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Introduction 
 
In the procedure for the registration of plant protection products at the EU level 
and at the member state level, simulation models are used to assess the fate of 
these products in the soil. Such models should contain a state-of-the-art 
description of relevant processes and factors affecting pesticide losses to surface 
water and groundwater. Preferential flow is an important process which can 
significantly affect the leaching of plant protection products through soil (Flury, 
1996; Jarvis, 2007), especially the fine-textured macroporous soils that are 
usually artificially drained for agriculture. Preferential flow is considered in the 
FOCUS Surface Water Scenarios (FOCUS, 2001), where the macropore flow 
model MACRO is currently used to predict the fate of plant protection products in 
soil and the discharge of water and these substances and relevant metabolites to 
surface water via drains. In contrast, preferential flow is currently only taken into 
account in one of the scenarios used for leaching to groundwater (again, using 
the MACRO model). However, the EFSA opinion on the Revised Groundwater 
scenarios for the EU states that this process may have a significant effect on 
leaching to groundwater in soils with macropores (EFSA, 2013).  
 
As science develops, models should be reviewed from time to time and new 
developments considered for inclusion in these models. In this way the models 
that are being used in the registration process remain state-of-the-art and meet 
the requirements for a high quality assessment of the environmental impact of 
plant protection products. The FOCUS surface water scenarios and models were 
developed and parameterized in the period 1997-2001. A review of how the 
relevant processes are treated in the model currently used in the registration 
procedure for drainage inputs (i.e. MACRO) would therefore be timely. It is also 
evident that other models that can describe the fate and behaviour of plant 
protection products in drained macroporous soils (e.g. HYDRUS, PEARL) should 
also be reviewed.  
 
A scientific SETAC Workshop was organised in Vienna, Austria, from 23 to 24 
October 2014 on drainage models and macroporous soils. This workshop was 
hosted by the Austrian Agency for Health and Food Safety (AGES) at their 
facilities in Vienna. The meeting was jointly organised by Erik van den Berg 
(Alterra, The Netherlands) , Bernd Gottesbüren (BASF SE, Germany), Nick Jarvis 
(SLU, Sweden), Anton Poot (Ctgb, The Netherlands) and Klaus Hammel (Bayer 
Crop Science, Germany). The Workshop Organizing Committee invited 25-30 
scientists that are actively involved in research on the fate of plant protection 
products in macroporous soils. Scientists from different disciplines were invited: 
environmental chemistry, hydrology, soil physics, agronomy etc. In addition, 
representatives from industry, registration authorities and consultancies were 
also invited to attend to broaden the expertise in the area of the use of drainage 
models for registration purposes.  
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The workshop program addressed the following four topics: 
x Assessment of the validation status of models that are available at present 

for the description of the fate of plant protection products in macroporous 
soils and the discharge from these soils into surface water via drains 

x Assess the possibilities for improvement of models for drainage in 
macroporous soils based on the outcome of model tests that have been 
done to date  

x Make recommendations for improvement of model concepts for the 
description of macropore flow in soils 

x Make recommendations for the data requirements needed to test the 
improved model concepts 

 
The workshop programme consisted of a combination of formal presentations 
and informal discussions. Two key-note presentations (by Jirka Šimůnek from the 
University of California Riverside, U.S.A and Jan Vanderborght from the 
Forschungszentrum Jülich, Germany) were held at the start of the workshop as a 
starting point for the discussion. These two talks form the basis for the state-of-
the-art presentation given in the following section. During the plenary sessions, 
several participants were given the opportunity to give a short presentation on 
the topics to be addressed in the session. The programme of the workshop is 
given in Appendix 1, along with a list of invited participants in Appendix 2.  
 
Current state-of-the-art of models to assess drainage losses of 
pesticides to surface water in macroporous soils 
Several reviews have been published recently on modelling preferential flow and 
solute transport (e.g. Šimůnek et al., 2003; Gerke, 2006; Šimůnek and Van 
Genuchten, 2008; Köhne et al., 2009a,b). A brief summary follows of the main 
approaches that have been adopted in models that are suitable for our purpose, 
in that they can be used to simulate long-term transient water flow and pesticide 
transport under field conditions.   
 
Preferential flow 
Preferential flow in soils can be modelled in different ways. The simplest 
approach for preferential flow in macroporous soils is based on a one- 
dimensional soil system (see Fig 1).  Two-domain models can be described either 
with dual porosity concepts (Šimůnek and Van Genuchten, 2008), where one of 
the domains is ‘immobile’, functioning only as a store of either water and/or 
solute, or with dual-permeability concepts (e.g. Jarvis et al., 1991; Gerke and 
van Genuchten, 1993a,b), where water and solute are mobile in both domains 
(e.g. MACRO, Larsbo et al., 2005; HYDRUS, Šimůnek et al., 2008). One of these 
domains has a high flow capacity and low storage capacity to represent 
macropores or fissures, while the other has a low flow capacity and high storage 
capacity (micropores or matrix). The HYDRUS-1D model allows all these options 
to describe preferential flow/transport (Fig. 2): a dual-permeability approach 
where non-equilibrium conditions are assumed for both water flow and solute 
transport in fast and slow water flow domains (Gerke and van Genuchten, 
1993a,b) and two kinds of dual-porosity approaches: 1) uniform water flow 
simulated with Richards equation linked to non-equilibrium conditions for solute 
transport (a so-called mobile-immobile model) or 2) a dual-porosity approach 
which accounts for exchange of both water and solute between mobile and 
immobile regions. Sorption can be described assuming equilibrium conditions or 
non-equilibrium conditions with a one-site kinetic model, a two-site model (i.e. 



SETAC WORKSHOP REPORT– VIENNA 2014 
 

 

one equilibrium sorption domain and one kinetic sorption domain), or a model 
with two kinetic sites (Šimůnek and van Genuchten, 2008) (Fig. 3). The MACRO 
model (Larsbo et al., 2005) currently used in EU registration is a 1D dual-
permeability model similar in many ways to HYDRUS-1D. However, in MACRO 
flow in the macropore region is calculated with a kinematic wave equation 
(Germann, 1985; Beven and Germann, 2013) assuming gravity-driven flow, 
rather than Richards’ equation. This parsimonious approach only requires three 
additional parameters to simulate water flow in macropores (the macroporosity, 
sturated macropore hydraulic conductivity and the kinematic exponent, which is 
supposed to reflect macropore size distribution, connectivity and tortuosity).The 
general validation status of MACRO has been discussed and summarized by 
Köhne et al. (2009a,b).  
 
 

 
 
Figure 1 Description of water and solute transfer to drains as applied in 1D models. 
 

 
Figure  2. Conceptual physical non-equilibrium models for water flow and solute 
transport in HYDRUS.  
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Figure 3.Conceptual chemical non-equilibrium models for reactive solute transport in 
HYDRUS. 
 
