.9)

49.3 93.9
(18.8)

91.7
(22.9)

11–30 38.6 51.3
(10.3)

67.6
(16.9)

49.3 93.9
(18.8)

91.7
(22.9)

31–55 77.2 102.6
(20.5)

135.2
(33.8)

98.6 187.8
(37.6)

183.4
(45.9)

56–100 128.7 171.0
(34.2)

225.3
(56.3)

164.3 313.0
(62.6)

305.7
(76.4)

101–160d n.d. n.d. n.d. n.d. n.d. n.d.
Q10

e 2.3 1.9 2.8 2.3 2.3 2.5
TRESP
(K−1)f

0.083 0.064 0.103 0.083 0.083 0.092

Other characteristics
DISP (cm2

day−1)g
2.5 2 2.5 2.5 2 2.5

DV (cm)g 10 12 10 10 12 10

a From laboratory experiments with control and amended soil samples taken in situ
(Carpio et al., 2020). Values in brackets correspond to calibrated values for PRZM and/or
MACRO models (see Section 3.1).

b Freundlich exponents from laboratory experiments with the unamended control S,
and amendedwith SMS- and GC soils at laboratory scale (García-Delgado et al., 2020). The
nf values as determined in the top 30 cm of S were used for S, S + SMS and S + GC in
31–160 cm depth.

c From laboratory experiments with unamended control and amended soil samples
taken in situ at 6 °C and 40% of the maximum soil water holding capacity (Marín-Benito
et al., 2019). Variation of the degradation rate k (k (d−1) = ln (2) / DT50) with depth: k
for 0–30 cm, k × 0.5 for 30–60 cm, k × 0.3 for 60–100 cm, k = 0 for N100 cm (FOCUS,
2000). Values in brackets correspond to calibrated values for PRZM model.

d n.d. = no degradation.
e From Marín-Benito et al. (2019).
f Estimated from TRESP = (ln Q10) / 10.
g Fitted manually from the observed Br− concentrations.
November 2017) (Table 3) (see Section 3.1). The crop uptake factor
was set to zero for both herbicides, and to 0.5 for the non-sorbed Br−

tracer (FOCUS, 2000).
Topsoil temperature and soilmoisturemonitored at the beginning of

the experiment along the soil profiles were used as initial conditions for
the simulations. Soil temperature in deep soil layers was assumed to be
1 °C below those observed on the topsoil (Marín-Benito et al., 2014b).
For MACRO, a constant hydraulic gradient equal to 1 was assumed as
bottom boundary condition.

Climatic data (rainfall,maximum,minimumand average air temper-
ature) were daily monitored using a meteorological station located at
the field site. Measured daily and cumulative rainfall over the calibra-
tion and test periods are shown in Fig. S1 (Supplementary Material).
Solar radiation, evapotranspiration and wind speed data were obtained
from the station of Matacan airport (23 km away fromMuñovela farm).
Both meteorological stations are operated by the AEMET (Spanish
Agency of Meteorology).

2.5. Evaluation of models performance

The performance of the models was evaluated by calculating four
statistical indices: the efficiency (EF), the coefficient of residual mass
(CRM), the Pearson correlation coefficient (r), and the rootmean square
error (RMSE) (Smith et al., 1996).

EF ¼ 1− ∑n
i¼1 Si−Oið Þ2=∑n

i¼1 Oi−Omð Þ2
h i

ð1Þ

CRM ¼
Xn
i¼1

Oi−
Xn
i¼1

Si

 !
=
Xn
i¼1

Oi ð2Þ

r ¼
Xn
i¼1

Oi−Omð Þ � Si−Smð Þ= ∑n
i¼1 Oi−Omð Þ2

h i1=2
� ∑n

i¼1 Si−Smð Þ2
h i1=2

ð3Þ

RMSE ¼ 100=Omð Þ ∑n
i¼1 Si−Oið Þ2=n

h i1=2
ð4Þ

where Oi and Si are the observed and simulated values, respectively, Om

and Sm are themean observed and simulated values, respectively, and n
is the number of data. The optimum value of EF and r is +1, and that of
RMSE and CRM is zero. If CRM N 0 (b0), then there is an under(over)es-
timation of observed values.

