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• TOXSWA was evaluated based on a ﬁeld
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• Maximally 3–8% applied chlorpyrifos was
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A B S T R A C T

TOXSWA is a numerical model describing pesticide behavior in an edge-of-ﬁeld waterbody. It is widely used to predict
exposure in regulatory risk assessment for aquatic ecosystems. Exposure concentrations are predicted based upon pesticide process parameters obtained in standardized laboratory experiments. However, few tests of the model performance based on ﬁeld data have been carried out. We compare simulated concentrations to observations from a ﬁeld
experiment with four shallow stagnant ditches over sprayed with chlorpyrifos, a moderately volatile pesticide with
a signiﬁcant sorption capacity. Input parameters describing the four ditches, such as dimensions, water depth, sediment and macrophyte characteristics were measured in detail. Additionally, laboratory experiments were carried
out to determine site-speciﬁc values for parameters describing chlorpyrifos degradation in water and sediment, as
well as sorption to the two dominant macrophyte species. Based upon these estimated parameters, the correspondence
between simulated and measured concentrations in water, sediment and macrophytes is poor. We attribute this discrepancy to a lack of site-speciﬁc input for the processes of volatilization and sorption to sediment, which both are important processes for chlorpyrifos. Therefore, we calibrated TOXSWA using the optimization tool PEST. The transfer
coefﬁcient for volatilization and the coefﬁcient for sorption to sediment were optimized based on the observed concentrations in water and sediment. This resulted in a substantial improvement of correspondence. Optimized values of the
transfer coefﬁcient for volatilization and the coefﬁcient for sorption to sediment are substantially higher than their initial estimates (4–8-fold and 2–4-fold increase, respectively), but can be well explained. The optimized coefﬁcients vary
less than a factor 2 between the four ditches. We conclude that TOXSWA can adequately predict chlorpyrifos behavior
in the four ditches, provided that reliable site-speciﬁc parameter estimates are available. Field tests for other pesticides,
waterbodies and agro-environmental conditions are warranted.
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1. Introduction

and has an extensive growth of aquatic macrophytes in summer. For sediment sampling, 1-m segments, located at 6 and 34 m from one side of the
ditch, were kept free of macrophytes during the experiment.
On 8 May 1990, chlorpyrifos was applied as DURSBAN® 4E on the
water surface in a single treatment, simulating spray drift (Ronday et al.,
1998). The time of application was between 9:30 am and 11:30 am. Four
ditches, labelled 6, 9, 4, and 10, were treated. Intended nominal concentrations were 35 μg L−1, for ditches 6 and 9, and 0.7 μg L−1, for ditches 4 and
10. The shielded spray boom had six nozzles, spaced 0.50 m apart, and was
ﬁtted onto a wagon. In four ditches chlorpyrifos concentrations in water,
sediment, and macrophytes were measured up to 129 d after application.

Simulation models are commonly used to describe the fate and behavior
of pesticides in the environment. Based on mechanistic descriptions of relevant processes such as degradation, volatilization, sorption, and transport,
such models predict concentrations in e.g. water or soil that can be used for
human or environmental risk assessment.
The TOXSWA model (Adriaanse, 1996; Adriaanse et al., 2013) describes
the fate and behavior of pesticides in small surface waters, that enter the
water by e.g. spray drift deposition, drain pipes or surface runoff and erosion after agricultural use. After its release in 1996 it has been applied in
pesticide regulatory procedures for the risk assessment of the aquatic and
sediment ecosystems. Such risks assessments are part of the framework deciding on the admission of pesticide active ingredients or products on the
market in the European Union or in different Member States. TOXSWA
has been used in The Netherlands since June 1999 and at EU level since December 2003 (Ctgb, 2020; European Food Safety Authority (EFSA) et al.,
2020; FOCUS, 2001). In addition, TOXSWA is used in research context
(Patterson et al., 2017; ter Horst and Koelmans, 2016).
Although the TOXSWA model has been used extensively during the past
decades, very few studies have been reported that compare the simulated
concentrations in water and sediment to observations in the ﬁeld
(Adriaanse et al., 2013; Ashauer and Brown, 2007; Knäbel et al., 2012;
Padovani and Capri, 2005). Field tests are important to evaluate simulation
models, i.e. demonstrate that reality is reﬂected satisfactorily. In this way,
such tests may increase the conﬁdence in model applications. In this
paper we present a ﬁeld test of the TOXSWA model for the pesticide chlorpyrifos. The aim is to contribute to the evaluation of the model in the context of regulatory risk assessment, in which inputs are derived by laboratory
observations.
As part of an ecotoxicological experiment (Brock et al., 1992; Crum and
Brock, 1994), the fate and behavior of the organophosphorus insecticide
chlorpyrifos was studied in outdoor ditches in Renkum, the Netherlands.
In addition, a series of laboratory experiments was performed with chlorpyrifos and ditch-speciﬁc material to determine the compound properties.
In four ditches over sprayed with chlorpyrifos, concentrations were measured in water, sediment, and the macrophytes. Moreover, sediment properties were measured as a function of depth and the macrophyte biomass
and its dominant species were estimated at several points in time.
The observations of the experiment are used for a ﬁeld test of the
TOXSWA model. We parameterized the model for the four ditches with
the aid of the chlorpyrifos process parameters obtained in the laboratory
and ditch parameters measured in the ﬁeld. TOXSWA predictions are compared to observations, with emphasis on concentrations in water and sediment, which are used in the regulatory aquatic risk assessment of
pesticides. We calibrate two parameters: for volatilization and sorption to
sediment, that were not based on site-speciﬁc material but on literature.
Thus, correspondence is substantially improved.

2.1.2. Water sampling and characterization
Depth-integrated water samples were collected by vertically submerging an open perspex tube (length 0.42 m, internal diameter 3.9 cm) and
closing it with rubber stoppers before taking it out of the water. They
were taken in 1-m ditch segments, located at distances of 4, 6, 22, 34 and
36 m from one end of the ditch, at 0, 1, 2, 4, 7, 14, 29, 56, and 129 d
post-application. The exact times of the sample collection varied per
ditch. At t = 0 d the sample was collected within 30 min after application.
On days 1 and 2, sampling times were close to 24 and 48 h after application,
respectively. On the other dates sampling occurred between 9 am and 2 pm.
Chlorpyrifos was extracted from the water using a solid phase extraction
technique, after which it was eluted with 5 mL hexane, evaporated to dryness, and redissolved in hexane (Crum and Brock, 1994). The concentrations were measured by gas chromatography with NPD detection as
described in Brock et al. (1992). In addition to chlorpyrifos concentrations,
water levels were recorded at the days of water sampling. Furthermore,
temperature (three depths) and pH were measured continuously and stored
as 15-min averages.
2.1.3. Aquatic macrophyte sampling and characterization
The development of Elodea nuttallii, Chara sp., and Ranunculus circinatus
in the four ditches was monitored during the experiment. At 13 d before
and at 22, 63, and 91 d after pesticide application, the average ditch
cover fraction over the 40 m length (halfway down the water column) of
each species was estimated visually. In addition, the dry mass of each species covering a selected representative 1 m2 of ditch area at mid-depth
was determined for each ditch in April and August. The biomass development was estimated by multiplying the ditch cover fraction by its biomass
covering 1 m2. For 30 May and 10 July (22 and 63 d post-application, respectively) the biomass of 1 m2 was determined by interpolating the data
from April and August.
To measure chlorpyrifos adsorbed to macrophyte tissue, submerged
shoots were sampled at 1, 2, 4, 7, 14, 29, 56, and 129 d (between 9 am
and 2 pm) post-application. Samples were collected according to the ratio
of ditch cover of the species in the ditches, with a total of ﬁve samples
being taken on each occasion. The shoots were stored at −20 °C. Extraction
of chlorpyrifos from the plant tissues, clean-up and analysis by gas chromatography with NPD detection have been described in detail in Brock et al.
(1992).
For comparison to model results, overall sorbed content was calculated
as a weighted mean of all species, with the weights determined by the relative contributions to the total biomass. Linear interpolation was used to
determine biomass at the sampling times of the chlorpyrifos measurements.

