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Summary  13 

We compared water and solute movement between a ridge and furrow geometry and that of flat 14 

soil with a mathematical model. We focused on the effects of two physical processes: root water 15 

uptake and pond formation on the soil surface. The mathematical model describes the interaction 16 

between solute transport, water movement and surface pond depth. Numerical simulations were 17 

used to determine how solutes of varying mobility and rates of degradation penetrated into the 18 

two soil geometries over a growing season. Both the ridge and furrow or flat soil geometries 19 

could reduce solute leaching, but this depended on several factors. Rain immediately after a 20 

solute application was a key factor in determining solute penetration into soil. In cases with 21 

delayed rain after a solute application, solutes in ridge and furrow geometries collected adjacent 22 

to the root system, resulting in reduced solute penetration compared to the flat soil geometry. In 23 

contrast, substantial rain immediately after a solute application resulted in ponding where water 24 

infiltration acted as the dominant transport mechanism. This resulted in increased solute 25 

penetration in the ridge and furrow geometry compared to the flat soil geometry.  26 

 27 
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Highlights 30 

• We studied solute movement controlled by ponding in ridge and furrow and flat fields. 31 

• We found the ridged soil could impede or increase leaching compared to the flat soil.  32 

• Solute hot-spots formed in ridge and furrow soil because of root water uptake. 33 

 2 



• Time between solute application and rainfall is a key factor for solute penetration.  34 

 35 

Introduction 36 

 37 

In arable farming several planting methods are used to cultivate crops (Fahong et al., 2004). Two 38 

planting methods are addressed in this paper: ridge and furrow planting (Robinson, 1999) and 39 

flat planting (Lewis & Rowberry, 1973). A ridge and furrow geometry is formed when the soil 40 

surface is modified to form a periodic series of peaks (ridges) and troughs (furrows). This allows 41 

water to flow across the field providing water to the plants whilst preventing waterlogging of the 42 

roots (Tisdall & Hodgson, 1990). One crop that is traditionally grown in ridge and furrow 43 

geometries is the potato (Solanum tuberosum, L.) (Wayman, 1969), which is an essential crop in 44 

temperate European environments (Huaccho & Hijmans, 1999).  45 

There have been several experimental efforts to determine the difference in potato growth 46 

and production between ridge and furrow planting and other tillage methods. Such methods 47 

include wide beds (Mundy et al., 1999), flat planting (Lewis & Rowberry, 1973) and furrow only 48 

planting (Steele et al., 2006). Both ridge and furrow and flat planting result in similar yields and 49 

tuber size (Lewis & Rowberry, 1973; Alva et al., 2002), but ridge and furrow planting has been 50 

found to be the preferred method of tillage (Jordan et al., 2013) because of ease of harvesting 51 

(Leistra & Boesten, 2010b), slow seed germination (Benjamin et al., 1990) and nutrient 52 

replenishment in the soil (Feddes et al., 1976).  53 

Growing evidence suggests that ridge and furrow systems might be vulnerable to solute 54 

leaching (Lehrsch et al., 2000; Alletto et al., 2010; Kettering et al., 2013). Experimentally, 55 
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solutes have been applied to ridges and furrows of potato fields to determine the depth of solute 56 

penetration in different areas of the soil (Smelt et al., 1981; Kung, 1988; Leistra & Boesten, 57 

2010a). In these cases, the solute in the furrows moved to a greater absolute depth in soil, 58 

supporting the suggested vulnerability of the ridge and furrow geometry to solute leaching. 59 

Furthermore, a recent European Food Safety Authority report indicated that ridge and furrow soil 60 

surfaces can increase leaching six-fold compared to flat surfaces (EFSA, 2013). However, there 61 

is also evidence that ridge and furrow planting can reduce leaching if solute management 62 

techniques are used (Jaynes & Swan, 1999). These techniques can reduce the negative 63 

environmental effect (Hatfield et al., 1998), even compared to flat planting (Ressler et al., 1997).  64 

In this study, we determine the water and solute movement mechanisms and key 65 

environmental factors that affect leaching in ridge and furrow, and flat planting systems. This 66 

will enable us to understand how the soil geometry affects transport within the soil. 67 