3. Results and discussion

3.1. Models calibration

The models calibration was done in two steps. First, the coefficients
describing the dispersive characteristics (DV and DISP) of the soils were
manually fitted from the observed Br− concentrations over the calibra-
tion period (Table 3). Previous studies have shown the key role of the
dispersion coefficients on the simulation of pesticides leaching
(Boesten, 2004; Marín-Benito et al., 2015). Second, once the dispersion
coefficients were optimized for each soil treatment, the Kd and DT50 of
chlorotoluron and flufenacet were calibrated to minimize the marked
overestimation of their retention in the 0–10 cm soil layer as simulated
by PRZMandMACRO(results not shown). This essential calibration step
is consistent with the findings of Dubus et al. (2003) who showed that
Kd and DT50 were two of the most influential parameters in predicting
pesticide losses with these models. The calibration of Kd and DT50 was
different for each soil treatment, herbicide and model. While experi-
mental Kd and DT50 values of both herbicides were directly used to sim-
ulate their mobility in unamended control soil with PRZM and MACRO,
both coefficients had to be calibrated in SMS- and GC-amended soils for



Fig. 1.Observed and simulated soil water contents in 0–20, 20–40, 40–60, 60–80 and 80–100 cm soil layers of the unamended control (S), SMS- and GC-amended (S + SMS and S+GC)
soils over the whole experimental period (29 November 2016 to 30 November 2018). Error bars represent the standard deviation of mean observed values of plots treated (n = 3).
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PRZM modelling. For MACRO simulations, only the experimental Kd

values of chlorotoluron, as determined on the amended soils, were
calibrated.

The calibration of Kd and DT50 was carried out considering that the
dissolved organic carbon (DOC) of the SMS and GC amendments de-
creased the effective sorption of the herbicides on the soil, enhancing
their bioavailability for degradation and their transport along the
amended soil profiles (Barriuso et al., 2011; Briceño et al., 2008;
Carpio et al., 2020; Marín-Benito et al., 2014a). Quantitatively, the cali-
bration was done from the “DOC of SMS- or GC-amended soil/DOC of
unamended soil” ratio at the first application date of the herbicides
(Table 3). This calibration assumes that the role of the soil endogenous
OC in chlorotoluron and flufenacet sorptionwas small compared to that
of theDOC (Carpio et al., 2020). However, it should benoted that this as-
sumption is right for soils with low endogenous OC contents like ours
(Table 1) while it should be tested for soils with higher native OC con-
tents. Jarvis et al. (2000) also severely underpredicted the field dissipa-
tion of bentazone herbicide in a soil amended with pig slurry and green
manure from yellow mustard, using parameterization based on labora-
tory measurements of degradation. This discrepancy can be explained
by (i) different microbial activity in the laboratory degradation experi-
ments compared to that of the undisturbed population activity in the



Table 4
Goodness-of-fit statistics for PRZM and MACRO modelling of the soil water content (θ),
and vertical distribution of Br-, chlorotoluron and flufenacet in unamended control (S),
SMS- and GC-amended (S+ SMS and S+GC) soil profiles for thewhole simulated period
(29 November 2016 to 30 November 2018). EF: Efficiency, CRM: Coefficient of residual
mass, r: Pearson correlation coefficient, RMSE: Root mean square error.

PRZM MACRO

EF
(−)

CRM
(−)

r
(−)

RMSE
(%)

EF
(−)

CRM
(−)

r
(−)

RMSE
(%)

S
θ 0.18 0.00 0.74 17.9 0.84 0.00 0.92 8.04
Br− 0.92 0.03 0.96 55.1 0.90 0.26 0.96 61.5
Chlorotoluron 0.78 −0.38 0.91 126 0.91 0.19 0.96 80.4
Flufenacet 0.82 −0.27 0.93 108 0.85 0.28 0.93 99.4