2. Outdoor ditch experiment
2.1. Methods
2.1.1. Experimental setup
Below, we describe the chlorpyrifos experiment in the outdoor ditches
in more detail, with emphasis on the fate and behavioral aspects that
were not reported by Brock et al. (1992) and Crum and Brock (1994).
The experiment was carried out from May to September in the experimental ditches at the Sinderhoeve Experimental Station in Renkum, the
Netherlands. The ditches were designed to be representative of Dutch
drainage ditches (Drent and Kersting, 1993), and have a bottom width of
1.60 m, a slide slope of 1.5 m m−1 (horizontal/vertical), and a length of
40 m. Water depth is maintained at approximately 0.5 m. The water in
the ditches is stagnant, except when precipitation causes the water level
to rise above the rim of a funnel, located at one end of each ditch and acting
as an emergency outlet. The sediment layer is approximately 0.25 m thick

2.1.4. Sediment sampling and characterization
Sediment samples were collected from the four ditches at 2, 7, 14 (in duplicate), 29, 56, 129, and 246 d (between 9 am and 2 pm) post-application
from the macrophyte-free segments at distances of 6 and 34 m from one end
of the ditch. Sediment cores were collected by means of perspex tubes (internal diameter 3.9 cm). Chlorpyrifos was analyzed in four layers that were
cut from the frozen sediment cores: from 0 to 1 cm, 1 to 3 cm, 3 to 6 cm and
below 6 cm (down to 8 or 12 cm). The sediment samples were extracted
with hexane, the phases were separated by centrifugation, and the concentrations of chlorpyrifos were measured by gas chromatography with NPD
2
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2.2.3. Sediment characteristics
Bulk density, organic matter content, and volume fraction of liquid all
show a strong gradient with depth in the sediment (Supplemental
Table S5, Supplemental Fig. S9). Variability is larger in the shallower layers
due to the presence of pieces of detritus and difﬁculty in establishing the
sediment-water interface. Average values below 1 cm were generally similar for all ditches, however. Weekly average pH values in the sediment
ranged from 6.6 to 7.3 during the ﬁrst 130 d after treatment. There was
no clear trend in time.

detection. More details on extraction, clean-up (if necessary) and analysis
by gas chromatography are given in Crum and Brock (1994) and Brock
et al. (1992).
In addition to chlorpyrifos concentration, pH, bulk density, organic matter content, and volume fraction of liquid of the samples were measured in
the cut layers. The volume fraction of liquid equals the liquid of the sediment sample lost after 24 h drying at 105 °C, divided by the sample volume.
2.1.5. Mass distribution between water, sediment and macrophytes
For each ditch, the chlorpyrifos mass distribution between the compartments water, sediment, and macrophytes was calculated as a percentage of
the applied mass. The applied mass was calculated as the product of the
sprayed volume of application ﬂuid and its measured concentration. At
each sampling date, the mass in the water was calculated as the measured
concentration multiplied by the ditch volume of that day. The water volume was calculated based on water level and ditch speciﬁc measurements
of bottom width and side slope, which deviate slightly from the values mentioned in Section 2.1.1. The mass in the sediment was the sum of the mass in
the four layers with for each layer the mass being calculated as the measured content at the sampling day times the bulk density (average over period 2—246 day) times the layer volume. Finally, the mass in the
macrophytes corresponds to the sum of the mass in the three macrophyte
species, calculated for each species as the measured content at the sampling
day times the biomass (linearly interpolated between the dates of estimation). Because the content in Elodea corresponded best to the content in Ranunculus in ditches 4 and 10, the content in Elodea was used for Ranunculus
at days Ranunculus had not been measured.

2.2.4. Chlorpyrifos concentration in water
The observed chlorpyrifos concentrations in the water layer (dissolved
plus adsorbed to suspended solids) in the ditches are listed in Supplemental
Table S6 and depicted in Fig. 2 and Supplemental Fig. S10. Note that the observed concentrations at t = 0 d in Fig. 2 and Supplemental Fig. S10 are adjusted; see Section 4.1.1. The concentrations measured immediately after
application (t = 0 d) are 44.1, 51.2, 0.46 and 0.73 μg L−1, for ditches 6,
9, 4 and 10 respectively. Based on the applied mass and water volume at
t = 0 d the expected nominal concentrations are: 40.9, 51.2, 0.77 and
1.05 μg L−1. The deviations for ditches 6, 4 and 10 may have been caused
by non-uniform distribution in the water (both vertically and along the
length of the ditch), shortly after application, demonstrated by the large
standard deviations of the measured concentrations at this time.
The concentrations are plotted on log-scale in Supplemental Fig. S10.
The change of the gradient over time in this ﬁgure shows that the decline
rate of chlorpyrifos in water is not constant but decreases during the experiment. Ditches 6 and 9, the two ditches with the highest concentrations,
show a particularly strong decline during the ﬁrst day, compared to the period afterwards. There are two probable explanations for this. First, the
water added during the rain shower diluted the chlorpyrifos during the
ﬁrst day (volume increase of 17 and 18%, respectively). Second, after application, chlorpyrifos concentration was initially higher near the air-water interface. This will have increased volatilization compared to a homogenous
distribution with depth. After 1 day, the vertical chlorpyrifos distribution
will presumably have been more uniform, also because of the increased
mixing caused by the rain shower. Some chlorpyrifos was also lost during
the rain shower due to discharge via the funnels. However, these amounts
are estimated to be quite small: approximately 0.6 and 0.8, 1.6, and 1.6%
relative to the applied dose for ditches 6, 9, 4 and 10, respectively.
From approximately 60 days, ditches 6, 9, and 10 show a similar decline
rate, while in in ditch 4 decline is considerably slower. This is presumably
explained by the lower pH of this ditch, later in the experiment
(Section 2.2.1), which reduces chlorpyrifos degradation by hydrolysis.

2.2. Results
2.2.1. Water characteristics
Water depths and volumes in the ditches were lowest at the time of the
application, ranging from 50.1 to 56.0 m3 (Supplemental Table S3,1 Supplemental Fig. S6). Approximately 10 h after chlorpyrifos application, a heavy
rain shower added water to the ditches. Measured precipitation was 28.8
mm, but due to the sloping banks and additional surface runoff, the rise
of the water level in the ditches was substantially higher: approximately
7 cm (total volume after rain shower 59.3–65.5 m3). Some water was also
lost as discharge through the funnels. Based on the pump actions, this
was estimated to range from 0.4 to 1.5 m3. After the ﬁrst day, the four
ditches each evaporated 7 to 8 m3 until 29 d, while from 29 to 129 d
their water volume increased by 1 to 2 m3 due to precipitation.
Daily mean pH ranged from 7.5 to 9.8 in the four ditches (Supplemental
Fig. S8), showing a strong daily cycle (not shown). Weekly average values
ranged from 7.9 to 9.7. Compared to the other ditches, ditch 4 showed a notably lower pH. The difference increased over time up to 1–1.5 units after
approximately 3 months.
Daily mean water temperature averaged over the water column ranged
from 13.6 to 26.0 °C, with the maximum temperatures increasing up to
mid-August (Supplemental Fig. S7). Weekly average water temperatures
ranged from 14.7 to 25.2 °C.

2.2.5. Chlorpyrifos content sorbed to aquatic macrophytes
The content of chlorpyrifos sorbed per kg biomass of the three dominant
macrophyte species in the ditches is presented in Supplemental Table S8
and Supplemental Fig. S11. Differences between the ditches are in line
with the concentration in the water layer (Section 2.2.4). Elodea showed
generally the highest sorbed content of the three species. This species also
generally had a faster decline over time, compared to the other two.

2.2.2. Macrophyte biomass
Biomass of the three dominant macrophyte species in the four ditches is
presented in Supplemental Table S4. Uncertainty estimates are not available but are presumably large due to the estimation approach
(Section 2.1.3). Overall, total biomass was in the same order of magnitude
for all ditches, with lowest values for ditch 10, particularly initially. Total
biomass per area of ditch ranged from 200 to 670 g per m2 ditch bottom,
which is relatively high for shallow waters in the Netherlands (Brock,
1988). In ditches 6 and 4, Chara sp. were dominant, whereas Elodea was
dominant in ditch 9 for most of the time. In ditch 10, all three macrophytes
had distinct contributions.

2.2.6. Chlorpyrifos concentration in sediment
Supplemental Table S7 presents the concentration of chlorpyrifos in the
sediment layers of the four ditches as a function of time after application.
Differences between ditches are in line with concentrations observed in
the water layer (Section 2.2.4). Nevertheless, spread between ditches
with similar nominal concentration and between duplicate measurements
is generally large. All ditches initially show a strong vertical concentration
gradient, which decreases over time. In the 0–1 cm layer, maximum concentration occurs approximately 1 week after application. In deeper layers
the peak occurs later, or not at all. For ditches 9, 4, and 10 the concentration
in the 1–3 cm layer, exceeds that of the 0–1 cm layer near the end of the experiment, suggesting that chlorpyrifos is transported from the sediment
back into the water layer.

1
Figures and tables supplemental to the main text can be found in the supplemental information, in sections S3 and S4, respectively.
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allow input of hourly pH values; and (iii) modiﬁcation to specify the transfer
coefﬁcient for volatilization TCwat−air as an input parameter.