Although two-domain models can easily be set up to describe soil layers or 
horizons where there is no functioning macroporosity (e.g. structureless single-
grain soil, a plough pan or massive soil layers below root depth), they do assume 
that any macropores present are perfectly connected in the vertical direction. 
Preferential flow in the coupled PEARL-SWAP models (Tiktak et al., 2012) is 
essentially based on a three-domain concept, as it distinguishes two macropore 
domains: a by-pass domain which is connected to the base of the macroporous 
part of the profile and an internal catchment domain that reflects the presence of 
dead-end pores as shown in Figure 4. The potential importance of the internal 
catchment was demonstrated by Rosenbom et al. (2009) who applied the dye 
tracers acid yellow 7 and sulforhodamine B to macroporous soil. They found that 
water and solutes infiltrated less deep in autumn when the water table was 
higher, because some dead-end macropores were already water-filled. 
 
Soil structure is dynamic so that, in principle, the parameters of preferential flow 
models describing the soil macroporosity should vary with time. One process that 
causes changes in soil structure and hydrologic response over time is swelling 
and shrinking due to wetting and drying, which is especially important in clay-
rich soils (Reid and Parkinson, 1984; Leeds-Harrison et al., 1986; Messing and 
Jarvis, 1990). Shrinking and swelling clay soils can be simulated by including a 
time-variable crack porosity, which depends on soil water content and the 
shrinkage characteristic, in addition to permanent macropores (see Leeds-
Harrison et al., 1986 and descriptions in Jarvis, 1994 for the MACRO model and 
Hendriks et al., 1999 for the SWAP model). Other important causes of temporal 
changes in soil macroporosity are the impacts of tillage and traffic in cultivated 
topsoil, including processes such as consolidation of the loose seedbed created at 
sowing and surface sealing (e.g. Messing and Jarvis, 1993; Leij et al., 2002; 
Assouline, 2004; Schwen et al., 2011) as well as the seasonal patterns of activity 
of soil fauna (e.g. Daniel et al., 1997). None of these processes are currently 
included in preferential flow models.  
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Figure 4: Presentation of the macropore domains in SWAP and PEARL. 
 
Explicit description of macropores is possible in 2D or 3-D models (e.g. Vogel et 
al., 2006; Rosenbom et al., 2009), rather than the implicit representation of 
them in the 1D models discussed above. However, such an approach is a 
numerical and parameterisation challenge, not least the parameterisation of the 
properties of macropore surfaces, which can differ significantly from the bulk soil, 
with respect to flow and transport properties and chemical reactivity (e.g. 
Stehouwer et al. 1994; Gerke and Köhne 2002; Köhne et al., 2002). Model 
simulations have demonstrated, for example, that pronounced preferential flow 
can only be obtained when water exchange between macropore and matrix 
domains is reduced by assigning smaller hydraulic conductance to macropore 
surfaces than for the bulk soil (Gerke and van Genuchten, 1993b; Soll and 
Birdsell, 1998; Schlüter et al., 2012a,b).  
 
 
Drainage models 
When simulating flow and transport to drains, besides the vertical flow and 
transport pathways in the (unsaturated) soil above the groundwater table, also 
the horizontal flow and transport paths in the groundwater towards the drainage 
pipes must be considered or accounted for. It should be noted that these 
transport distances in the groundwater will vary from almost zero to half the 
distance between parallel drainage pipes. This may result in a large variation in 
travel times in the groundwater towards the drainage pipes. The water that 
enters the drains is a mixture of waters that followed different travel paths 
through the groundwater and that reached the groundwater table at a range of 
different times. The water travel time distribution is a characteristic of the soil-
groundwater-drainage pipe system that can be used to describe the transport of 
dissolved substances. Jury and Roth (1990) used this concept to describe solute 
transport in soils, while Utermann et al. (1990)and Gaur et al. (2006) used it to 
describe transport in the coupled soil-groundwater system. The travel time 
distribution is equivalent to the solute concentrations that are measured in the 
outlet of the system (e.g. bottom of a soil profile, drain pipe) as a function of 
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time (i.e. the solute breakthrough curve) when solutes are applied at the soil 
surface as an instantaneous pulse. For the soil-groundwater system, the travel 
time from the soil surface to the drain pipe is split into two parts: the travel time 
through the soil, pdfsoil(t) and the travel time from the groundwater table to the 
drain pipes, pdfGW(t) as illustrated in Figure 5.  
 

 
Figure 5: Sketch of the travel paths in the soil, groundwater, drain system and the travel 
time distributions in the soil and the groundwater.  
 
If the travel times in the soil are not correlated with the travel times through the 
groundwater, the travel time distribution to the drain pipe is directly obtained 
from a convolution of the travel time distributions in the soil and the 
groundwater:  
 
݀݌ ஽݂௥௔௜௡ሺݐሻ ൌ ׬ ݀݌ ௦݂௢௜௟ሺ߬ሻீ݂݀݌ ௐሺݐ െ ߬ሻ௧

଴ ݀߬      [1] 
 
 
 
If the saturated zone is homogeneous, Raats (1981) showed that pdfGW(t) can be 
described as the probability density function for a completely mixed system, 
which corresponds to an exponential distribution: 
 
ሺ߬ሻܹܩ݂݀݌ ൌ

1
ത߬ ݌ݔ݁ ቀെ

߬
ത߬ቁ        [2] 

 
where ߬̅ is given by: 
	
߬̅ ൌ ே

ఏ஽	           [3] 
 
 
Where ߬̅ is the mean transit time, N is the recharge rate (which equals the drain 
discharge for steady flow) (L T-1), T is the porosity in the saturated zone and D 
(L) the thickness of the saturated zone above an impermeable base.  
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This concept can be used to illustrate the effect of different processes in a 
coupled unsaturated-saturated system. In Figure 6, three examples are given 
that represent different cases. The first example assumes no preferential flow 
and transport. In the second example, preferential flow/transport in the 
unsaturated zone is represented by a bimodal travel time distribution. In this 
example, no preferential flow is assumed in the groundwater (e.g. a sandy 
subsoil or phreatic aquifer below a loamy soil with macropores). In the third 
example, there is also preferential flow in the saturated zone, the preferential 
flow domains in the unsaturated and saturated soil are assumed to be perfectly 
connected and it is assumed that there is no mixing between the preferential 
flow domain and the matrix flow in the saturated zone. In this example, the 
transfer function in the groundwater consists of two parts: one for the 
preferential flow domain and one for the matrix flow domain. Both transfer 
functions are described by an exponential distribution with mean travel times 
given by: 
 
 
 
߬̅ீௐ,௉௥௘௙ ൌ

ே೛ೝ೐೑
ఏ೛ೝ೐೑஽

ൌ ௩೛ೝ೐೑
஽ 	 	 	 	     [4a] 

	
	
߬̅ீௐ,ெ௔௧௥௜௫ ൌ ேಾೌ೟ೝ೔ೣ

ఏಾೌ೟ೝ೔ೣ஽
ൌ ௩ಾೌ೟ೝ೔ೣ

஽ 	       [4b] 
 
 
where Npref and Nmatrix are the discharges in the preferential flow and matrix 
domains, Tpref and Tmatrix are the porosities in both domains and vpref and vmatrix are 
the pore water velocities.  
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c) 

 
Figure 6: Three examples of travel time distributions in acoupled unsaturated-saturated 
system: a) equilibrium transport in unsaturated soil and groundwater, b) preferential 
flow in unsaturated soil and equilibrium transport in the groundwater, c) preferential flow 
in both unsaturated soil and groundwater.  
 