S + SMS
θ −0.93 −0.09 0.54 22.0 0.67 −0.02 0.85 9.07
Br− 0.94 0.00 0.97 54.6 0.91 −0.07 0.96 66.0
Chlorotoluron 0.85 −0.07 0.93 127 0.86 −0.05 0.93 126
Flufenacet 0.88 0.06 0.94 95.2 0.94 0.07 0.97 69.4

S + GC
θ −0.74 −0.08 0.62 22.3 0.71 −0.02 0.87 9.14
Br− 0.92 −0.05 0.96 60.7 0.91 −0.25 0.97 64.9
Chlorotoluron 0.85 −0.20 0.92 129 0.88 −0.05 0.94 116
Flufenacet 0.83 0.03 0.91 114 0.96 0.08 0.98 58.6

6 J.M. Marín-Benito et al. / Science of the Total Environment 717 (2020) 137019
field, (ii) significant herbicide dissipation pathways in the field that are
not observed under laboratory conditions and are not included in the
model code. But it has to be underlined that they did not calibrate the
DT50 from DOC. On the other hand, Vereecken et al. (2011) concluded
that Kd values from laboratory batch experiments are not representative
of the field conditions. These results corroborate the need to calibrate Kd

and DT50, when they are measured in laboratory, to model field
conditions.

3.2. Modelling of soil water content in soil profiles

Over the whole experiment, the addition of organic residues was
found to increase the soil water holding capacity in the 0–20 cm soil
layer, following the order S b S + GC b S + SMS (Table 1; Fig. 1). The
higher soil moisture together with the higher OC content of amended
soils led to higher soil fertility and, consequently, to higher crop-
growing performance (Table 2). As a result, water and solute dynamics
in the amended soil profiles below 20 cm depth were modified com-
pared to those observed in the unamended control plots (Carpio et al.,
2020) (Fig. 1). The increased fertility and capacity of amended soils to
retainwater has been often cited as some of the great benefits of this ag-
ricultural practice (García Izquierdo and Lobo Bedmar, 2008).

In any case, i.e. amended and unamended soils, MACRO successfully
simulated the observed soil water contents at the five different soil
depths for the whole simulated period (29 November 2016–30Novem-
ber 2018), as shown by the high values of r (0.85 to 0.92) and EF (0.67 to
0.84), and the low values of RMSE (b9.14) and CRM (−0.02 to 0.00)
(Table 4). According to Ritter and Muñoz-Carpena (2013), the perfor-
mance of a model is unsatisfactory if EF b 0.65, acceptable if 0.65 b EF
b 0.80, good if 0.80 b EF b 0.90, or very good if EF ≥ 0.90. Therefore,
the performance ofMACRO to simulate the soilwater content can be de-
noted as acceptable for S + SMS and S + GC, and good for unamended
soil S. On the contrary, PRZM did not predict satisfactorily thewater dy-
namics along the soil profiles. The best simulation results were obtained
in thewheat root influence zone (0–20 cm) for the three soil treatments
(Fig. 1). At this depth, the observed fluctuations of soil moisture linked
to precipitation events were well described by the model. However, in
the absence of rainfall, PRZM overestimated the evapotranspiration,
and the simulated soil water content corresponded to the wilting
point (Fig. 1; Fig. S1). Below 20 cm depth, PRZM predicted that the
water contents of control and amended soils were most of the time at
field capacity. Indeed, there is no sink for water under the maximum
root depth (21 cm), and consequently PRZM simulated soil moistures
at field capacity once it was reached. Nevertheless, the values of some
statistical indexes were acceptable (Table 4), probably because of com-
pensation between PRZM underestimation and overestimation of the
observations as a function of the depth and/or of the period. The inabil-
ity of capacity models such as PRZM to represent the soil moisture with
an acceptable goodness-of-fit has often been observed (Gottesbüren
et al., 2000; Marín-Benito et al., 2014b; Vanclooster and Boesten,
2000). Due to these differences between soil water content observa-
tions and simulations, and to the influence of soil moisture content on
the herbicide degradation rate, PRZMmight not be able to simulate her-
bicide leaching.