The average concentration in the top 6 cm of the sediment (used in the
simulations) is depicted in Fig. 5. Ditches 6, 9, and 10 show a similar course,
with a peak within the ﬁrst 20 days, and a steady decline afterwards. For
ditch 4 the behavior is more erratic, with absence of clear peak. The large
uncertainties for this ditch suggest that this is related to spatial variation.

3.1. General description
TOXSWA (Fig. 1) describes the behavior of pesticides in edge-of-ﬁeld
watercourses (Adriaanse, 1997). The watercourse is comprised of two subsystems: the water layer and the sediment, each with its own mass conservation equation. Although water depth, discharge, and dispersion may vary
in time and along the length of the ditch, in this study, with stagnant water,
they are constant in both dimensions. Sediment properties are also assumed
constant along the ditch length but do vary with depth.
Input of compound by application is added to the water layer. Its subsequent fate in the waterbody is determined by several processes. Exchange between the water layer and the sediment as well as transport within sediment
occur by diffusion. Loss from the waterbody occurs by degradation in both
water and sediment, and volatilization at the water-air interface. Temperature
dependency of degradation is described according to the Arrhenius equation.
Additionally, partitioning due to sorption to macrophytes and to suspended
solids in the water layer and to the sediment are considered.
Below, a more detailed description of the representation of these processes is given. The dimensions of the various quantities are given in general terms with: L = length, M = mass, T = time.

2.2.7. Chlorpyrifos distribution over compartments
The distribution of chlorpyrifos over water, macrophytes, and sediment
is given in Table 1, and depicted in Supplemental Fig. S4 (top row). The
highest percentages in the water layer occurred immediately after application (t = 0 d). The percentages for the water compartment at this time are
higher than 100% for ditches 6 and 9 and lower than 100% for ditches 4
and 10, which is presumably caused by measurement errors (see the large
s.d. at t = 0 d in Supplemental Table S6). In ditches 6 and 9, the percentage
in the water was reduced by half during the ﬁrst day. After 56 d, the percentage was lower than 1% of the applied dose for all ditches.
The maximum percentages sorbed to the macrophytes occurred 1 d
post-application. In ditches 6, 4 and 10, they ranged from 18 to 20%, decreasing to less than 1% at 29 d. The relative chlorpyrifos mass sorbed to
the macrophytes at t = 1 d was notably higher in ditch 9 (59.7%) than in
the other three ditches (18—20%). This difference persisted throughout
the ﬁrst month. This may be explained by the relatively high biomass of Elodea in this ditch, which tended to sorb more chlorpyrifos compared to the
other species (Supplemental Table S8).
Chlorpyrifos stored in the sediment rises until 14–29 days after application, with a maximum storage ranging from 3.3 to 7.5% of the applied
mass. After that time, the percentages decrease down to 0.4–2.0% at 129 d.
In summary, sorption by macrophytes played a greater part in the removal of chlorpyrifos from the ditch water than sorption by sediment. However, chlorpyrifos remained present for a longer time in the sediment than
in the macrophytes and water.

3.2. Water layer
In the water layer, compound is present in the liquid phase (dissolved)
and sorbed to macrophytes and suspended solids. For a stagnant ditch,
the mass conservation equation is given by:


∂ cwat A
¼ −k wat ðcwat AÞ þ J wat−air Ox −J wat−sed Pz¼0
∂t

where, c∗wat is the mass concentration in the water layer (dissolved and
sorbed to suspended solids and macrophytes; M L−3), cwat is the mass concentration in the water phase (M L−3), A is the cross-sectional area of the
water layer (L2), t (T) is time, kwat (T−1) is the ﬁrst-order rate coefﬁcient
for degradation in the water, Jwat−air is the areic mass ﬂux across the
water–air interface (M L−2 T−1; negative in the upward direction), Ox
(L) is the width of the water surface, Jwat−sed is the areic mass ﬂux across
the water–sediment interface (M L−2 T−1; positive in the downward direction; see Section 3.3), and Pz=0 is the perimeter at the sediment surface
across which pesticide is transported (L).
The concentration in the water layer c∗wat is comprised of compound dissolved in the water phase, sorbed to suspended solids, and sorbed to macrophytes:

3. TOXSWA model description
Here, a brief description of the TOXSWA model is presented, focusing on
the processes that are relevant to this study. For a more detailed description
we refer to ter Horst et al. (2016). The version of TOXSWA used here is
based on version 3.3.6 (ter Horst et al., 2016), which is part of
FOCUS_TOXSWA version 5.5.3 (Beltman et al., 2018). The relevant modiﬁcations with respect to this version are: (i) introduction of an empirical function
to correct lumped degradation in water for pH (Eq. (6)); (ii) modiﬁcation to
Table 1
Observed distribution of chlorpyrifos between water (dissolved plus sorbed to
suspended solids), macrophytes (sorbed), and sediment (dissolved plus sorbed to
solid phase) as a function of time after application. For t = 0 d, observations are
available for water only; for t = 1 d and t = 4 d, no observations for the sediment
were available. The row labelled “Total” gives the sum in case measurements are
available for all three compartments.
Ditch

Compartment

6

Water
Sediment
Macrophytes
Total
Water
Sediment
Macrophytes
Total
Water
Sediment
Macrophytes
Total
Water
Sediment
Macrophytes
Total

9

4

10

cwat ¼ cwat þ

1

2

4

7

14

29

56

129

114
–
–
–
106
–
–
–
63.0
–
–
–
73.5
–
–
–

48.5
–
20.0
–
43.2
–
59.7
–
51.5
–
18.1

43.7
3.1
18.7
65.5
40.3
2.3
37.8
80.4
37.0
5.7
13.2
55.9
42.5
3.4
11.8
57.7

22.4
–
14.4
–
23.5
–
30.1
–
16.1
–
8.6
–
20.6
–
12.0
–

16.1
4.6
9.2
29.9
15.4
3.3
21.1
39.8
11.8
3.3
5.5
20.6
17.0
4.8
6.2
28.0

6.2
3.8
8.0
18.0
6.1
3.3
8.7
18.1
2.2
3.5
1.8
7.5
4.7
7.5
2.6
14.8

1.1
2.2
0.9
4.2
1.3
2.5
2.8
6.6
1.3
4.5
0.6
6.4
4.8
2.9
0.5
8.2

0.2
0.7
0.2
1.1
0.2
0.7
0.3
1.2
0.9
2.1
0.6
3.6
0.7
2.2
0.3
3.2

0.02
0.4
0.01
0.4
0.01
1.1
0.03
1.1
0.4
0.5
1.2
2.1
<0.1
2.0
0.3
2.3

52.2
–
18.0
–

M MP Pz¼0
X MP þ SS X SS
A

ð2Þ

where MMP is the dry mass of macrophytes per area of sediment (M L−2),
XMP is the content of pesticide sorbed to macrophytes, i.e. compound
mass sorbed per unit mass of dry biomass (M M−1), SS is the mass concentration of suspended solids in the water layer (M L−3), and XSS (M M−1) is
the content sorbed to suspended solids. Sorption to macrophytes is described using a linear sorption isotherm:

Distribution (% of applied mass) at time (d) since application
0

ð1Þ

X MP ¼ K MP cwat

(3)

where KMP is the distribution coefﬁcient for pesticide between water and
macrophytes (L3 M−1), i.e. the slope of the sorption isotherm based on
the mass of dry macrophytes. Sorption to suspended solids is described
using the Freundlich isotherm, as is usual for sorption in soils (Wauchope
et al., 2002):

X SS ¼ f OM,SS K OM,SS cref ,SS

4

cwat
cref ,SS

N SS
(4)
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Fig. 1. Diagram of the processes in TOXSWA for describing pesticide behavior in a watercourse.

proposed by Liss and Slater (1974; see Section 4.1.5). In this study the transfer coefﬁcient was an input parameter.
Several different degradation processes in the water layer are considered in TOXSWA, including hydrolysis, photolysis, and microbial degradation. In laboratory incubations with water from the experimental ditches, a
pH-dependent decline of chlorpyrifos was observed (see Section 4.1.5),
which is presumably a combination of hydrolysis and microbial degradation. Since these two processes could not be individually parameterized, a
lumped degradation process was introduced in TOXSWA. The pHdependency of the half-life (DegT50, wat; T) of this process in the laboratory
incubations was described as a quadratic equation:

where fOM, SS is the mass fraction of organic matter of suspended solid material (M M−1), KOM, SS is the Freundlich coefﬁcient for sorption to
suspended solids (L3 M−1), based on the organic matter content, cref, SS is
the concentration cwat at which KOM, SS has been estimated (M L−3), and
NSS is the Freundlich exponent for sorption to suspended solids (−).
The mass ﬂux across the water-air interface Jwat−air is negative in this
study, meaning that only loss due to volatilization occurs. This ﬂux is described with the aid of the ﬁlm model of two laminar layers at an interface
(Liss and Slater, 1974):


cair
J wat−air ¼ −TCwat−air cwat −
KH

(5)
DegT 50,wat ¼

where cair is the mass concentration in the air above the water layer (M
L−3), and KH is the dimensionless Henry coefﬁcient, which is estimated
from the quotient of the mass concentration of saturated vapor (via vapor
pressure) and the solubility in water. TCwat−air is the overall mass transfer
coefﬁcient for the water-air interface, based on the liquid phase (L T−1).
In TOXSWA this coefﬁcient is usually calculated using an equation

ln ð2Þ
¼ a pH 2 þ b pH þ c
k wat

(6)

where, b, and c are empirical coefﬁcients (T).
If compound mass is present in the water layer at the start of the simulation, the initial value of c∗wat can be speciﬁed. This initial mass is distributed over the liquid phase, suspended solids, and macrophytes according
to Eq. (2).
5
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3.3. Sediment layer