These simple examples demonstrate in a qualitative way that: 
(i) Concentration distributions are smoothed out in the drain pipe compared with 
the bottom of the soil profile. This smoothing is the result of the different travel 
times in the groundwater.  
(ii) Preferential transport in the saturated zone leads to considerably larger peak 
concentrations.  
(iii) When preferential flow occurs only in the unsaturated zone, the first peak is 
diluted considerably by mixing in the groundwater but the peak arrival time is 
not affected. 
 
These examples indicate that the way flow and transport processes in the 
saturated zone are represented in a model has important consequences for the 
prediction of concentrations in drain pipes. It should be remembered that one 
underlying assumption in this analysis is that the soil is homogeneous and 
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isotropic. This may be a reasonable description for some situations, for example 
in the case of homogeneous alluvial sediments located in low-lying discharge 
areas in the landscape. However, macroporous clay soils, which represent the 
worst-case scenario for pesticide losses to drains, are usually layered and 
therefore highly heterogeneous with respect to permeability in the vertical 
direction, with saturated hydraulic conductivity often decreasing by one to two 
orders of magnitude down the soil profile (e.g.Youngs, 1976; Messing and Jarvis, 
1990; Haria et al., 1994; Alakukku et al., 2010). Indeed, the reason that these 
clay soils must be drained for agriculture is that the permanently saturated 
deeper subsoil is virtually impermeable due to the lack of structure-forming 
processes (i.e. swell/shrink, freeze/thaw, biotic activity). Vertical heterogeneity 
in hydraulic conductivity significantly alters subsurface flow pathways compared 
to the case of homogeneous soil. Field experiments in clay soils with slowly 
permeable subsoil have shown that positive pressure potentials can quickly 
develop in the topsoil during rainfall even when the subsoil matrix is unsaturated 
(i.e. perched water tables and non-equilibrium conditions develop, with saturated 
macropores embedded in an unsaturated matrix) and that drain discharge is 
dominated by shallow lateral flow in the topsoil towards permeable backfill zones 
above the drain (Trafford and Rycroft, 1973; Leeds-Harrison et al., 1982; Haria 
et al., 1994; Heppell et al., 2000; Stamm et al., 2002). 
 
The above considerations suggest that although analytical models such as the 
transit time distribution approach described above can give some useful insights 
into the processes governing leaching in drained soils, numerical models of the 
system are required to describe the hydrological behaviour of heterogeneous 
drained macroporous soils in the field. These numerical models can be classified 
in terms of their dimensionality (i.e. one-, two- or three-dimensional models). 
Widely-used 1D numerical models include MACRO (Larsbo et al., 2005), SWAP 
(Van Dam et al., 2008) and HYDRUS-1D (Šimůnek et al. 2008). In such models, 
drainage is calculated as a sink term to the vertical 1D flow using analytical 
drainage equations, such as those of Hooghoudt (Hooghoudt, 1940), Ernst (Ernst 
1962), or Cook (Cook et al., 2001). For homogeneous soils (i.e. without 
layering), vertically uniform sink terms predicted by the Hooghoudt equation are 
used in PEARL and HYDRUS-1D, which as noted above leads to exponential travel 
time distributions in the groundwater (see Eq. 2). For heterogeneous soils, the 
sink term in HYDRUS-1D is proportional to conductivities of individual saturated 
soil layers. Alternatively, HYDRUS-1D also allows to apply the total drainage flux 
at the bottom of the soil profile, rather than distributing it vertically along the 
saturated zone. When the dual-permeability approach is used, HYDRUS-1D uses 
the same approach as described above for each (matrix and fracture) domain. 
Although this approach can potentially lead to two independent water tables in 
each domain, the two water tables should quickly equilibrate because of the 
faster exchange between the two domains in the saturated zone. When 
preferential flow is considered in the groundwater and sink terms are derived 
using Hooghoudt equations with different conductivities for the preferential flow 
and matrix domains, two exponential travel time distributions are obtained when 
there is no diffusive exchange between the two domains in the groundwater. It 
must be noted that diffusive exchange and mixing along the trajectories in the 
groundwater is actually represented in 1D models when the solute plume travels 
downward below the groundwater table in the 1D soil profile. 
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In MACRO, seepage potential theory (Youngs, 1980; Leeds-Harrison et al., 1986) 
is applied to describe drainage from layers above drain depth. The advantage of 
seepage potential theory is that it explicitly accounts for the effects of vertical 
variations in hydraulic conductivity within the saturated zone. The approach 
assumes highly permeable backfill material above the drain or a fully penetrating 
open ditch. The second term of the Hooghoudt equation (the contribution to 
discharge from below drain depth) is used to calculate drainage from layers 
below drain depth.  MACRO also allows users the option to simulate the effects of 
two drainage systems: parallel within-field drains, as well as open ditches 
surrounding the field. In keeping with the non-equilibrium nature of flow in 
macroporous soils, MACRO simulates drain discharge response as a function of 
multiple independent ‘zones of saturation’ that may co-exist at different depths 
in the soil profile (i.e. perched water) and in both matrix and macropores (see 
Figure. 7).  
 
Several field tests of MACRO in drained soils have been reported (Köhne et al., 
2009a,b), which demonstrate the ability of the model to match observed drain 
discharges as well as tracer and pesticide concentrations in drainage, including 
applications at several of the FOCUS drainage scenario sites (e.g. Larsson et 
al.,1999 and Steffens et al., 2013 for D1 (Lanna), Armstrong et al., 2000 for D2 
(Brimstone), Jarvis et al., 2000 for D3 (Vredepeel) and Surdyk et al.,2007 for D5 
(La Jaillière)).   
 

 
 
Fig. 7. Multiple saturated zones in a soil profile. Dark blue cells indicate saturation. In this 
example, discharge to drains is simulated by MACRO from the saturated macropores in 
layers 2-6 and 11-12 and from the micropores in layers 6, 11 and 12 (but not layer 10 
because the pressure potential at micropore saturation is not zero). 
 
The SWAP model comprises two different methods for calculating drain 
discharge: 

1. use drainage formula of Hooghoudt or Ernst for a single drainage system 
(open or tile drain): five field drainage situations are considered in SWAP; 

2. use drainage and infiltration (sub-irrigation) resistance for a single or a 
multiple drainage system (Fig. 8). Up to five drainage levels can be used 
simultaneous. Drainage systems may consist of open drains, tile drains or 
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an interflow system (rapid lateral drainage through the first decimetre(s) 
of the soil profile) at the top of the profile. The slopes of the lines 
represent the cumulative drainage resistances starting from the deepest 
drainage system of order 1 (after Massop and de Wit, 1994).  