Understanding the key factors that affect solute leaching will allow us to determine qualitatively 68 

the increased risk to solute leaching between the two planting methods. This knowledge will 69 

assist us in developing solute application protocols unique to each planting method to reduce 70 

solute leaching and maintain greater nutrient availability to the crops. 71 

Specifically, we modelled the transport of solutes with varying mobility and degradation 72 

in both soil geometries over 24-week periods. During this time, vegetation was present in soil for 73 

the first 16 weeks, i.e. a full growing season. Special attention was paid to ponding on the soil 74 

surface because we considered a temperate environment in the United Kingdom where there are 75 

often large amounts of rain. It should be noted that we assume that there is no solute uptake by 76 

plant roots. In this paper we are only concerned with the solute transport problem, i.e. modelling 77 

the ‘worst case scenario’, which applies directly to passive solutes. 78 
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 79 

Mathematical model  80 

 81 

We used the water–solute–pond model developed in Duncan et al. (2018) to study water and 82 

solute movement in a cross section of a ridge and furrow (or flat) geometry. Here we state the 83 

equations and parameters used in the model, for a full derivation see Duncan et al. (2018). The 84 

governing equations are, 85 
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 87 

where 𝜙𝜙 is the soil porosity, 𝑆𝑆(𝑝𝑝) is the relative saturation, 𝜇𝜇 is the viscosity of water, 𝑝𝑝 is the 88 

soil water pore pressure, 𝜌𝜌 is the density of water, 𝜌𝜌 is the acceleration due to gravity, �̂�𝐤 is a unit 89 

vector in the upwards direction, 𝜅𝜅s is the saturated hydraulic permeability, 𝑚𝑚 is a van Genuchten 90 

parameter, 𝜆𝜆𝑐𝑐 is the product of the root surface area density and water conductivity of the plant 91 

root cortex, 𝑝𝑝r is the pressure in the root xylem, 𝐷𝐷f is the diffusion coefficient in free liquid, 𝑑𝑑 is 92 

the impedance factor of the solute that accounts for the tortuosity of the solute moving through 93 

the pore space, 𝜕𝜕 is the solute concentration in the pore water, 𝜉𝜉 is the solute decay rate constant 94 
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related to bacterial and other degradation processes, 𝑏𝑏 is the buffer power, Λ is a generalized 95 

ridge and furrow geometry (see Figure 1 in Duncan et al. (2018)) with subdomains ΛU and ΛA 96 

for regions where roots are present and absent respectively.  97 

 98 

The boundary and initial conditions imposed on Λ are,  99 
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 𝑝𝑝 = 𝑝𝑝0,     𝐱𝐱 ∈ 𝜕𝜕ΛB, (9) 

 106 

 𝜕𝜕 = 𝜕𝜕|𝜕𝜕=0,     𝐱𝐱 ∈ 𝜕𝜕ΛB, (30) 

 107 

 𝑝𝑝|𝜕𝜕=0 = 𝑝𝑝∞(𝐱𝐱),     𝐱𝐱 ∈ Λ, (4) 

 108 

  𝑥𝑥0(𝜕𝜕)|𝜕𝜕=0 = 𝜂𝜂, (5) 

 109 

 𝜕𝜕|𝜕𝜕=0 = 0,     𝒙𝒙 ∈ Λ, (13) 

 110 

where 𝜕𝜕ΛS is the soil surface boundary defined by the curve,  111 

 𝜒𝜒(𝑥𝑥) = 𝐴𝐴 cos(𝐵𝐵𝑥𝑥) + 𝐶𝐶, (14) 

 112 

 7 



where 𝐴𝐴 is the variation in soil depth, 𝐵𝐵 is the ridge wave number and 𝐶𝐶 is the average soil depth, 113 

𝜕𝜕ΛP is the region of 𝜕𝜕ΛS where ponding occurs (see Figure 2 in Duncan et al. (2018)), 𝜕𝜕ΛR is the 114 

region of 𝜕𝜕ΛS that is not ponded, i.e. where rainfall penetrates the soil directly, and the interface 115 

between the two regions (𝜕𝜕ΛR and 𝜕𝜕ΛP) is defined by the moving boundary point 𝑥𝑥0(𝜕𝜕) (see 116 