3.3. Modelling of bromide distribution in control and amended soil profiles

Following dispersion coefficients fitting, the ability of the models to
simulate the Br− behavior (peak concentrations and maximum depths
reached by the tracer) was very good (Ritter and Muñoz-Carpena,
2013), and similar for the three soils treatments as showed by the nar-
row ranges of variation of each statistical index (0.96 b r b 0.97, 0.90 b EF
b 0.94, 54.6 b RMSE b66.0) (Figs. 2 and 3; Figs. S2 and S3; Table 4). The
main difference between the simulation results of the different treat-
ments is that PRZM and MACRO underestimated (CRM N 0) the ob-
served Br− concentrations in the unamended soil profile while these
concentrations were, in general, overestimated (CRM ≤ 0) in S + SMS
and S + GC profiles. For the three treatments, the leached amounts of
Br− followed the rainfall regimes (Figs. 2 and 3; Figs. S1 to S3): low
Br− amounts (b1.0 to 2.6% of the amount applied) leached down to
100 cm depth over the first period (273.2 mm of cumulated precipita-
tion)while high amounts (from16 to 20%) of Br−did so over the second
period (525.4mm, 2.5 times that of thefirst period) (Carpio et al., 2020)
(Figs. S1 to S3).

The fitted dispersivity (DV for MACRO) and hydrodynamic disper-
sion (DISP for PRZM) values were similar for unamended soil and S
+ GC treatments, but different than those obtained for S + SMS
(Table 3). This can be due to different soil saturation degrees as simu-
lated by PRZM and MACRO in S + SMS compared to unamended and
S + GC soils. The DV value fitted for unamended soil is in agreement
with the dispersivity values reviewed for coarse-textured soils under
field conditions by Vanderborght and Vereecken (2007). Regarding
amended soil, Chalhoub et al. (2013) estimated larger dispersivity
values for a control bare soil than for a soil amended with urban wastes
composts of different nature under field conditions. However, in undis-
turbed silt loam soil columns, Pot et al. (2011) found no statistically sig-
nificant effect of compost application on solute hydrodynamic
dispersion, which agrees with our results despite they were obtained
in field conditions. Finally, though Vanderborght and Vereecken
(2007) observed that dispersion coefficients strongly depend on soil
saturation conditions (there are larger dispersivities for saturated than
for unsaturated flow conditions), the resulting DV and DISP calibrated
values can be considered optimum for simulations under both wet
and dry climatic conditions as those recorded in our field experiment.

3.4. Modelling of herbicides distribution in control and amended soil
profiles

By increasing the soil OC content, the addition of SMS and GC amend-
ments enhanced the herbicides sorption in the top 20 cm and decreased
their downward mobility, which was also favoured by the increase in
the soil water retention (see Section 3.2) (Figs. 4 to 7; Figs. S4 to S7).
This effectwasmainly observed for flufenacet, themost hydrophobic her-
bicide, whosemobility was slower than that of chlorotoluron. A highmo-
bility of chlorotoluron through the three soil profiles was observed after
the first application: the herbicide was detected in the whole control,
SMS- and GC-amended soil profiles 33 days after its application because
of the rainfall events occurring shortly after the application (Carpio



Fig. 2.Observed and simulated distribution in the unamended control (S), SMS- andGC-amended (S+SMS and S+GC) soils profiles of bromide (Br–) at selected sampling times after the
first bromide application (calibration period: 29 November 2016 to 12 November 2017). Error bars represent the standard deviation of mean observed values of plots treated (n = 3).
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Fig. 3.Observed and simulated distribution in the unamended control (S), SMS- and GC-amended (S+ SMS and S+GC) soils profiles of bromide (Br-) at selected sampling times after the
second bromide application (test period: 13 November 2017 to 30 November 2018). Error bars represent the standard deviation of mean observed values of plots treated (n = 3).