 

 
Figure 8 Example of a drain discharge relation with three drainage levels 
(channels). Shown is qdrain as function of mean phreatic surfaceΦm. The 
drainage basis of each channel is denoted as ‘bed’ in cm below soil surface.  
 
SWAP uses a pseudo-2D approach for distributing drainage fluxes with depth. 
This distribution is used to describe the travel time distribution of drainage water 
in an implicit manner. The approach is based on the transmissivity KD (the 
product of saturated conductivity K and thickness D) of each discharge layer and 
on the magnitude of the drain flux and drain distance of each drainage system. 
 
Drainage from the macropore system is strictly from the main bypass domain. It 
is described in a similar manner with a drainage resistance as method 2 of 
calculating drain discharge from the soil matrix but (at present) only for one 
drainage system. In case of widening and narrowing cracks due to swelling and 
shrinking of the soil matrix, the input drainage resistance represents a reference 
resistance that may decrease when cracks are widening and increase when 
cracks are narrowing. This adjustment of the resistance is based on a slit model 
for conductivity. Drain flux distribution with depth and travelling time distribution 
are described in the same way as for the soil matrix. 
 
More complex and advanced models consider two-dimensional flow, HYDRUS 
(2D/3D) (Šimůnek et al., 2008), VS2D (Healy, 2008) and Tough2 (Pruess, 
1991). For homogeneous soils in the lateral dimensions, the parameterization of 
2D models is similar to that of 1D-models. However, due to required fine 
numerical discretizations (both spatial and temporal), computational times may 
be very large, while numerical stability may be a problem. Perhaps for these 



SETAC WORKSHOP REPORT– VIENNA 2014 
 

 

reasons, their applications to modeling transport of pesticides to tile drains have 
been rather limited. Using the Chain-2D model (a predecessor to Hydrus 
(2D/3D)), Mohanty et al. (1998) investigated preferential flow of water and 
nitrate to tile drains in flood-irrigated systems. A piece-wise continuous function 
for near-saturated hydraulic conductivity gave a reasonable match with the 
observed water and drainage fluxes. 
 
Abbaspour et al. (2001) used a model called M-2D (based on SWMS-2D, a 
predecessor to Hydrus (2D/3D)) to simulate water flow and solute transport in a 
macroporous soil with tile drains. The macropore domain represented surface-
connected cracks and macropores, in which water flow is one-dimensional, non-
capillary, and laminar, and where solute transport is purely convective. An 
individual macropore was assumed to consist of a sequence of macropore nodes 
(macro-nodes) that extend vertically from a surface micropore node (micro-
node) down to a desired depth. Water exchange between a micro-node and a 
corresponding macro-node was calculated as a function of the pressure head 
difference between the two nodes. The measurements of the first 6 months of 
the field experiment described by Abbaspour et al. (2001) were used for 
calibration. The measurements of the next 12 months were used to validate the 
model. The calculated drain flow and the concentration of bromide in the drain 
water corresponded best to the parameterization that included a macropore 
domain and a Hooghoudt boundary condition.  
 
Köhne and Gerke (2005) compared the ability of two different 2D modeling 
approaches in HYDRUS-2D to simulate bromide transport to tile drains, an 
equilibrium model without preferential flow (Richards and CDE) and a dual-
porosity mobile-immobile water model. The timing of the arrival of the maximum 
concentration of bromide in drainage calculated with the dual-porosity model 
corresponded well to that observed in the field. Gärdenäs et al. (2006) used 
HYDRUS-2D to model water flow and transport of the herbicide MCPA to tile 
drains in an arable soil on a hill slope. A dual-permeability approach gave the 
best description of the time-course of concentrations of MCPA in the drainage 
water. Boivin et al. (2006) compared pesticide behaviour in three soils with 
different textures, ranging from sandy loam to silty clay. The temporal pattern 
and peak concentrations of bentazone in the drainage could be reasonably well 
described using HYDRUS-2D with the model approach assuming mobile-immobile 
water. 
 
Other applications of HYDRUS-2D to water flow in tile-drained soils were carried 
out by Akay et al. (2008) and Filipovic et al. (2014). Akay et al. (2008) made 
detailed measurements of pressure heads and discharge from an artificial drain 
in a soil column in the laboratory. Filipovic et al. (2014) investigated water flow 
in soils with different drain system designs, including tile and mole drains.  
 
Köhne et al. (2006) compared 1D and 2D models to describe solute transport to 
drains in a macroporous soil. Overall the 2D model gave better results than the 
1D approach. The 1D approach generally leads to larger simulated concentrations 
just after the application of the substance. This could be explained by the fact 
that the groundwater table depth that is considered in 1D models corresponds 
with the groundwater table depth mid-way between two drains. The solute that 
arrives the earliest at the drain pipe is that which is applied just above the drain 
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pipes. In a 2D model the profile above the drain is unsaturated with larger travel 
distance towards the groundwater table than in the 1D model.  
 
Boundary Conditions 
The way that solute is applied has an important impact on leaching risks in 
macroporous soil (e.g. Kluitenberg and Horton, 1990; Kätterer et al., 2001). It is 
therefore important that attention is given to ensuring that the upper boundary 
condition in preferential flow models is treated in a physically realistic way. Gerke 
et al. (2007) studied the effect of the upper boundary condition on the transport 
of bromide to tile-drains.  They showed that there was a substantial difference in 
the calculated peak concentration when the solute was applied to both domains 
or only to the matrix domain. In practice, if a pesticide is applied as a spray then 
it can be treated in the model as an irrigation of known intensity and duration. 
The modeller does not need to specify ‘a priori’ which domain the pesticide 
enters, since this will depend on the antecedent soil moisture condition. If the 
soil is not close to saturation (which it is not likely to be), all the pesticide should 
enter the soil matrix.  
 
A crucial aspect of the upper boundary condition in macroporous soils is the 
transfer of pesticides into surface water that does not infiltrate into the soil 
matrix but instead infiltrates into the preferential flow domain (Jarvis, 2007). 
When a heavy rain event occurs after the substance has been applied, water that 
runs off from the matrix and infiltrates into the preferential flow domain would 
have a zero concentration if there is no transfer of the substance from resident 
water stored in the upper layers of the soil matrix domain. How much of the 
substance that enters into the preferential flow domain is sensitive to how this 
transfer is described in the models. HYDRUS does not account for solute 
exchange between resident soil water and incoming precipitation so that the flux 
concentration that enters both domains is equal to the concentration of the 
substance in the rain or irrigation water. Both MACRO and PEARL assume that 
the incoming rain mixes with the resident soil water within a certain mixing 
depth, before any excess water is routed into the macropore domain, a concept 
that was borrowed from surface runoff models (Jarvis, 1994). Kätterer et al. 
(2001) showed that the mixing depth concept implemented in MACRO could, in 
all but one case, accurately simulate solute leaching in column experiments 
carried out with two contrasting initial conditions (dry and wet soil) with multiple 
solutes, including those which were indigenous to the soil as well as tracers 
applied in irrigation or soil-incorporated.  
 