Figure 2 in Duncan et al. (2018)), 𝜕𝜕ΛE and 𝜕𝜕ΛW are the lateral boundaries of Λ,  𝜕𝜕ΛB is the 117 

boundary at the base of Λ, ℎ(𝑥𝑥, 𝜕𝜕) is the depth of the pond, 𝜕𝜕m(𝜕𝜕) is the volume flux of solute per 118 

unit soil surface area per unit time entering the soil domain, 𝐧𝐧 is the unit normal vector pointing 119 

outwards of Λ, Γ(𝜕𝜕) is the volume flux of water per unit soil surface area, i.e. rainfall, 𝐼𝐼c is the 120 

infiltration capacity of the soil, 𝑝𝑝0 is the prescribed pressure at the base of the domain, 𝜂𝜂 is the 121 

width of Λ, 𝑅𝑅F(𝜕𝜕) is rainfall landing directly into the pond, 𝐼𝐼f(𝜕𝜕) is the infiltration of water from 122 

the pond into the soil, 𝑅𝑅o(𝜕𝜕) is surface runoff, 𝜕𝜕|𝜕𝜕=0 is the initial solute concentration and 𝑝𝑝∞(𝐱𝐱) 123 

is the initial pressure profile.  124 

 125 

 126 

Parameter values 127 

 128 

There are 22 parameters in the model used in this study. These parameters are; 129 

𝜙𝜙,𝑚𝑚,𝑘𝑘s, 𝜇𝜇,𝜌𝜌,𝜌𝜌,𝑝𝑝c,𝐷𝐷f,𝑑𝑑, 𝑏𝑏, Γ(𝜕𝜕), 𝜕𝜕m(𝜕𝜕),𝑝𝑝0,𝑝𝑝∞(𝐱𝐱),𝜆𝜆c, 𝜉𝜉,𝑝𝑝r and 𝐼𝐼c for the coupled model, and the 130 

four parameters 𝐴𝐴, 𝐵𝐵, 𝐶𝐶 and 𝜂𝜂 for the construction of Λ. These parameters are summarized in 131 

Tables 1 and 2. 132 

 133 

Geometric, soil, environmental, plant and solute parameter values 134 
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 135 

To model the differences in solute and water movement between ridge and furrow and flat 136 

geometries, we construct two domains. These domains are shown in Figure 1, where Ω is the 137 

ridge and furrow geometry and Φ is the flat geometry. The flat geometry Φ can be reduced to a 138 

1-D problem, however, for ease of comparison we present it as a 2-D geometry.  139 

 140 

To replicate the dimensions of ridge and furrow geometries, we use the values 𝜂𝜂 = 0.5 m,            141 

𝐴𝐴 = 𝐶𝐶 = 1
6

 m and 𝐵𝐵 = 2𝜋𝜋 m−1 for the geometry Ω (Steele et al., 2006; Li et al., 2007). 142 

Furthermore, for the flat geometry we set 𝐴𝐴 = 𝐵𝐵 = 0,𝐶𝐶 = 1
6

 m and 𝜂𝜂 = 0.5 m. To compare ‘like 143 

for like’ scenarios, we ensure that the ridge and furrow and flat geometries have the same total 144 

volume of soil.  145 

 146 

Potatoes are a shallow-rooted crop in which the majority of roots are within the plough 147 

layer, i.e. the top 30 cm of soil (Lesczynski & Tanner, 1976). Therefore, in the ridge and furrow 148 

geometry we chose the size of the soil root region ΩU to be the top 30 cm of soil extending 149 

radially from the top of the ridge. Similarly, for the flat soil geometry we chose the soil root 150 

region ΦU to be the top 30 cm of soil (see Figure 1). There is a difference in the total root active 151 

soil between ΩU and ΦU, but this is taken into account when establishing the parameter for root 152 

length density (see below).  153 

 154 
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Several of the parameters in the model are dependent on the soil, including 𝜙𝜙,𝑚𝑚, 𝑘𝑘s 155 

and 𝑝𝑝c. Potatoes are a frequently grown in silt loam soil (Shock et al., 1998). Therefore, we 156 

chose to use the parameter values for the ‘Silt Loam G.E.3’ soil from van Genuchten (1980), i.e. 157 