4. Model parameterization and optimization procedure

The sediment vertically is resolved, i.e. compound concentration and
other properties (bulk density, porosity, and organic matter content) are a
function of depth. The simulated compound is distributed between the liquid phase (pore water) and the solid sediment material. For a given depth in
the sediment, the mass conservation equation is given by:

4.1. Initial estimates of TOXSWA input

P



∂csed ∂ P J l;sed
−ksed csed P
¼
∂z
∂t

4.1.1. Temperature, pH, and water level
The measured temperatures of the three depth levels were averaged to
obtain mean temperature in the water column (Section 2.2.1). Both pH
and average temperature were converted to hourly averages and used as
TOXSWA input.
Since it was not feasible to consider water level changes during the simulation period, a constant depth equal to the observed value at t = 1 d was
used. This means that the effect of volume changes by evaporation and precipitation on the concentration are not considered in the simulation. This is
particularly relevant for the ﬁrst day, during which substantial amount of
water was added by the rain shower, causing a dilution of chlorpyrifos
(Section 2.2.1). To account for this, the observed chlorpyrifos concentration
at t = 0 d was corrected for the water volume increase during the ﬁrst day,
for the purpose of comparing to model results. The other observed concentrations were not corrected. Hence, a slight underestimation of the model
predictions can be expected due to the loss of water volume after the ﬁrst
day.

ð7Þ

where P is the perimeter (at depth z; L) in the sediment, c∗sed is the mass concentration in the sediment (M L−3), Jl, sed is the areic mass ﬂux in the liquid
phase of the sediment by diffusion (M L−2 T−1), z is the depth in the sediment (L), and ksed (T−1) is the ﬁrst-order degradation rate coefﬁcient in the
sediment. The perimeter of the ditch is two-dimensional, but has been simpliﬁed to a one-dimensional line (see Section 3.2 of Adriaanse (1996)).
The mass concentration in the sediment c∗sed is comprised of compound
dissolved in pore water and sorbed to the solid phase:
c∗sed ¼ εcsed þ ρsed X sed

(8)

4.1.2. Sediment properties
Mean values of bulk density, organic matter content, and porosity of
four layers in the sediment (Section 2.2.3) over the experiment duration
were input in TOXSWA. Tortuosity was estimated from porosity using the
equation proposed by Boudreau (1996).

where csed is the mass concentration in the liquid phase of the sediment (M
L−3), ε is the porosity (L3L−3), i.e. the volume of liquid divided by the volume of sediment, ρsed (M L−3) is the bulk density of dry sediment, i.e. the
mass of dry sediment per unit volume, and Xsed (M M−1) is the content
sorbed, i.e. the mass of compound sorbed per unit mass of dry sediment material. Sorption to sediment is described using the Freundlich isotherm:

X sed ¼ f OM,sed K F,OM,sed cref ,sed

csed
cref ,sed

4.1.3. Suspended solids and macrophyte biomass
Concentration of suspended solids was set at 10 g m−3, an estimated
value taken from Leistra et al. (2004). The organic matter content of
suspended solids was assumed to be equal to that of the top layer of the
sediment.
Macrophyte biomass (constant in time) was set to the sum of observed
total biomass over all species (Section 2.2.2) at time t = 1 d. Since no measurement was taken at this time it was determined using linear interpolation between time points t = −13 d and t = 22 d, relative to application
date. These values are listed in Table 2.

N sed
(9)

where fOM, sed (M M−1) is the mass fraction of sediment organic matter, KF,
3
−1
) is the Freundlich coefﬁcient for sorption to sediment, based
OM, sed (L M
on the organic matter content, cref, sed (M L−3) is the concentration csed at
which KF, OM, sed has been estimated and Nsed is the Freundlich exponent
for sorption to sediment (-).
In the ﬁeld experiment there was no seepage or drainage, hence the
mass ﬂux within the sediment, Jl, sed, consists of a diffusive component only:
J l,sed ¼ −εDsed

∂csed
∂z

4.1.4. Simulation period and initial conditions
The simulation period started on the date of chlorpyrifos application (8
May). For the purpose of the simulation it was assumed that application occurred at 12 pm. The simulation ended at 15 September; hence, the total
duration was 131 days. The initial mass concentration in the water layer,
c∗wat, was set equal to the nominal chlorpyrifos concentrations after application (Section 2.2.4), corrected for the change in water volume during the
ﬁrst day—similar to the ﬁrst measured concentration (see Section 4.1.1).
Note that TOXSWA distributes this concentration over the liquid,
suspended solids, and macrophytes compartments, according to the respective sorption coefﬁcients (Eq. (2)). The initial concentration in sediment
was assumed to be zero.

(10)

where Dsed (L2 T−1) is the diffusion coefﬁcient of the compound in the
liquid phase of the sediment and given by:
Dsed ¼ λDwat

(11)

where λ is the tortuosity factor (-), quantifying the effect of traversing a tortuous pathway through sediment pores instead of a straight pathway, and
Dwat (L2 T−1) is the diffusion coefﬁcient of pesticide in water. The mass
ﬂux across the sediment-water interface Jwat−sed is determined by the concentration difference between the water and top of the sediment.
If compound mass is present in the sediment at the start of the simulation, the initial value of c∗sed must be speciﬁed. This initial mass is distributed
over the liquid and solid phases according to Eq. (8).

4.1.5. Chlorpyrifos substance properties
Chlorpyrifos substance parameters were in part derived from a series of
site-speciﬁc laboratory experiments, performed independently from the
ditch experiment (see Supplemental Text S1). In case they were not measured in the laboratory, they were taken from literature. A selection of parameters values is shown in Table 2. A full list is given in Supplemental
Table S9. For several parameters we describe the procedure for deriving
the input value below.

3.4. Numerical solution
The mass conservation equations for the water layer and sediment are
solved using an explicit central ﬁnite difference method. Since the simulated ditches were stagnant, only one segment along the ditch length was
used for the water layer. The sediment was vertically divided into 15 segments with thickness increasing in downward direction from 0.004 m to
0.04 m. A time step of 600 s was used for both water and sediment.

4.1.5.1. Transformation in water. Chlorpyrifos transformation in water was
analyzed in ﬁve laboratory incubation experiments using different water
types (Supplemental Text S1.1.1). Three experiments used water from
three experimental ponds containing sediment collected from a fresh
water lake near Wychen, the Netherlands (the same location from which
6
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Table 2
Selected general and ditch-speciﬁc TOXSWA input parameters.
Parameter

Ditch 6

Macrophyte biomass (g m−2)
Water depth (m)
Initial mass concentration in the water layerb, c∗wat (μg L−1)
Organic matter fraction of suspended solidsc (−)
Coefﬁcient for sorption to macrophytes (L kg−1)
Ditch length (m)
Ditch bottom width (m)
Bank slope (horizontal/vertical, −)
Suspended solids concentration (g m−3)
Saturated vapor pressure at 20 °C (Pa)
Solubility at 20 °C (mg L−1)
Transfer coefﬁcient for volatilization (m d−1)
Half-life for transformation in sediment at 10 °C (d)
Freundlich coefﬁcient for sorption to organic matter in sediment and suspended solids at 1 mg L−1 (L kg−1)
Freundlich exponent for sorption to organic matter in sediment and suspended solids

547
669
0.610
0.595
35.1
43.3
0.041
0.039
2074
1832
40
1.60
1.5
10
1.43 × 10−3
1.05
0.0311
181
2071.8
0.916

a
b
c
d
e
f
g

Ditch 9

Ditch 4

Ditch 10

Source

603
0.640
0.888
0.055
2016

272
0.600
0.580
0.037
1778

This studya
This studya
This studya
This studya
This studyd
Drent and Kersting (1993)
Drent and Kersting (1993)
Drent and Kersting (1993)
Leistra et al. (2004)
Spain (2017)
Spain (2017)
This studye
This studyf
Spain (2017)g
Spain (2017)