It is also worth noting here that the numerical discretization of the soil profile 
close to the surface also influences how much of the applied pesticide can be 
routed into macropores from the mixing depth soon after application. A coarse 
discretization artificially disperses and dilutes the pesticide in the surface layers 
immediately following application.This has little consequence for predictions of 
leaching in the absence of preferential flow, but recent experience with the 
MACRO model shows that it can be critical in two-region models based on the 
mixing depth concept. Early sensitivity analyses with MACRO showed that the 
mixing depth was not one of the more sensitive parameters for leaching in 
macroporous soils (Dubus and Brown, 2002). However, this conclusion may have 
been affected by a rather coarse numerical discretization, which was required by 
the explicit finite difference scheme in MACRO at that time. 
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The bottom boundary condition has a strong influence on the soil water balance 
and the partitioning between recharge and drainage in macroporous soils. The 
bottom boundary conditions available in current 1D models are quite similar. In 
MACRO, there are five bottom boundary conditions (i.e. zero flux, constant 
hydraulic gradient, water table in the profile, fixed pressure head or a lysimeter 
boundary condition). SWAP comprises eight bottom boundary conditions: zero 
flux, prescribed groundwater level, prescribed pressure head, prescribed flux, 
flux calculated from piezometric level in the aquifer, flux as a function of 
groundwater level, free drainage and free outflow at the soil-air interface In 
HYDRUS, there are a number of bottom boundary conditions, including constant 
and time-variable pressure heads or water fluxes, free drainage, deep drainage, 
horizontal drains, and/or a seepage face (which can be applied at the bottom of 
lysimeters), but only the "Horizontal Drains" boundary condition applies to 
drained soils. The most relevant bottom boundary conditions for drained soils in 
the field are fixed or time-variable pressure heads or a flow boundary condition 
that maintains a fluctuating water table in the simulated profile (e.g. with 
outflows calculated as a function of the water table height). 
  
Recent developments in the domain of modelling drainage losses 
of pesticides to surface water in macroporous soils 
 
Horst Gerke (ZALF, Germany) started his presentation entitled 
”Characterization of intact biopore walls and aggregate coatings for 
describing local non-equilibrium and inter-domain mass transfer” with a 
report on a field experiment in which the transport of bromide was measured 
from the site of application towards the drain. This drain experiment was 
parameterised using a 2D dual permeability flow model. The results showed that 
local redistribution of water and solutes at the soil surface (and at subsurface 
layer boundaries) needs more attention. For a description of mass transfer 
between the macropore domain and the soil matrix domain the surface of the 
biopore walls and aggregate surfaces have to be characterised. A method was 
presented to characterise the surface characteristics using diffuse reflectance 
spectroscopy. An indicator for the composition of organic matter (OM) at biopore 
and aggregate surfaces was presented based on the ratio between aliphatic 
(hydrophobic) and carboxylic (hydrophilic) groups in OM (Ellerbrock and Gerke, 
2013 and Leue et al., 2013; see Figure 9). Next maps of local organic matter 
composition of different surfaces were presented. Uncoated surfaces were highly 
wettable, other areas displayed  potential water repellency.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Clay structural elements (left) and conceptualization of OM and sorption 
properties at structural surfaces (right). 
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However, a description of reactive transport in macropore networks with locally 
heterogeneous properties remains challenging. Sorption along preferential flow 
paths is mostly restricted to the intact surfaces. As sorption properties cannot be 
derived from data obtained by using mixed samples, new sampling techniques 
are needed. Further, a characterization of the surfaces of the macropore network 
may make it possible to establish a link to soil management and crop production. 
 
Further investigations need to be done how to determine the 3D-distribution of 
wettability in the structural pore space and how to combine pore structural 
geometry and quantification with properties at (macro-)pore surfaces. Other 
areas of interest are to assess in what way land use and soil management can 
modify the composition of organic matter and organo-mineral complexes at 
structural surfaces. Further the relation between coating properties with soil 
biological activity needs further attention. 
 
In the presentation “Biopores: earthworm influence on soil hydrology and 
drainage” Loes van Schaik stated that macropores are strongly variable in 
space and time, in particular for biopores. Therefore it is of interest to study 
earthworm ecology. In a study on the extent of occurrence of earthworms and 
the effectiveness of macropores in a tillage an no-tillage system, she counted the 
macropores in soil after soil excavation. Based on the ecology of earthworms, 
she distinguished 3 classes of earthworms, epigeic (top few cm, biopores 
oriented horizontal), endogenic (top 20-25 cm, biopores oriented horizontal as 
well as vertical) and anecic (biopores oriented vertical, can be deeper than 0.5 
m). In addition she applied rainfall experiments with a dye tracer. The 
macropores were partitioned in 3 size groups: < 2 mm, 2-6 mm and > 6 mm. 
Macropores were counted and classified as stained (hydrologically effective) or 
non-stained. Tillage (top 20 cm) had no effect on the occurrence of anecic type 
earthworms, but the occurrence of epigeic earthworms was greatly reduced. 
Furthermore, there was a significant relationship between the total number of 
macropores and the abundance of earthworms, e.g. the earthworms in the 
anecic class at all measurement depths (i.e. 10, 30 and 50 cm). Ploughing had a 
significant effect on the abundance of epigeic class earthworms, but no effect on 
the abundance of anecic class earthworms (Van Schaik et al., 2010). From the 
results it could be demonstrated that hydrological effectiveness decreases with 
depth (see Figure 10) and that the hydrological effectiveness decreases with pore 
size. 
 
 

 
 
 
 
 

 
 
 
 
 
Figure 10: Correlation between the number of macropores > 6 mm diameter and the 
number of effective macropores.   
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The spatio-temporal distribution of macropores depends on rate of burrowing and 
disturbance, such as tillage. The geometry of macropores, i.e. the diameter, 
depth, length, and orientation, depend on earthworm ecological types and some 
habitat characteristics such as organic matter quantity. The connectivity of the 
local macropore networks determine the hydrological effectivity of macropores 
first at field scale and later on at hillslope to catchment scale. 
 
An important aspect are the surface characteristics of the macropores. This 
determines the interaction between macropores and soil matrix and acts as a 
microbiological hotspot, where adsorption and biodegradation of solutes are 
concentrated. 
 