𝜙𝜙 = 0.396, 𝑚𝑚 = 0.51, 𝑘𝑘s = 5.2 × 10−14 m2  and 𝑝𝑝𝑐𝑐 = 23 200 Pa. Note that in some cases 158 

different tillage methods applied to soil can alter the porosity of the system. However, to ensure a 159 

‘like for like’ comparison, we kept the porosity the same in both soil domains to ensure that any 160 

differences we observed were an effect of the soil geometry and not dependent on small 161 

variations in local porosity within the soil.   162 

 163 

We took values from the literature for the environmental and fluid parameters. For the 164 

viscosity of water we used 𝜇𝜇 = 1 × 10−3 kg m−1 s−1, for acceleration due to gravity 𝜌𝜌 =165 

9.81 m s−2 and for the density of water 𝜌𝜌 = 1000 kg m−3. 166 

 167 

The typical range of the impedance coefficient 𝑑𝑑 is between 0.5 and 2 (Nye & Tinker, 168 

1977). Furthermore, increased volumetric moisture content leads to an increase in the impedance 169 

factor for a solute (Rowell et al., 1967). Given that we are modelling a temperate UK climate 170 

with frequent heavy rain events, we took 𝑑𝑑 to be at the upper bound of this range, i.e. 𝑑𝑑 = 2. 171 

 172 

Values of the diffusion coefficient 𝐷𝐷f in a solution of free liquid for simple electrolytes 173 

range from 1 × 10−9 − 3 × 10−9 m2 s−1 (Shackelford & Daniel, 1991). Therefore, we chose the 174 

value to be in the middle of this range, i.e. 𝐷𝐷f = 2 × 10−9 m2 s−1. 175 
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 176 

The parameter 𝜆𝜆𝑐𝑐 is the product of the root surface area density and the water 177 

conductivity of the root cortex, this can be expressed as  178 

 179 

 𝜆𝜆𝑐𝑐 = 𝑘𝑘r𝑙𝑙d(𝜕𝜕), (15) 

 180 

where 𝑙𝑙d(𝜕𝜕) is the root length density and 𝑘𝑘r is the radial conductivity of the root cortex per unit 181 

root length.  182 

 183 

We simulated 24 weeks of solute and water movement in soil, in which vegetation was 184 

present for the first 16 weeks, which is typical for a potato crop (Noda et al., 1997). For potato 185 

plants the root length density changes significantly over a 16-week growing period (Lesczynski 186 

& Tanner, 1976). Lesczynski & Tanner (1976) found that over the first 30 days the root length 187 

density develops to approximately 𝑙𝑙d = 3 × 104 m m−3 in the plough layer of soil. This then 188 

remains fairly constant until approximately 90 days, in which the root length density declines. To 189 

represent this growth and development, we assigned 𝑙𝑙d(𝜕𝜕) the piecewise function (in m m−3) as 190 

follows:  191 

 192 
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𝑙𝑙d(𝜕𝜕) = �
1 × 103 𝜕𝜕
3 × 104 

3 × 104 − (1 × 103 ) × (𝜕𝜕 − 90)
0

       

    0 ≤ 𝜕𝜕 < 30 days
       30 ≤ 𝜕𝜕 < 90 days

           90 ≤ 𝜕𝜕 < 120 days
120 < 𝜕𝜕 days

. (16) 

 193 

These results were obtained with ridge and furrow planting, therefore we must account 194 

for this when determining a root length density function for the flat soil geometry. To have the 195 

same total root length in Ω and Φ, we scale 𝑙𝑙d(𝜕𝜕) in the flat geometry by the ratio of the two root 196 

active areas ΩU and ΦU. This ensures a ‘like for like’ comparison between the two geometries.  197 