8 J.M. Marín-Benito et al. / Science of the Total Environment 717 (2020) 137019



Fig. 4.Observed and simulated distribution in the unamended control (S), SMS- andGC-amended (S+ SMS and S+GC) soils profiles of chlorotoluron at selected sampling times after the
first herbicide application (calibration period: 29 November 2016 to 12 November 2017). Error bars represent the standard deviation of mean observed values of plots treated (n = 3).
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Fig. 5.Observed and simulated distribution in the unamended control (S), SMS- andGC-amended (S+ SMS and S+GC) soils profiles of chlorotoluron at selected sampling times after the
second herbicide application (test period: 13 November 2017 to 30 November 2018). Error bars represent the standard deviation of mean observed values of plots treated (n = 3).
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Fig. 6.Observed and simulated distribution in the unamended control (S), SMS- andGC-amended (S+ SMS and S+GC) soils profiles offlufenacet at selected sampling times after thefirst
herbicide application (calibration period: 29 November 2016 to 12 November 2017). Error bars represent the standard deviation of mean observed values of plots treated (n = 3).
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Fig. 7. Observed and simulated distribution in the unamended control (S), SMS- and GC-amended (S + SMS and S + GC) soils profiles of flufenacet at selected sampling times after the
second herbicide application (test period: 13 November 2017 to 30 November 2018). Error bars represent the standard deviation of mean observed values of plots treated (n = 3).
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et al., 2020) (Fig. S1a and S4). On the contrary, flufenacet needed 33, 80
and 151 days to reach the 90–100 cm soil layer in S + SMS, control and
S + GC soils, respectively. The amounts of chlorotoluron (≈1.0 to 2.0%)
and flufenacet (b1.0 to 1.3%) that leached down to a depth of
90–100 cm in the three treatments over the first experimental period
were higher than those observed in the second period. In this second pe-
riod, only residual amounts of both herbicides (b1.0%) reached 100 cm
depth in the treatment with the highest DOC content, S + SMS, that
would have enhanced the transport of chlorotoluron and flufenacet to
this depth 29 and 127 days after the second application, respectively
(Carpio et al., 2020). In control soil and S + GC, chlorotoluron reached
maximum depths of 70 cm and 30 cm, respectively, and no flufenacet
was detected below 60 cm and 80 cm, respectively. This behavior might
be unexpected as higher rainfall was recorded during the second period
of experimentation than in the first one (Fig. S1). However, it indicates
that the rainfall eventswhich occurred shortly after the first herbicide ap-
plications played a more important role in their high mobility than the
high total amounts of rainfall recorded over the second period of experi-
mentation (Willkommen et al., 2019).

Once the degradation and/or sorption coefficients were calibrated,
the two models reproduced satisfactorily the observed mobility of
both herbicides through the three soil profiles over the whole simula-
tion period (Table 4, Figs. 4–7 and S4–S7). As indicated above, this
shows that DOC drives the movement of pesticides (Barriuso et al.,
2011; Briceño et al., 2008; Carpio et al., 2020; Marín-Benito et al.,
2014a). Nevertheless, MACRO simulated the vertical distribution of
chlorotoluron and flufenacet better than PRZM (Table 4). The corre-
spondence between observations andPRZMsimulationswas acceptable
for both herbicides (0.78 b EFChlorotoluron b 0.85, 0.82 b EFFlufenacet b 0.88)
while it was good and very good forMACRO (0.86 b EFChlorotoluron b 0.91,
0.85 b EFFlufenacet b 0.96) (Ritter andMuñoz-Carpena, 2013). The lowest
performance of PRZM to reproduce the herbicides mobility agrees with
its poor simulations of the water dynamics, especially in the amended
soil profiles (Table 4, Fig. 1). It is important to highlight that the exper-
imental DT50 values of the herbicides in the amended soils, which de-
pends on the soil moisture, had to be calibrated only for PRZM
(Table 3).Marín-Benito et al. (2014b) also obtained a betterfit of the dy-
namics of other herbicides with models based on the Richards equation
(MACRO and PEARL) than with the PRZM capacity model.