In the presentation of Annette Rosenbom entitled “Can MACRO describe 
drainage at arable PLAP-fields during unsaturated conditions and snow 
melt?” she showed results of field experiments included in the Danish Pesticide 
leaching assessment programme (PLAP). The locations of these sites are 
presented in Figure 11. The MACRO model was parameterized for the three 
arable soils.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Location of PLAP fields in Denmark 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Simulated and measured drain flow in 2 arable soils in Denmark. 
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Key results on these experiments are shown in Figure 12. A comparison between 
measured drainfluxes in a one year period showed overall good results, but for 
some conditions substantial differences were observed, e.g. during snow melt. 
Under these conditions it is important to have information on the infiltration on 
the soil and the extent of surface runoff. However it remains difficult to predict 
events with rapid preferential flow. Therefore, further study is needed to 
investigate whether it is possible to delineate surface conditions leading to such 
events. Further challenges are how to optimize the simulation of flow in the 
discontinuities (wormholes + fractures) contained in unsaturated soils. As such 
discontinuities have different surface characteristics it is of interest to study 
whether the presence of a surface coating can be categorized for different 
discontinuities. 
 
In a presentation entitled “MACRO: strengths and limitations” N. Jarvis 
(SLU, Sweden) gave his views on the further development of the MACRO model. 
Current ongoing developments include the incorporation of two additional 
processes i.) soil freeze/thaw, and ii.) temporal variations in soil hydraulic 
properties in tilled soils and seal development. In future model developments, it 
may also be relevant to address water repellency, because this can enhance 
macropore flow. 
 
In the presentation entitled “Current and intended actions for improving the 
SWAP model” R. Hendriks (Alterra, Netherlands) elaborated the further 
development of the SWAP model. Four topics were mentioned: a) coupling with 
detailed crop model WOFOST, b) evapotranspiration partitioning during crop 
development, c) root water extraction under combined water and osmotic stress 
and d) macropore flow. In the description of evapotranspiration a physically 
based approach will be followed, without the use of crop factors. For stress 
factors water, lack of oxygen, and  salinity common reduction functions will be 
developed.  
 
For macropore flow, improvements would involve a rate dependent vertical flow 
of water (kinematic wave). Another improvement is about hysteresis during 
drying-wetting/swelling-shrinking. This is relevant because shrinkage cracks in 
heavy clays disappear during winter time , which blocks flow to drains. Other 
phenomena related to hysteresis in swelling imply prolonged subsidence of peat 
soil surfaces and peat dike crowns due to shrinkage of the peat.The approach for 
improvement could involve hysteresis during drying/wetting cycle and an extra 
time dependent swell factor.  
 
Another important topic is the effect of biopores on macropore flow. Biopores can 
reduce runoff and peak flows. These biopores contribute to the water flow and 
solute transport in the bypass domain.  
 
In a presentation entitled “What are appropriate upper boundary conditions 
for modelling preferential flow in the Swiss Plateau?” C. Stamm (EAWAG, 
Switzerland) raised questions how to address this issue. The first step is to 
describe the link between surface runoff and transport to subsurface drains. This 
has consequences for defining upper boundary conditions as well as for transport 
to drains.  
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A catchment on the Swish plateau was selected for a field study. The connectivity 
of subareas to streams and shortcuts is shown in Fig 13. 
 

 
 
Figure13: Connectivity of transport elements (left) and retention in drained sink and 
shortcuts (right). 
 
The link between surface runoff and transport to subsurface drains comprises 
different pathways: surface runoff retained in internal sinks, transport through 
natural macropores and transport through artificial short-cuts like manholes (See 
Figure 13 right). 
 
The consequences of the combination of these pathways is that homogeneous 
input at the upper boundary not realistic (exclusion of dominant worst-case 
combination). This is illustrated in Figure 14. 
 
 
 
 
 
 
 
 
 
Figure 14: Schematic view of upper boundary conditions: homogeneous rainfall (left) and 
heterogeneous rainfall (right). 
 
It should be noted that short-cuts are even more efficient in transporting 
pesticides than macropores. The following equation can be derived based on the 
analysis of the pathways leading to drain flow: 
 
 
 
 
For further development of the approach for the Swiss catchment it is of interest 
to collect data on studies in other landscapes. In addition to drain flow, the 
coupling with surface runoff modelling could be investigated. For future 
investigations on other catchments it is recommended to find out how landscape 

ௗ௥௔௜௡ܫ ൌ  ௦௛௢௥௧௖௨௧ܫ + ௦௜௡௞௦ܫ +௠௔௖௥௢ܫ
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metrics can be used for assessing the heterogeneity of preferential flow at the 
catchment scale. 
 
In the presentation entitled “A spatially distributed model of pesticide 
movement in Dutch macroporous soils” A. Tiktak (PBL, Netherlands) 
described the methodology to derive a schematisation for macroporous soils in 
the Netherlands. About 40 % of the Netherlands is tile-drained and as the peak 
concentration of pesticides in surface water cannot be described with the 
classical CDE, a macropore version of GeoPEARL was needed. Therefore, 
pedotransfer functions were developed that relate geometry to basic soil 
properties. Four key parameters describing geometry were defined: 1) the 
maximum depth of all macropores, 2) the maximum depth of internal catchment 
domain, 3) the volume of permanent macropores at soil surface and 4) the depth 
of the plough layer (See Figure 15, left). 
 
The maximum macropore depth was set equal to the mean lowest groundwater 
table. No ripening of clay occurs below this depth, so no structural shrinkage 
cracks are present. In addition, the macropore depth is generally deeper than 
the drain depth. The maximum depth of the internal catchment domain was set 
equal to the drain depth. So water captured above this depth must re-infiltrate 
into the soil before it can reach drainpipes.  
 
A method was developed to estimate the volume of permanent macropores at 
soil surface. In Dutch clay soils, permanent macropores generally originate from 
structural shrinkage, so a two step approach was followed. First the shrinkage 
potential (coefficient of linear extensibility, COLE) was estimated from the 
organic matter and clay contents. Next the volume of permanent macropores at 
soil surface was calculated from the COLE parameter. For three sites, the 
correlation of the calculated COLE value with the measured value is presented in 
the RHS of Figure 15.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. The macropore volume as a function of soil depth (left) and the correlation 
between measured and predicted COLE values (right). 
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Figure 16. Drainage in agricultural soils: rapid drainage (left) and matrix drainage (right). 
 
The results of the calculation of annual drainage (mm) using GeoPEARL are 
shown in Figure 16. These results show that in sandy soils matrix drainage is 
most important and in clay soils rapid drainage is the most important. 
 
The approach developed for the Netherlands could be used for assessments at 
the EU scale. It is yet unknown whether there is sufficient soil structural 
information available to perform such exercises at the European level. An 
assessment need to be made what the most important data limitations are and 
how to proceed to obtain these data.  
 
Although the calculated results seem plausible, the target output needed for 
pesticide authorisation has yet to be defined, while taking into account the 
uncertainty in the input data.  
 