 198 

For maize (Zea mays, L.) roots, the parameter 𝑘𝑘r is given the value 7.85 ×199 

10−10 m2s−1MPa−1 (Roose & Fowler, 2004a). Maize and potato roots have similar root radii 200 

and structure (Rawsthorne & Brodie, 1986; Steudle et al., 1987), therefore we assumed that this 201 

value of 𝑘𝑘r is also representative of potato roots in soil. 202 

 203 

To describe root pressure 𝑝𝑝r, there are models for root pressure distribution within a 204 

single root (Roose & Fowler, 2004a). However, to simulate large areas of soil consisting of many 205 

roots, we used an average root pressure to describe the plant root system. The root pressure 𝑝𝑝r 206 

can vary considerably in potatoes depending on several factors including soil saturation and 207 

atmospheric conditions (Gandar & Tanner, 1976). Liu et al. (2006) found that the root water 208 

potential changed considerably based on the method of irrigation applied to the crop. They found 209 

that 𝑝𝑝r was  ≈ −0.01 MPa in the roots of a fully irrigated system and ≈ (−0.02,−0.2) MPa for 210 

 12 



areas of soil with partial root drying. Given that we model frequent rain events that promote 211 

ponding, we chose the value 𝑝𝑝r = −0.05 MPa. 212 

 213 

The infiltration capacity 𝐼𝐼c of soil depends on several factors, including volumetric water 214 

content, soil type and tillage methods (Azooz & Arshad, 1996). Therefore, it is difficult to assign 215 

a single value to the infiltration capacity of a soil. Morin & Benyamini (1977) found that steady 216 

state infiltration of bare loam soil was reached after approximately 20 minutes into a rain event. 217 

However, the rain data we used (see Rainfall and solute application parameter values) has a time 218 

resolution of 1 hour, which is considerably larger than the time required to reach steady state 219 

infiltration. Therefore, we averaged the infiltration capacity over each rain event. Morin & 220 

Benyamini (1977) found that the steady state rate of infiltration of bare loam soil is between 221 

1.3 − 2.2 × 10−6 m s−1. Given this, we chose to assign the value 𝐼𝐼c = 1.3 × 10−6 m s−1. 222 

 223 

We show results of numerical simulations for multiple hypothetical solutes with varying 224 

rates of degradation and buffering capacity to determine the differences in solute movement 225 

between the ridge and furrow and flat soil geometries. In Table 2 we give a matrix of the solute 226 

parameters that are used in the simulations.  227 

 228 

We chose to model extremely mobile solutes (𝛼𝛼1,𝛼𝛼2,𝛼𝛼3) with a buffer power of 𝑏𝑏 = 0.1, 229 

highly mobile solutes (𝛽𝛽1,𝛽𝛽2,𝛽𝛽3) with a buffer power of 𝑏𝑏 = 1 and moderately mobile 230 

solutes (𝛾𝛾1, 𝛾𝛾2,𝛾𝛾3) with a buffer power of 𝑏𝑏 = 10.  231 
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 232 

It is generally accepted that rates of degradation of pesticide-like solutes in soil decrease 233 

with depth (Fomsgaard, 1995). Therefore, one value for the decay constant is not valid for the 234 

entirety of the soil domains in Figure 1.  For the pesticides Isoproturon and Metolachlor, the half-235 

life is approximately doubled between the initial 0–30cm of soil and 1m below the soil surface 236 

(Rice et al., 2002; Bending & Rodriguez-Cruz, 2007). Hence, for spatially varying degradation, 237 

we impose the function,   238 

 239 

 𝜕𝜕𝜆𝜆(𝐱𝐱) = 𝜕𝜕𝜆𝜆∗ + |𝑧𝑧A|𝜕𝜕𝜆𝜆∗, (17) 

 240 

where, 𝜕𝜕𝜆𝜆∗ is the half-life of the solute in the plough layer and |𝑧𝑧𝐴𝐴| is the absolute depth below soil 241 

surface.  242 

 243 

For the rapidly degrading solutes (𝛼𝛼1,𝛽𝛽1,𝛾𝛾1) we chose the value for the half life 𝜕𝜕𝜆𝜆∗ = 10 244 

days, for a moderately fast degrading solute (𝛼𝛼2,𝛽𝛽2, 𝛾𝛾2) we selected the value 𝜕𝜕𝜆𝜆∗ = 50 days and 245 

for slowly degrading solutes (𝛼𝛼3,𝛽𝛽3,𝛾𝛾3) we selected the value 𝜕𝜕𝜆𝜆∗ = 500 days. It follows that the 246 

half-life 𝜕𝜕𝜆𝜆∗ relates to the solute decay constant 𝜉𝜉 by 247 

 248 

 𝜉𝜉 = ln(2)
𝜕𝜕𝜆𝜆(𝐱𝐱). (18) 