Measured in the ﬁeld.
Includes dissolved chlorpyrifos and adsorbed to suspended solids and macrophytes.
Equal to the organic matter fraction of the ﬁrst layer of the sediment.
Sorption coefﬁcient measured in lab experiment weighed by measured biomass in ditches.
Calculated according to Eq. (12).
Lab experiment with material selected to represent the ditches (see Section 4.1.5).
Converted from sorption coefﬁcient for organic carbon using a factor of 1.724.

in ditches 6, 9 and 4 and up to approximately 30% in ditch 10. It was assumed that the sorption coefﬁcient for Ranunculus is equal to that of Elodea,
because its tissue type is closer to Elodea than to Chara an algae covered
with calcium carbonate deposits. The calculated sorption coefﬁcients are
listed in Table 2.

sediment in the experimental ditches was obtained; see Section 2). The
other two incubation experiments used a mixture of oligotrophic pond
and Taub water (volume ratio 1:1), with initial pH of 8 and 10. The incubations were carried out at 20 °C over a period of 96 days, during which chlorpyrifos concentration and pH were monitored.
Simultaneous with declining chlorpyrifos concentrations (Supplemental Text S1.2.1), increasing pH was observed during the incubation period.
As expected from the literature (Lewis et al., 2016; Macalady and Wolfe,
1983; Spain, 2017), it was found that chlorpyrifos decline rates increased
with pH. Therefore, the incubation periods were divided into distinct
phases with different pH ranges and the degradation rate coefﬁcients
were determined for each phase by ﬁtting an exponential degradation function (Supplemental Table S1). The resulting degradation rate coefﬁcients
ranged from 0.0063 to 0.091 d−1 (half-life 7.6 to 110 d). The quadratic relationship between half-life and pH (Eq. (6)) was ﬁtted to the data (Supplemental Fig. S3). The ﬁtted parameters were used as model input
(Supplemental Table S9).

4.1.5.4. Sorption to sediment. Since measurements for parameterizing chlorpyrifos sorption to organic matter in the sediment of the ditches were not
available, we used parameters reported in the renewal assessment report
for chlorpyrifos (Spain, 2017) for ﬁve soil types. For the Freundlich sorption
coefﬁcient we used the geometric mean over the values for the ﬁve types
which was 3572 L kg−1 based on organic carbon content. Using a conversion factor of 1.724 (OECD, 2000), this yields a value of 2071.8 L kg−1
based on organic matter content. For the Freundlich exponent the arithmetic mean over the ﬁve soil types was used, which is 0.916.
4.1.5.5. Volatilization. The volatilization ﬂux from the water layer is controlled by the transfer coefﬁcient TCwat−air (Eq. (5)). Following the standard
approach in TOXSWA, this parameter was estimated by the equation proposed by Liss and Slater (1974):

4.1.5.2. Transformation in sediment. Transformation in sediment was studied
in a laboratory incubation experiment at 10 °C with sediment from the same
source as that of the experimental ditches. By ﬁtting an exponential decay
function to the remaining concentration over time, a degradation rate coefﬁcient of 0.00382 ± 0.00018 d−1 was found. This corresponds to a half-life
ranging from 173 to 190 d. The mean value of 181 d at 10 °C was used as
model input.

1
1
1
¼
þ
TCwat−air gl,comp K H gg,comp

(12)

where gl, comp and gg, comp are the mass transfer coefﬁcients of the simulated
compound in the liquid and the gas phase, respectively (L T−1). These are
calculated as:

4.1.5.3. Sorption to macrophytes. By means of batch sorption experiments,
chlorpyrifos sorption was analyzed for two aquatic macrophyte species: Elodea nuttallii and Chara globularis. Sorbed content to plant tissue was measured for a range of chlorpyrifos solutions with concentrations ranging
from 0.5 to 250 μg L−1. Parameters of the Freundlich sorption equation
(Freundlich coefﬁcient and exponent) were determined by ﬁtting to the dissolved concentration versus sorbed fraction. The obtained Freundlich coefﬁcients were 2086 ± 69 and 1647 ± 29 L kg−1, for Chara and Elodea,
respectively. The Freundlich exponent was very close to 1 for both species,
indicating approximately linear sorption.
In TOXSWA, a single macrophyte species can be parameterized for sorption. Therefore, weighted mean sorption coefﬁcients were calculated separately for each ditch. The weights were given by the relative amount of
biomass of measured in the experimental ditches at t = 1 d, which was determined by interpolation (see Section 4.1.3). Sorption coefﬁcients were
not determined for Ranunculus circinatus, which occurred in small amounts

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
M CO2
gl,comp ¼ gl,CO2 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
M comp

(13)

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
M H2 O
gg,comp ¼ gg,H 2 O pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
M comp

(14)

Where gl, CO2 is the transfer coefﬁcient in liquid for CO2 (L T−1; 4.8 m d−1),
gg, H2O is the transfer coefﬁcient in gas for H2O (L T−1; 720 m d−1) and
MCO2, MH2O, and Mcomp are the molar masses of CO2 (44 g mol−1), H2O
(18 g mol−1), and the simulated compound, respectively. For chlorpyrifos
these equations yield a value of 0.0311 m d−1.
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As discussed in Sections 2.1.2 and 2.1.4, the sampling times are not exact.
The measurements were compared to TOXSWA predictions at 12 pm on
the respective days. As discussed in Section 4.1.1, the concentration at
t = 0 d was corrected for the water volume added during the ﬁrst day.

4.2. Model calibration procedure
Despite the available information from measurements and laboratory
experiments, several model parameters could not be reliably estimated a
priori for the site-speciﬁc conditions. As a result, we expected a poor ﬁt to
the observations based on the initial parametrization. Therefore, we optimized several parameters based on the observations from the ditch experiment. The calibration was carried out using the Gauss–Marquardt–
Levenberg algorithm with the PEST software package version 17.1
(Doherty, 2020). In this procedure, PEST iteratively ran TOXSWA, varying
the values of the optimized parameters (all other parameters were ﬁxed at
values used in the initial parametrization), until the sum of weighted
squared differences between the model predictions and observations was
minimized.

4.2.3. Sum of weighted squared differences between predicted and observed
values
The overall deviation of the model predictions from the observations is
quantiﬁed by the objective function φ(θ). This function is deﬁned as a
weighted sum of the squared differences between the model predictions
and the observations for all observed variables and time points:

i2 N sed h

i2
N wat h
obs
obs
φðθÞ ¼ ∑ W wat,t csim
þ ∑ W sed,t csim
wat,t ðθÞ−cwat,t
sed,t ðθÞ−csed,t
t¼1

(15)

t¼1

where θ are the optimized parameters, Nwat and Nsed are the number of obsim
servations, Wwat, t and Wsed, t are the weights for time t, csim
wat, t(θ) and csed, t
obs
obs
(θ) are the model predictions for time t, and cwat, t and csed, t are the observed
values (mean over replicate samples) at time t. Subscripts “wat” and “sed”
refer to the concentrations in water and sediment, respectively. The observation times are as listed in Section 4.2.2.
The deﬁnition of the weight factors was motivated by two considerations. First, more observations were available for water than for sediment.
Without correction this would result in a stronger focus on the water concentrations, at the expense of the ﬁt to the sediment concentrations.
Second, there are considerable differences in uncertainty of the different
observations derived from the replicate samplings. It is desirable to assign
a lower weight to observations with a higher uncertainty. This was
achieved using the coefﬁcient of variation (CV) of the individual observations, i.e. the ratio of the standard deviation and the mean. The overall
weight factors were deﬁned as:

4.2.1. Optimized parameters
We only considered parameter for optimization which (i) have high uncertainty and (ii) are important for the predicted concentration in water
and sediment—the relevant endpoints in regulatory risk assessment. For
the ﬁrst point we focused on parameters for which no reliable sitespeciﬁc measurements were available. Regarding the second point, relevant information was obtained from a sensitivity analysis for an earlier
TOXSWA version, focusing on predicted concentration in water (Westein
et al., 1998).
First, the transfer coefﬁcient for volatilization (TCwat−air) was optimized. Since chlorpyrifos is a relatively volatile compound (Lewis et al.,
2016), volatilization is expected to be an important loss mechanism.
Westein et al. (1998), found a high sensitivity to the Henry coefﬁcient
(KH), which is used in the equation of Liss and Slater (1974) to determine
the transfer coefﬁcient (Eqs. (12)–(14)). However, the errors in the predicted volatilization rate are likely not caused by uncertainty of KH but
due to limitations of the Liss and Slater approach, which does not account
for local conditions, such as wind speed (Jacobs and Adriaanse, 2012).
Therefore we opted to calibrate we transfer coefﬁcient instead.
In a second calibration, the Freundlich coefﬁcient for sorption to organic matter KF, OM was optimized in addition to TCwat−air. Sorption to
the solid phase reduces the compound fraction subject to transport both
within the sediment, and across the water-sediment boundary (Eqs. (8)–
(9)). Since no measurements of the sorption coefﬁcient were available for
the sediment of the experimental ditches, a value reported by Spain
(2017) was used. This value is likely to be biased, given that this parameter
is strongly site-speciﬁc. For example, Wauchope et al. (2002) reported ratios of 3–10 between minimum and maximum values measured in different
soils. Note that this parameter is also used to determine sorption to
suspended solids in the water layer.
A third calibration was also carried out in which the distribution coefﬁcient for sorption to macrophytes was optimized, in addition to the two parameters described above. This parameter was identiﬁed as highly relevant
in the sensitivity analysis of Westein et al. (1998). The laboratory-measured
distribution coefﬁcients are presumably not representative for the ditches,
since only young shoots were used in the sorption experiments, while in
the ditches shoots of all ages occurred. Moreover, the distribution coefﬁcients of the species were converted to an overall effective coefﬁcient
based on the observed biomasses in the ditches, which are highly uncertain.
Finally, no observations for Ranunculus were available. However, the improvement of the model results was deemed insufﬁcient to warrant an
extra calibration parameter, hence these results are not presented.

W wat,t ¼

1
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
CV wat,t N wat

(16)

W sed,t ¼

1
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
CV sed,t N sed

(17)

with
CV wat,t ¼

σ wat,t
cobs
wat,t

(18)

CV sed,t ¼

σ sed,t
cobs
sed,t

(19)

where σwat, t and σsed, t are the standard deviations of the observed concentrations in water and sediment at time t, respectively.
4.3. Goodness of ﬁt
As suggested by FOCUS (2006), the ﬁt of TOXSWA predictions to observations is assessed visually by plotting the observed and predicted concentrations, as well as the residuals (observed minus predicted) versus time.
Additionally, we quantify the ﬁt to the observed concentrations as the coefﬁcient of determination (R2), deﬁned as follows:

R2wat

4.2.2. Observations used in calibration
Concentration in water (dissolved and adsorbed to suspended solids;
Section 2.2.4) and in the sediment (dissolved and sorbed to the solid
phase; Section 2.2.6) were used in the calibration. The concentration in
water was observed eight points in time: 0, 1, 2, 4, 7, 14, 29, 56, and 129
d after application. For the sediment concentration, six observations were
used: 2, 7, 14, 29, 56, and 129 d (the observation at 246 d was not used because insufﬁcient input data was available to run TOXSWA until this time).

2
PN wat  sim
obs
t¼1 cwat;t −cwat;t
¼ 1− P

2
N wat
obs
obs
t¼1 cwat −cwat;t
PN sed

R2sed ¼ 1− P

2

obs
csim
sed;t −csed;t

2
N sed
obs
obs
t¼1 csed −csed;t
t¼1

ð20Þ

ð21Þ

obs
in which cobs
wat and csed are the time-averaged observed concentrations in
water and sediment, respectively. The R2 essentially compares the

8

P.I. Adriaanse et al.

Science of the Total Environment 825 (2022) 153961

dissolved and sorbed to suspended solids and macrophytes. In reality,
most chlorpyrifos was likely dissolved in the liquid phase at this time,
given the short time (~30 min) in which sorption could occur. The simulated total water layer concentration directly after application—including suspended solids and macrophytes—for ditches 6 and 9 is
35.04 and 43.16 μg L −1 , respectively, which is very close to the observed concentration. From t = 1 d on, agreement between simulated
and observed concentrations is much better because (in the experiment)
the extra time and mixing caused by rainstorm allowed more chlorpyrifos to sorb to the macrophytes.
The goodness of ﬁt, as expressed by the R2, is comparable for the four
ditches, ranging from 0.39 to 0.49 (Fig. 3, Supplemental Table S10). Evidently, the underestimation at t = 0 d for ditches 6 and 9 does not reduce
the ﬁt compared to ditches 4 and 10. This is explained by the deﬁnition of
R2 (Section 4.3) which compares the residuals to the variation of the observations in time. This variation is higher for ditches 6 and 9 due the high concentration at t = 0 d.

differences between predicted and observed to the overall variation of the
observations in time. A perfect ﬁt results in a R2 value of 1; a negative
value indicates that the ﬁt is worse than a constant concentration, equal
to the temporal average. Since the main purpose is to interpret the results
of calibrations, we only calculate the R2 for the concentrations in water
and sediment. Note that the weight factors used in the deﬁnition of the objective function are not included in the R2. While it is possible to consider
the weight factors, this would inﬂate the R2 values, resulting in a discrepancy with visual assessment.
5. Modelling results
5.1. Simulations using initial parameter estimates
5.1.1. Chlorpyrifos concentration in water layer
The predicted chlorpyrifos concentration in the water layer (dissolved
plus sorbed to suspended solids) based on the initial parametrization, is
depicted in Fig. 2 (blue lines), together with observations from the experimental ditches (see also Supplemental Fig. S14). While no measurements
of the chlorpyrifos sorbed to the suspended solids are available, simulation
results indicate that this amount is negligible compared to dissolved chlorpyrifos (less than 0.17%).
Compared to the observations, the predicted concentration decline
over time is too slow, suggesting that processes contributing to chlorpyrifos loss are missing or underestimated. Additionally, for ditches 6
and 9, the predicted concentration immediately after application (t =
0 d) is strongly underestimated compared to the observations. The
difference is presumably explained by the fact that TOXSWA assumes
equilibrium sorption, which means that the initial chlorpyrifos in the
water layer is immediately distributed over three sub-compartments:

5.1.2. Chlorpyrifos content sorbed to macrophytes
Fig. 4 depicts the sorbed chlorpyrifos content per kg macrophyte biomass. Note that, contrary to the concentration in water (Fig. 2), the time
of the ﬁrst observation is after the rain shower (t = 1 d). Hence, the
water and macrophyte compartments are presumably closer to equilibrium
than during the ﬁrst day. Nevertheless, compared to the observations,
TOXSWA overestimates the sorbed chlorpyrifos content in the ﬁrst 1–20
days for ditches 6, 4, and 10. This mismatch is in part explained by the
overestimated concentration in the water phase caused by too a slow
decline rate. Another reason is the that the sorption coefﬁcients input in
TOXSWA are too high, particularly early in the simulation (Supplemental
Fig. S12).

Fig. 2. Observed and predicted chlorpyrifos concentration in water (dissolved and sorbed to suspended solids). Model results are shown for three parametrizations: initial
parametrization (initial); optimized transfer coefﬁcient for volatilization (calib. 1: TCwat−air), optimized transfer coefﬁcient for volatilization and Freundlich coefﬁcient for
sorption to organic matter (calib. 2: TCwat−air + KF, OM). The times of the observations are 0, 1, 2, 4, 7, 14, 29, 56, and 129 d. The observed concentration at t = 0 d was
corrected for the water volume added by a heavy rain shower during the ﬁrst day (see Section 4.1.1).
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Fig. 3. R-squared values, quantifying the goodness of ﬁt of the model predictions to the observations. Values are shown for three parametrizations: initial parametrization (initial);
optimized transfer coefﬁcient for volatilization (calib. 1: TCwat−air), optimized transfer coefﬁcient for volatilization and Freundlich coefﬁcient for sorption to organic matter
(calib. 2: TCwat−air + KF, OM).

For ditches 6, 9, and 4 also the height of the peak is overestimated, and the
timing is too late. This is presumably related to the deviation of predicted concentrations in the water layer compared to the observations (Section 5.1.1),
which is the driving force of the concentrations in sediment. However, an incorrect sorption coefﬁcient based upon organic matter content in the sediment
due to the absence of site-speciﬁc information likely also plays a role.

5.1.3. Chlorpyrifos in sediment
Fig. 5 depicts the observed and predicted chlorpyrifos mass in the sediment, including dissolved in pore water and sorbed to the solid phase (see
also Supplemental Fig. S14). TOXSWA reproduces the general shape of the observed concentration course: a peak early in the experiment, followed by a decline. However, the rate of decline is too slow compared to the observations.