The results also showed that the EF of both models for herbicides con-
centrationsdecreasedover the test period compared to the calibration one.
This decrease in EF was higher for PRZM than for MACRO: from 0.90–0.98
to 0.51–0.88, and from 0.90–0.99 to 0.54–0.93, respectively (data not
shown). It was more outstanding for chlorotoluron than for flufenacet,
and especially in the S + SMS treatment. This is in agreement with the
highest DOC content in S + SMS (Table 1), and with the high influence
of this parameter on the mobility of the less hydrophobic herbicide
chlorotoluron (Carpio et al., 2020) that could not have been perfectly
taken into account through the calibration step. In a previous modelling
study with PRZM, including two SMS with different DOC contents and
two fungicides with very different hydrophobicities, Marín-Benito et al.
(2015) also determined the lowest EF values for the less hydrophobic fun-
gicide in the soil which was the richest one in DOC. The decrease in EF
could result from the variation of pesticide sorption in amended soils
with the natural decay of soil OM load by mineralization (Marín-Benito
et al., 2012). However, in our study, the variation of OC contents in the
amended topsoils over time was negligible (Carpio et al., 2020), and con-
sequently it was not taken into account in models parameterization.

According to the CRM values (Table 4), MACRO underestimated
(CRM N 0) the observed concentrations of the two herbicides in the un-
amended soil profile while PRZM overestimated them (CRM b 0). In the
amended soils, both models overestimated chlorotoluron concentra-
tions whereas those of flufenacet were underestimated. The overesti-
mation of the vertical distribution of chlorotoluron in the S + SMS
and S + GC profiles as simulated by both models was mainly marked
in the test period when the highest DOC contents in the amended soil
profiles were observed (Fig. 5 and S5) (Carpio et al., 2020). Processes
linked to the higher DOC content of amended soils and not described
in PRZM and MACRO could have facilitated the bioavailability of
chlorotoluron in solution to bemineralized (EC, 2005) and/or degraded
by soil microorganisms. Among these processes, the formation of
herbicide-DOC mobile complexes has been observed for chlorotoluron
and other phenylurea herbicides in presence of high DOC amounts
(Song et al., 2008; Thevenot et al., 2009). The limits underlined here
are some of the well-known limits affecting pesticide leaching models,
as shown at field and laboratory scales (Mamy et al., 2008; Marín-
Benito et al., 2015; Thevenot and Dousset, 2015).

4. Conclusions

The ability of PRZM and MACRO models to simulate the fate of
chlorotoluron andflufenacet herbicides under amended soilswas assessed
and compared. Themodelswere calibratedand testedbasedona two-year
field-scale leaching study carried out in experimental plots without
amendment, and with spent mushroom substrate (SMS) and green com-
post (GC) amendments. Both models successfully predicted the vertical
distribution of Br−, chlorotoluron and flufenacet along the three soil pro-
files. In general, MACRO showed a higher performance than PRZM,
which did not simulate satisfactorily the water dynamics. The needed cal-
ibration of Kd and DT50 parameters was based on the initial DOC contents
of control and amended soils, because DOC is known to drive some pro-
cesses that modify the behavior of pesticides (e.g. formation of herbicide-
DOC mobile complexes), however they are not considered in the models.

PRZM and MACRO could be successfully used as predictive tools
against groundwater contamination by herbicides in amended soils, at
least at a bi-annual scale, after calibrating DT50 and/or Kd. The results
also emphasize the need of modelling the pesticide fate in amended
soil scenarios in the regulatory context. However, as the calibration of
pesticide parameters is not possible when these models are used for
risk assessment for European pesticides registration, a module allowing
to correct the DT50 and Kd values according to the DOC of the amended
soils should be added. Finally, due to the decrease in models efficiency
with simulation time (mainly for PRZM) to predict the herbicides mo-
bility in the amended soils, they should be tested for longer periods.

This work showed thatmodels such as PRZM andMACRO are able to
simulate the fate of pesticides in amended soils, and it serves as a first
step in identifyingwhere futuremodelling effortsmightmost profitably
be directed. In this sense, further modelling studies should focus on
other pedoclimatic and pesticide-organic residues combinations, and
for longer time periods. Then, the models will help to optimize the ap-
plication rates of organic wastes to avoid water pollution.
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