 14 



 249 

Boundary and initial condition parameters values 250 

 251 

For the parameter 𝑝𝑝0 that describes a constant saturation at the base of the geometry, we assigned 252 

the pressure value 𝑝𝑝0 = −10 kPa. This equates to a saturation level of approximately 𝑆𝑆 ≈ 0.9 for 253 

a silt loam soil, thereby replicating a shallow water table. For the soil water pore pressure initial 254 

condition 𝑝𝑝∞(𝐱𝐱), we chose to impose the steady state profile that forms when the domain has no 255 

plant roots. As a result of capillary forces and gravity, this leads to a constant pressure gradient 256 

from the base to the top of the geometry, such that  257 

 258 

 𝑝𝑝∞(𝐱𝐱) = −𝑝𝑝∞m𝑧𝑧 − 𝑝𝑝∞c ,     𝐱𝐱 ∈ Ω ∪ Φ, (19) 

 259 

where 𝑝𝑝∞m = 9825 Pa and 𝑝𝑝∞c = 19,825 Pa. 260 

 261 

Rainfall and solute application parameter values 262 

 263 

We simulated solute and water movement over a 24-week period, in which vegetation was 264 

present for the first 16 weeks. Potatoes are typically planted from April to June and are harvested 265 

in September to November (Noda et al., 1997). Therefore, we simulated this ‘growth and 266 
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harvesting’ timeframe with an additional 8 weeks to determine how solutes move once the crops 267 

are harvested.  268 

 269 

For the volume flux of water per unit soil surface area Γ(𝜕𝜕), i.e. rainfall, we used 6 270 

months of rain field data from a site in Newbury, UK between 1 June 2006 and 31 December 271 

2006. These data are shown in Figure 2. The data were recorded from instruments that were 272 

installed on a slope next to the A34 Newbury bypass (Ordnance Survey grid reference 273 

SU455652). Acquisition of the data is described in (Smethurst et al., 2006). 274 

 275 

We applied the solutes at one of two times during the numerical simulations, these are 276 

denoted as the early and late applications. For the early application, solute was applied to the soil 277 

surface at the start of the simulation over the initial 24 hours, with a total application 278 

of 1 kg ha−1, i.e. an application rate of 𝜕𝜕𝑚𝑚(𝜕𝜕) = 1.157 × 10−9 kg m−2 s−1. Similarly, for the 279 

late application a solute was applied for 24 hours with the same rate of application at the 280 

beginning of the 15th week. These can be seen in Figure 2. The early and late application times 281 

where chosen to determine how solute movement is affected during a growing and degrading 282 

root system, respectively. For the early application, the solute was applied as soon as the root 283 

system began to grow and the late application was applied shortly after the root length density 284 

began to decrease.  285 

 286 

Results 287 
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 288 

We did a total of 36 simulations; nine simulations for the ridged geometry with an early 289 

application (for all nine hypothetical solutes in Table 2), nine for the ridged geometry with a late 290 

application, nine for the flat geometry with an early application and nine simulations for the flat 291 

geometry with a late application.  292 

 293 

Early application results 294 

 295 

Figure 3 shows the results for the early application of solutes for both the ridged and flat planting 296 

systems for the moderately mobile solutes, i.e. solutes 𝛾𝛾1,𝛾𝛾2 and 𝛾𝛾3 (see Table 2). The results in 297 

Figure 3 show the solute profiles in the two soil geometries at 16 and 24 weeks after the solute 298 

application. At 16 weeks after the solute application, water uptake from vegetation stops because 299 

this simulates harvesting and the removal of crops, and 24 weeks after solute application is the 300 

end of the simulation timeframe. Furthermore, an additional contour plot of concentration 301 