 
 
Discussion sessions of the Workshop 
 
Session A: Process description of macropore flow and analysis of model concepts 
In this session the processes to be included in models for drainage in 
macroporous soils were discussed. These are: 

x surface routing for water and solute 
x mass exchange between domains 
x seasonal dynamics of macropore system 
x appropriate drainage description: Hooghoudt or analytical solution 
x flow dynamics in macropores 
x representation of macropore system: bypass system, this can locally be 

different 
x plants, including dynamic root system 
x snow and frost 
x metabolites 
x option for 2D/3D; specification in which cases 2D/3D models can be used 

 
During this discussion the following remarks were made: 
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x MACRO can handle ploughing and swelling/shrinking, but this module 
needs further testing.  

x 2D models can be taken as a reference for the performance of 1D models. 
x Mass exchange between the different domains is very important, but this 

process is difficult to parameterize. 
x Dynamics of bioturbation are an important topic but this process is not yet 

included in the models. 
x The partitioning of the amount applied to the soil between the bypass 

domain and the internal catchment domain is important but not yet 
thoroughly investigated.  

 
Session B: Field and lab experiments for improvement of validation status 
In this session the discussion was focused on experiments needed to increase the 
validation status of current models.  
The following items were identified as important for testing: 

• Definition of upper boundary in experiments: 
also consider lower infiltration rates. 
Æ smaller macropores may be environmentally relevant 
Æ problem of continuity and variability maybe less 
Æ parameters may be determined in column scale experiments. 
Æ Field experiments are still necessary to characterize connectivity 

• Temporal variability of soil surface properties (surface sealing, splash 
erosion, tillage) 

• How would experiments have to be designed now with all the knowledge 
that became available since the parameterization of the Focus scenarios? 
Æ old experiments are reanalyzed giving new insights of the processes but 
the representativity of the knowledge is not increased 
Æ what additional measurements would we gather from new experiments. 
Æ High spatial and temporal resolution data and non-invasive methods 
(both at column and field-scale). 

 
• How to characterize the structure and processes below the groundwater 

table where lateral flow is dominant? 
 
 
Session C: Model improvements 
In this session the discussion was focused on future model improvements. 
The following propositions were made: 

x General requirement -> model output should be independent of numerical 
discretisation  

x Mixing depth, concept may be good but the question is how to 
parameterize it. 

x Temporal variability of surface processes: 
- snow melt in spring Æ drainage even though soil is still frozen;  
- infiltration capacity 

x Temporal variability of other processes: 
- macropore system (biopores) in the plough layer/pan Æ but scalable to 
EU level? 

x Downscaling of daily precipitation Æ is the concept still correct (it is 
appreciated that the models can do it but the question is how it is 
implemented) 
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x Run-On modeling/ponds Æ no real modeling concept out there; however, 
use a model first too see how relevant this process is (impact assessment) 
(do you need this surface process to explain your observations?) 
 

 
Session D: experiments for model improvements 
In this session the discussion was focused on experiments to test the improved 
models. The following suggestions were made: 

• Lab experiments  
• European agricultural contextualisation of simulated conditions is 

critical 
• Potentially more useful than field experiments for understanding 

processes of mass exchange 
• Role of macropore type/soil texture/land use in determining mass 

exchange processes requires better understanding 
• Any lab based technique is required to be scalable both conceptually 

(lab→field→catchment →continent) and logistically (sample 
throughput/cost) 

• Study of existing legacy lab studies/samples provides opportunity 
for cost efficiencies and can augment new studies (specific mention 
of resin studies) 

• Requirement that a range of environmentally relevant upper 
boundary conditions are utilised (not just the extremes) 

• Lab techniques such as CT are powerful, however, throughput and 
conceptual scaling issues need to be addressed.  

• Lab experiment to better understand distribution of different 
macropores under different simulated land management 
regimes/soil textures/EU regions. This should also examine 
earthworm type/distribution. 

 
• Field Experiments: 

• Existing field studies: 
• Cohort of well instrumented, long duration field experiments 

represent a critical resource 
• Require better understanding of each site’s ranking within a 

pan-european risk CDF 
• In Silico: Use of ensemble modelling approach utilising 

MACRO, HYDRUS, SWAP and “blind” parameterisation with 
existing pedotransfer functions to simulate existing field 
studies will enable better understanding of model sensitivities 

• Interplay of combined run-off and drainage measured at 
Brimstone – can we make use of this/was it examined 
elsewhere? 

• New field studies: 
• Require understanding of each site’s ranking within a pan-

european risk CDF 
• Can we identify an “ideal” tracer? If not does a tracer 

“cocktail” present enhanced opportunities? 
• Tracer application timing critical (subsequent weather 

events/cropping) 
• non-invasive Geophysical, proximal or remote sensing 

techniques e.g. ERT (Oberdörster et al. (2010) or cross 
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borehole GPR (Haarder et al., 2012) give new possibilities to 
investigate and understand plot and field scale water flow and 
solute transport in soils.  

•  
• Minimum study area size = x2 drain spacing interval 
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General discussion and recommendations 
 
1D drainage models are conceptually incorrect, which introduces approximations 
and assumptions. The results of 1D and 2D simulations should therefore be 
compared for various drainage scenarios (both with and without preferential 
flow), in order to evaluate the errors introduced by the 1D assumption. This work 
would best be done with HYDRUS, because HYDRUS has both 1D and 2D options 
to simulate water flow to drains. Notwithstanding this, 1D models should be 
more conservative than 2D models and are probably accurate enough for 
regulatory purposes. 2D models that include preferential flow are also more 
difficult to use, they are very slow (with long computation times) and they are 
not always numerically stable. However, 2D models may be needed for cases 
with non-uniform flow, for instance in potato growing and in row-irrigation. 
 
Models that include internal catchment and models that assume perfectly 
connected macropore networks should be compared. The spatial and temporal 
variation of macropore hydraulic conductivity in relation to macroporosity and 
connectivity also requires further attention. New non-invasive methods such as 
X-ray tomography may enable the variability in these soil properties to be 
mapped, while percolation concepts (Hunt et al., 2014) may provide a unifying 
theoretical framework to help analyse the data and support upscaling from the 
laboratory to the field. 
 
Parameterisation of preferential flow models is a challenge. The method of 
parameterisation needed depends on the tier in the exposure assessment. This is 
most straightforward at the first tier, since four of the six first-tier surface water 
scenarios are based on real field sites. For example, the parameterization of 
MACRO for three of these scenarios (D1, D2, D3) is based on model calibration to 
field experiments. Pedotransfer approaches for preferential flow parameters are 
needed to parameterise the models at higher tiers and larger (e.g. European) 
scales (e.g. Jarvis et al., 2009, 2012; Tiktak et al, 2012). The uncertainties 
involved in this kind of predictive modelling will probably be significantly larger. 
The bottom boundary condition for unknown sites is not known, although it 
largely controls the partitioning between groundwater recharge and discharge to 
surface water via drainage systems. The FOOTPRINT Soil Type (FST) 
methodology developed in the EU project FOOTPRINT (Dubus et al., 2009) to 
define the bottom boundary condition (and drain spacing), which has been 
adopted in the Swedish spatial modelling tool MACRO-SE (Steffens et al., 2015), 
is promising in this respect.  
 