Fig. 4. Observed and predicted chlorpyrifos fraction sorbed to macrophytes. Observed values are a weighted mean over the three species present in the ditches (see
Section 2.1.3). Model results are shown for three parametrizations: initial parametrization (initial); optimized transfer coefﬁcient for volatilization (calib. 1: TCwat−air),
optimized transfer coefﬁcient for volatilization and Freundlich coefﬁcient for sorption to organic matter (calib. 2: TCwat−air + KF, OM). The times of the observations are
1, 2, 4, 7, 14, 29, 56, and 129 d.
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The goodness of ﬁt for the concentrations in sediment is notably worse
than for the concentrations in water (Fig. 3, Supplemental Table S10), with
negative R2 values for all ditches except 10, indicating a worse ﬁt than a
constant concentration equal to the observed mean. Particularly for ditch
4 the model performs poorly based on the initial parametrization. This is related to the divergent behavior for this ditch (Section 2.2.6).

Supplemental Fig. S13), resulting in a higher peak of the concentration in
sediment, which occurs slightly later (Fig. 5), compared to the results of calibration 1. This is explained by lower concentrations in the porewater associated with the stronger sorption, thus promoting faster penetration into
sediment. These changes substantially improve the ﬁt to the observations
in the sediment (Fig. 3, Supplemental Table S10, Supplemental Fig. S14),
except for ditch 9 which shows a slight deterioration.
For all ditches except 4, TCwat−air also increases when KF, OM is added,
and this results in a slight improvement in the ﬁt for the concentration in
water (Fig. 3). This suggests that the too low value of KF, OM prevented further increase of TCwat−air in calibration 1 due to reduced ﬁt for the concentrations in sediment. The total increase of TCwat−air by the two calibrations
is 4.3–7.6 fold.

5.2. Calibration results
5.2.1. Calibration 1: TCwat−air
The optimization of the transfer coefﬁcient for volatilization resulted in a
strong increase of this parameter, particularly for ditch 4 (Table 3, Supplemental Fig. S13). The resulting increased volatilization rate leads to a faster decline
of chlorpyrifos in the water layer (Fig. 2), and a substantial improvement of
the ﬁt to the observations for this variable (Fig. 3, Supplemental Table S10,
Supplemental Fig. S14). The underestimated concentration in water at t = 0
d for ditches 6 and 9 is unchanged, which is as expected since this model prediction at this time is not inﬂuenced by this parameter (Section 5.1.1). As a result, the increase of R2 is smaller compared to ditches 4 and 10. As expected,
the chlorpyrifos content sorbed to macrophytes (not used in calibration)
shows a similar improvement compared to observations (Fig. 4), with the exception of the initial overestimation for ditches 6, 4, and 10.
The concentration in sediment shows increased decline rate due the
lower concentrations in water caused by the higher value of TCwat−air
(Fig. 5). As a result, the overestimation compared to the observations
changes to an underestimation for ditches 6, 4, and 10. Nevertheless, except
for ditch 10, the ﬁt to the observations is improved.

6. Discussion and conclusions
6.1. Observed mass losses and distribution between water, sediment, macrophytes
The mass losses and distribution of chlorpyrifos between water, sediment, and macrophytes calculated for our experiment (Table 1) are compared to those observed in two similar experiments performed in other
systems.
Brock et al. (1992) conducted a similar experiment with chlorpyrifos in
Elodea-dominated indoor model ecosystems (glass aquaria of 110 × 110
cm, water depth 50 cm, 10 cm sediment with 2.8% organic matter content,
constant temperature of 19 °C). They found that an average of 54.5% of the
applied mass had disappeared from the system 8 days post-application,
while 15.2% was stored in the water, 3.9% was found back in the sediment,
and 26.5% was associated with Elodea nuttallii (n = 2). In the current study
more mass was lost from the ditches (60.2–79.4%; Table 1), but the mass in
the water and sediment was in the same range (11.8–17.0% and 3.3–4.8%

5.2.2. Calibration 2: TCwat−air + KF, OM
Adding the Freundlich coefﬁcient for sorption to organic matter to the
calibration resulted in a 2.5–4.4 fold increase for this parameter (Table 3,

Fig. 5. Observed and predicted chlorpyrifos concentration in the 0–6 cm sediment layer. The depicted concentration includes both dissolved chlorpyrifos in pore water and
adsorbed chlorpyrifos to the solid phase. Model results are shown for three parametrizations: initial parametrization (initial); optimized transfer coefﬁcient for volatilization
(calib. 1: TCwat−air), optimized transfer coefﬁcient for volatilization and Freundlich coefﬁcient for sorption to organic matter (calib. 2: TCwat−air + KF, OM). The times of the
observations are 2, 7, 14, 29, 56, and 129 d.
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framework and describes the transfer coefﬁcient at the water-air interface
based on a aqueous and an atmospheric resistance. The latter considers
the effect of wind speed and comprises an aerodynamic and boundary
layer component. For a wind velocity of 1 m s−1 at 10 m height, the improved concept results in the same value as obtained by Eqs. (12)–(14) .
As wind velocities at 10 m height are often higher than 1 m s−1, this suggests that the Liss and Slater method may often result in an underestimation
of the TCwat−air. During the ﬁrst 10 d post-application, when the majority of
the applied mass is lost by volatilization (Supplemental Fig. S5), the measured hourly wind velocities at 10 m height are on average 2.5 m s−1,
which results in a TCwat−air of 0.0736 m d−1 for the improved concept,
i.e. roughly twice the value obtained with the approach by Liss and Slater
(1974). This implies that by using the improved concept TCwat−air, the optimized values would be 2 to 3 times the initial estimate, instead of the current 4 to 8 times (Table 3) for the four ditches. Hence, the implementation
of the improved concept in TOXSWA is expected to improve the simulation
of the volatilization ﬂux signiﬁcantly for moderately volatile to volatile
compounds, such as chlorpyrifos. We found very few published studies in
which chlorpyrifos volatilization was measured. In none of these volatilization rate was measured under ﬁeld conditions.
Summarizing, the increase of TCwat−air by the calibrations compensates
for both the overall underestimation of volatilization (factor (ii)) and the
underestimation caused by the assumption of instantaneous mixing (factor
(i)). However, the second factor is only relevant early in the experiment.
Therefore, the optimized TCwat−air should be seen as an effective value
which is mainly representative for the situation in the ﬁrst day of the experiment. This is corroborated by the fact that later concentrations are
underestimated by TOXSWA (not visible in Fig. 2).

Table 3
Initial and calibrated values of the transfer coefﬁcient for volatilization (TCwat−air)
and Freundlich coefﬁcient for sorption to organic matter (KF, OM).
TCwat−air (m d−1)
Simulation
initial
calib. 1: TCwat−air
calib. 2: TCwat−air + KF, OM

KF, OM (L kg−1)

6
9
4
10
6
9
4
10
0.0311
2072
0.115 0.099 0.237 0.146
0.144 0.134 0.235 0.164 6150 5160 9110 7660

respectively), while less mass was associated to the macrophytes
(5.5–21.1%), 7 days post-application. However, the percentages are
relatively similar, given the differences in system.
Giddings et al. (1997) over sprayed outdoor ﬁberglass containers with a
1.4 m water layer, 10 cm sediment (conﬁned to one-third or one-half of the
bottom) and approx. 0.1 kg dry macrophyte mass per m2 sediment area.
Based on measured concentrations, we calculated percentages chlorpyrifos
in water, 7 d post-application and maximum percentages of applied chlorpyrifos found in the top 2.5 cm sediment layer, sampled by Giddings et al.
(1997). For the three highest treatment levels (each n = 9) with nominal
concentrations of 0.3, 1.0 and 3.0 μg L−1, the percentage chlorpyrifos in
water was 15–35%, which is higher than the percentages found in our shallower ditches: 11.8–17.0%; this is as expected, in view of the relatively low
macrophyte biomass in the cosms of Giddings et al. (1997) compared to our
ditches. Maximum percentages of Giddings et al. (1997) in the top 2.5 cm of
the sediment ranged from 2.5 to 8.8%, while in our experimental ditches,
maximum sediment percentages ranged from 3.3 to 7.5%, and occurred 2
to 14 d after treatment (Table 1). Thus, the sediment percentages found
in our study corresponded well with those found by Giddings et al.
(1997). For two treatment levels of Giddings et al. (1997), the maximum
percentages occurred 10 and 21 d after application, i.e. at comparable
times to those for the experimental ditches.