10 µg l−1 (shown in white) was added to each profile; because this concentration is frequently 302 

used as a pesticide safety threshold for root and tuber vegetables (EU, 2018). In Figures 4 and 5 303 

we show the results for the highly mobile (𝛽𝛽1,𝛽𝛽2,𝛽𝛽3) and extremely mobile (𝛼𝛼1,𝛼𝛼2,𝛼𝛼3) solutes, 304 

respectively.  305 

 306 

For the moderately mobile solutes (𝛾𝛾1,𝛾𝛾2, 𝛾𝛾3), there was no significant penetration of the 307 

solutes into either of the soil geometries because of the buffer power of the solutes (see Figure 308 
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3). However, several features of the solute movement can be identified. First, the solute adjacent 309 

to the furrow has penetrated deeper into the soil than that contained in the ridge. Experimentally, 310 

deep furrow penetration has been attributed to the effects of ponding in the furrow of the 311 

geometry from soil surface runoff  (Leistra & Boesten, 2010a), which is evident in the simulation 312 

results.  313 

 314 

Furthermore, we note that because roots take up water, solute is drawn up towards the 315 

ridges through the difference between the soil water pore pressure and pressure in the root 316 

system. Chen et al. (2011) found that in ridge and furrow structures, water that infiltrated into the 317 

furrows of the system was transported to the ridges, which in turn reduced water movement 318 

directly below the ridge. In the simulations, this resulted in greater concentrations of solute in the 319 

ridges of the system from water transporting the solute. This coincides with the results of Smelt 320 

et al. (1981), who found that most solute residues were in the ridges of the ridge and furrow 321 

structures at the end of the growing season. Similarly, Jaynes & Swan (1999) found substantially 322 

larger concentrations in the ridges of the structure than the furrows.  323 

 324 

In the flat soil geometry, the solute moved down uniformly and was temporarily impeded 325 

by the roots in the plough layer. When we compared the solute penetration between the flat and 326 

ridged soils, we found that the solute in the flat geometry moved to a greater absolute depth 327 

below the soil surface than that in the ridges. This result concurs with that of Hamlett et al. 328 

(1990), who identified that placing solutes on the ridges of the structure substantially reduced the 329 

amount leached compared to the flat field application. Jaynes & Swan (1999) supported this 330 
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hypothesis, and in addition found that applications to the ridges could provide increased 331 

quantities of solute to the plant, i.e. nutrients and fertilizers. 332 

 333 

We observed, however, that the solute in the flat soil penetrated less than that in the 334 

furrows of the ridged soil. This can be explained by the distribution of ponding on the two soil 335 

geometries. When ponding occurred on the flat soil, the ponding depth was considerably 336 

shallower than on the ridged soil because the pond was uniformly spread over the entire soil 337 

surface, whereas, for the ridged soil the pond was only in the furrow. This in turn, causes a 338 

greater body of water to infiltrate into the furrow, causing deep solute penetration in this region 339 

of the geometry, but reducing the penetration of solutes in the ridges of the geometry.  340 

 341 

Similar properties are evident in Figure 4 (for the solutes 𝛽𝛽1,𝛽𝛽2,𝛽𝛽3) and Figure 5 (for the 342 

solutes 𝛼𝛼1,𝛼𝛼2,𝛼𝛼3) for the simulations containing highly and extremely mobile solutes. For the 343 

highly mobile solutes 𝛽𝛽1,𝛽𝛽2 and 𝛽𝛽3 in the ridged system (Figure 4), the effect of solute 344 

accumulation in the ridges is more pronounced. In the ridge simulation containing solute 𝛽𝛽3 at 16 345 

weeks post solute application, there is a large quantity of solute in the region of soil adjacent to 346 

the plant roots because of water transport to the ridges created by the ridge and furrow geometry 347 

(Bargar et al., 1999; Chen et al., 2011).  348 

 349 

At 24 weeks (the end of the simulation), the solute has penetrated into the soil as a 350 

concentrated spot that diffuses out slowly. We know that solute movement was reduced there 351 
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when there was root uptake in soil (Benjamin et al., 1996). Roots are only present for the first 16 352 

weeks, therefore, for the remaining 8 weeks the solute is affected more by rainfall into the ridges. 353 