The current descriptions of surface processes in the models requires further 
attention, including the temporal variation of soil properties, which govern the 
infiltration of water, including the effects of sub-critical soil water repellency and 
surface sealing. The mixing layer concept also needs further consideration. 
Tillage and traffic effects on macroporosity are currently not considered in the 
modelling. The temporal dynamics of ploughing should be included in future 
developments. Plough pans might be important and this also needs further 
attention. A harrowed layer is common in agricultural soils. A homogenized top 
layer is produced by seedbed preparation and will re-structure in due course. The 
temporal dynamics of this process needs further study. It would also be 
important to further investigate the temporal variation of biopore density, for 
example related to the re-colonisation of tilled layers by earthworms. Knowledge 
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of earthworm ecology could be useful to better understand the distribution of 
biopores in different soil horizons at the plot and field scale (van Schaik et al., 
2010) and for contrasting soil types and land management practices at the larger 
landscape scale (Lindahl et al., 2009). 
 
In the Netherlands there are initiatives to use MODFLOW and MT3D (ground 
water models). This may result in a better performance of the drainage models. 
Similar developments are planned in Denmark to link the output of the MACRO 
model to a groundwater model. In such approaches, it is very important to pay 
careful attention to the way the models are coupled, particularly when 
preferential flow is involved (Stenemo et al., 2005). 
 
A strategy was proposed at the workshop for further model development. The 
first step consists of exploring potentially relevant processes that are not yet 
included in the models. In the next step, the model is adjusted and this is 
followed by field experimentation to test the improved models. It was stressed 
that reporting on exploring what turns out to be a non-sensitive or non-relevant 
process is important to ensure efficient model development. 
 
Field experiments are also needed to understand scale-dependent processes (i.e. 
to generalize parameters obtained at small scales to larger scales). This is 
particularly important because field experiments are costly, so generic 
pedotransfer tools to estimate parameter values where no measurements are 
available are needed. There is also a need to identify ideal inert tracers or to 
identify a suitable tracer cocktail for field experiments.  
 
At present there is no urgent need for new field studies. Instead, existing field 
studies which have not yet been exploited for model testing (i.e. the PLAP sites 
in Denmark), should be explored. It is recommended to test and compare the 
MACRO, PEARL-SWAP and HYDRUS models against such datasets. A working 
group (B. Jene, A. Rosenbom, S. Reichenberger and E. van den Berg) was set up 
to collate information on suitable datasets in Europe. A pan-european network of 
datasets would be helpful to ensure the best use of available data for further 
model testing and development. It was recommended to explore the possibilities 
for funding this work.  
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Appendix 1 Programme workshop 

Thursday 23 October 

 
14h00 – 14h05  Welcome by Organizing Committee (Erik van den Berg) 
   Information by local organizers (Michael Stemmer) 
 
14h05 – 14h20  Introduction of participants 
  
First session:  Workshop target and key-note speakers  

(Chair: Nick Jarvis) 
14h20 – 14h50 Modelling drainage in macroporous soils    
 J. Simunek (University of California Riverside, USA) 
 
14h50 – 15h20 Multidimensional flow and drainage in macroporous soils: a state  

of the art.   
   J. Vanderborght (Forschungszentrum Jülich, Germany) 
 
Second session:  Model testing of current model concepts  

(Chair: Klaus Hammel) 
15h30 – 16h30 Contributions by workshop participants on subtopic  “Model 

testing for current model concepts ” ; 10 min presentations + 5 
min questions 
x Horst Gerke (ZALF): Characterization of intact biopore walls 

and aggregate coatings for describing local non-equilibrium 
and inter-domain mass transfer 

x Loes van Schaik (Uni-Potsdam): Biopores: earthworm 
influence on soil hydrology and drainage 

x Anette Rosenbom (GEUS): Can MACRO describe drainage 
at arable PLAP-fields during unsaturated conditions and snow 
melt? 

 
16h30 – 17h30 Breakout discussion groups 
 Introduction: Erik van den Berg 

x Group A : Process description of macropore flow and analysis 
of model concepts 

x Group B : Field and lab experiments for improvement of 
validation status 

 
17h45 – 18h45 Breakout discussion groups A and B (continued) 
 
18h45 – 19h00 Summary of breakout sessions A and B    

  (Session group leaders) 
19h30   Workshop dinner 
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Friday 24 October 
 
8h45 – 9h00 Summary of day 1 and  program of day 2  

Nick Jarvis and Erik van den Berg 
 
Third session:  Model improvements and future testing  
   Chair: Bernd Gottesbüren 
9h00 – 10h00 Contributions by workshop participants on subtopic  “Model 

improvement” ; 10 min presentations + 5 min questions 
x N. Jarvis (SLU) , MACRO: current limitations and future 

developments:  
x Christian Stamm (EAWAG): What are appropriate upper 

boundary conditions for modelling preferential flow in the 
Swiss Plateau?  

x R. Hendriks (Alterra) , SWAP: current limitations and future 
developments  

x Aaldrik Tiktak (PBL): A spatially-distributed model of pesticide 
movement in macroporous soils  
 

10h30 – 12h30 Breakout discussion groups C and D 
 Introduction : Anton Poot 

x Group C : Recommendations for improvement of model 
concepts 

x Group D : Recommendations for field and lab experiments for 
improved models 

 
12h30 – 12h45 Summary of breakout sessions  C and D  

  (Session group leaders) 
 

12h45 – 13h30 Lunch 
 
13h30 – 15h30 General discussion of results of breakout sessions A to D 
 (Chair: Erik van den Berg) 
 
15h30 – 16h00 Summary of workshop results and follow-up of workshop 
   Erik van den Berg 

- Summary report 
- Presentation 
- Paper 
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Appendix	2	List	of	participants	
First Name  Surname   Affiliation  Type  Country 

Arnaud  Boivin  ANSES  Regulator  FR 
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Bernd  Gottesbüren  BASF  Industry  GE 
Klaus  Hammel  Bayer CropScience  Industry  GE 
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Nick  Jarvis  SLU  Research  SE 
Bernhard  Jene  BASF  Industry  GE 
Max  Köhne  Helmholtz UFZ  Research  GE 
Wolfram  König  UBA  Regulator  GE 
Chris  Lythgo  EFSA  Regulator  EU 
David  Patterson  Syngenta  Industry  UK 
Anton  Poot  Ctgb  Regulator  NL 
Wolfgang  Reiher  Knoell Consult  Consultant  FR 
Stephan  Reichenberger  FOOTWAYS  Consultant  FR 
Anette  Rosenbom  GEUS  Research  DK 
Stephanie  Roulier   Makhteshim‐Agan Europe  Industry  FR 
Stephan  Schubert  DAS  Industry  GE 
Andreas  Schwen  Vienna  Research  AU 
Jirka  Simunek  Univ. California, Riverside  Research  USA 
Christian  Stamm  Zurich, EAWAG  Research  CH 
Michael  Stemmer  AGES  Regulator  AU 
Aaldrik  Tiktak  PBL  Research  NL 
Erik  Van den Berg  Alterra  Research  NL 
Loes  van Schaik  Univ. Potsdam  Research  GE 
Jan  Vanderborght  Forschungszentrum Julich  Research  GE 
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