6.3. Freundlich sorption coefﬁcient for sorption to sediment, based on organic
matter content
The initial estimate of the Freundlich sorption coefﬁcient for sediment
(2072 L kg−1) is the geometric mean for ﬁve soils, with KF, OM values ranging from 1520 to 5113 L kg−1 (Spain, 2017). These values lie within the inherent range of “3–10 between minimum and maximum values” for the
precision of KOC values measured in different soils (Wauchope et al.,
2002). For the four ditches, the KF, OM value is optimized to values ranging
from 5160 L kg−1 (ditch 9) to 9110 L kg−1 (ditch 4; Table 3). Wauchope
et al. (2002) reported that, for a single soil, estimates may vary by a factor
two. This corresponds to the range of the optimized values of KF, OM found
here, given that the sediment of the four ditches originated from the same
site. Hence, these ﬁgures reﬂect the inherent uncertainty in KF, OM values,
as well inter-site as intra-site.
The higher values obtained for sorption to sediment compared to sorption to soil are supported by ﬁndings of Gebremariam et al. (2012). They reported in their review for chlorpyrifos KOC values ranging from 652 to
30,381 L kg−1 for 33 soils, with a mean value of 8163 L kg−1, and KOC
values ranging from 3000 to 25,565 L kg−1 for seven sediments, with a
mean value of 13,437 L kg−1. They attributed these ranges to the variability by experimental error, in soil organic matter fraction and the organic
matter itself, e.g. by its degree of oxidation. They concluded that chlorpyrifos shows a relatively higher afﬁnity for aquatic sediments than for soils,
which corresponds to our optimized values.

6.2. Mass transfer coefﬁcient for air-water interface TCwat−air
In this study, volatilization is by far the most important process for loss
of chlorpyrifos from the water layer (Supplemental Fig. S5). Based on the
initial parametrization, this ﬂux is underestimated by TOXSWA. Two factors contributing to the underestimation are: (i) the instantaneous mixing
of chlorpyrifos over the water depth assumed by TOXSWA, and (ii) the
too low value of TCwat−air, estimated by the relatively simple concept of
Liss and Slater (1974). In an attempt to quantify the ﬁrst factor, we carried
out additional simulation runs where the water depth of the four ditches
was reduced to 1 cm. Initial concentrations in water reﬂected the total
mass applied on each of the four ditches, and sorption and transport to
the sediment were set to zero. This situation mimics the prevalence of the
chlorpyrifos mass in the upper centimeters of water measured during the
ﬁrst hours after spray application, a process also observed in indoor
cosms by Crum and Brock (1994) and in littoral enclosures containing macrophytes by Knuth and Heinis (1992). The predicted volatilization from the
hypothetical 1-cm layer after 1 h is 12.3% (all ditches), using the initial estimate of TCwat−air. In contrast, using the measured water depths (50–56
cm) TOXSWA predicts a volatilization loss of 0.13–0.19% for the same period. The difference illustrates that the concept of instantaneous mixing
over depth in TOXSWA results in a considerably lower volatilization compared to the situation of all applied mass remaining on the water surface
for some time.
For the second factor, we compare the TCwat−air value (0.0311 m d−1)
obtained with the approach of Liss and Slater (1974; Eqs. (12)–(14)) to
the value obtained by an improved volatilization concept, not yet operational in TOXSWA (Jacobs and Adriaanse, 2012). The approach of Liss
and Slater is based upon two resistances, one in the liquid phase and one
in the gas phase. The latter resistance is known to increase linearly with
wind velocity, but Liss and Slater propose to use a mean value, applicable
to the sea surface, for the dominant gas phase resistance. The improved concept of Jacobs and Adriaanse (2012) is based upon a micrometeorological

6.4. Future use of TOXSWA
6.4.1. Volatilization
As explained in Section 6.3, the implementation of the improved volatilization concept of Jacobs and Adriaanse (2012) in TOXSWA is expected to
result in an improved estimation of the TCwat−air coefﬁcient, which accounts for e.g. wind velocity, and thus to result in more realistic concentrations in the water layer.
In addition, Section 6.3 demonstrates that the assumption in TOXSWA of
instantaneous mixing of deposited mass over the water depth results in a signiﬁcant underestimation of the mass loss by volatilization for moderately
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macrophytes for the four ditches. A satisfactory agreement was obtained
after optimization of two parameters, using the optimization tool PEST.
The ﬁrst optimization of the transfer coefﬁcient for volatilization substantially improved the ﬁt in the water layer but led to an underestimation in
the sediment. The second optimization, including also the sorption coefﬁcient (which had not been measured for the ditch sediment) improved
the ﬁt for the sediment substantially and slightly for the water layer. Optimized values of the transfer coefﬁcient for volatilization and the coefﬁcient
for sorption to sediment are substantially higher than their initial estimates
(4–8-fold and 2–4-fold increase, respectively), but can be well explained.
The optimized coefﬁcients vary less than a factor 2 between the four
ditches.
Based on our ﬁndings, we advise several improvements to TOXSWA,
most importantly regarding the representation of volatilization. Moreover,
our results highlight the importance of reliable site-speciﬁc parameter
values to achieve correct predictions. In general, however, we conclude
TOXWA is able to satisfactorily reproduce the behavior of chlorpyrifos in
the ﬁeld.
Considering the importance of predictive modelling in pesticide risk assessment, ﬁeld tests covering the entire intended domain of model application, with respect to pesticide properties as well as agro-environmental
conditions, are of crucial importance to evaluate the model's capability,
but also to increase conﬁdence in the model use. The current data set enables us to make a rigorous comparison between measured and simulated
chlorpyrifos concentrations in several environmental compartments of
stagnant, shallow ditches with a high macrophyte density. Being a moderately volatile compound with a signiﬁcant sorption capacity we can thus
evaluate TOXSWA's process descriptions of volatilization and sorption to
sediment and their parametrizations. Further testing for compounds with
other properties in in different water bodies and agro-environmental conditions is warranted to underpin use of the TOXSWA model in environmental
risk assessment.

volatile to volatile compounds. This is especially apparent in water bodies
with relatively large water surface area to water depth ratios, such as our experimental ditches. Therefore, accounting for a more realistic distribution
with depth as a function of time is expected to improve the calculation of
losses by volatilization. Note that mixing with depth may be inﬂuenced by effects of wind velocity and direction, as well as by nocturnal water layer inversions, because of upper water layers increasing in density by heat losses via
emitted long-wave radiation during clear nights.
6.4.2. Sorption to organic matter
As demonstrated in this paper, the KF, OM value, describing sorption to
sediment, is an important parameter for predicting the concentrations in
sediment, and to a lesser extent in the overlying water. For soils, measuring
a site-speciﬁc value may reduce the inherent variance of a factor of 3–10
between minimum and maximum values for KOC values between different
soils to a factor of 2 in a single soil (Wauchope et al., 2002). Similar to
soils, we expect that a site-speciﬁc estimate will improve prediction of
sorption for a single sediment, compared to means over multiple sites.
Therefore, a site-speciﬁc value is warranted for robust predictions of
exposure in real ﬁeld situations, while mean values and conﬁdence
intervals for several different sediments may be more useful for risk
assessments.
6.4.3. pH dependency of degradation in water
pH-dependent (bio)degradation may play an important role in the behavior in water. In the main TOXSWA version, degradation in water may
be described as a single, lumped, process or based on independent parametrization of microbial degradation, photolysis, and hydrolysis. Dependency
on pH is considered for hydrolysis, according to a function derived from
chemical formulation of this process (ter Horst et al., 2017). Based on the
data from the laboratory incubations, it was not possible to parameterize
the individual degradation processes. Hence, for the purpose of this study,
we introduced an empirical function to correct lumped degradation in
water for pH (Supplemental Fig. S3). We advise to review the formulation
of degradation in the water layer with emphasis on pH dependency. Possibly, a similar function can be implemented in order to consider pH dependency when insufﬁcient information is available to parameterize hydrolysis
and other degradation processes individually.
The main TOXSWA version considers a daily sinusoidal course of pH for
which the mean and amplitude can be speciﬁed on a monthly basis. For the
purpose of this study, TOXSWA was modiﬁed so that hourly pH values
could be speciﬁed. We recommend merging this feature in the main line,
to allow using hourly pH observations, when available.
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6.4.4. Sorption to macrophytes
TOXSWA is able to simulate sorption to macrophytes. In our ditches
with a relatively high macrophyte biomass (200 to 670 g per m2 of ditch
bottom), sorption of chlorpyrifos is substantial (18 to 60% of applied
mass within 1 day), thus demonstrating that sorption to macrophytes may
signiﬁcantly lower exposure in water and sediment for compounds with signiﬁcant sorption coefﬁcients in surface waters with high macrophyte densities. Thus, the absence of macrophytes in scenarios applied in regulatory
risk assessment will lead to an overestimation of the concentrations in
water, i.e. conservatively estimated concentrations, which is good practice
in precautionary regulatory risk assessment procedures. Incorporating macrophytes in higher tier regulatory scenarios may lead to more realistic exposure concentrations in water, especially for compounds with signiﬁcant
sorption coefﬁcients, and thus to improved aqueous risk assessments. However, this would require data on the geographical distribution of the biomass of various species of macrophytes in small waterbodies, as well as
the development in time, which is currently not available.
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7. Conclusions

Appendix A. Supplementary data

Using the initial parametrization, TOXSWA predictions correspond
poorly to observed chlorpyrifos concentrations in water, sediment and
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