Hence, we observed deeper solute penetration in the later portion of the simulation. Furthermore, 354 

we note that for the highly degrading solute 𝛽𝛽1, the concentration decreased below the 10 µg l−1 355 

threshold for both soil geometries. This was due to the combination of fast dispersion and short 356 

half-life. In either geometry, it is the slowly degrading solutes (𝛼𝛼3,𝛽𝛽3,𝛾𝛾3) that are of critical 357 

importance.  358 

 359 

Figure 5 shows the results for the extremely mobile solutes 𝛼𝛼1,𝛼𝛼2 and 𝛼𝛼3. For the 360 

solute 𝛼𝛼3, we found that a quantity of solute left the base of both soil geometries. In the ridge 361 

simulation, as an effect of the solute accumulating in the ridges, the solute moved down the soil 362 

profile as a highly concentrated spot. Given that the solute was drawn up into the ridges early in 363 

the simulation, the majority of the solute was not affected by later ponding in the furrows. 364 

Therefore, the solute moved down solely under the influence of the rain that entered the ridge of 365 

the soil, and takes longer to reach the base of the geometry. In the flat geometry, however, all of 366 

the solute was affected by ponding (albeit considerably less than in the furrow of the ridged soil). 367 

This led to large quantities of the solute reaching the base of the geometry. The total amount of 368 

solute that crossed the base of the geometry was 0.26 mg in the ridged system and 3.5 mg in the 369 

flat system. These findings support the results observed by Hamlett et al. (1990) and Jaynes & 370 

Swan (1999), who found that placing solutes on the ridges of the structure substantially reduced 371 

leaching compared to the flat field application. Applying solute solely to the ridges negated the 372 

effects of ponding, which reduced the penetration depth in the soil. Furthermore, root uptake 373 

 20 



reduced solute movement in the ridges (Benjamin et al., 1996). This caused the solute to remain 374 

near the surface, allowing for easy solute extraction from the soil after harvesting. 375 

 376 

In the ridge and furrow simulations, we observed that as an effect of water uptake from 377 

plant roots, movement of the solute from the furrow to the ridges protected the solute from deep 378 

penetration which would otherwise result from furrow ponding. Flat ground has a uniform 379 

surface that offered no protection, therefore all the solute was affected by ponding and rainfall. 380 

Therefore, the average depth of the solute was reduced in the ridged soil compared to the flat soil 381 

when this solute movement mechanism was present.  382 

 383 

Late application results 384 

 385 

Figure 6 shows the solute profiles for the early and late applications of the solutes 𝛼𝛼3,𝛽𝛽3 386 

and 𝛾𝛾3, i.e. those with slow degradation, in the two soil geometries at the end of the simulations. 387 

For simulations with the early application the solutes were in the soil for a full 24 weeks, and for 388 

the late application the solutes were in the soil for 9 weeks. We chose to show the results of the 389 

slowly degrading solutes only because they showed the most extreme behaviour and highlight 390 

the effects of surface ponding best. Nevertheless, the other solutes showed a similar qualitative 391 

behaviour.  392 

 393 
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From the results in Figure 6 we can highlight several key features. In the simulations with 394 

the late application of solutes 𝛼𝛼3,𝛽𝛽3 and 𝛾𝛾3 in the ridge and furrow geometry, a substantial 395 

quantity of solute penetrates into the furrow. This is considerably different from the simulations 396 

of solute profile in the early application to the ridge and furrow, in which the solutes move 397 

towards the ridge and form a concentrated spot.  398 

 399 

There appear to be three reasons for differences in the solute profiles between the early 400 

and late applications to the ridge and furrow soil. First, for the late application simulation, the 401 

time that the solute was in the soil was less than for the early application. Therefore, in 402 

simulations of the late application there was not as much time for the solute to be transported 403 

towards the ridge of the structure by water that infiltrated into the furrows and moved to the 404 

ridges (Bargar et al., 1999; Chen et al., 2011). Second, for the late application the root length 405 

density was beginning to decline such that the root uptake was not as strong as earlier in the 406 

simulated growing season (refer to Equation (16)). Consequently, the difference in the soil water 407 

pore pressure between the ridge and the furrow decreased, which resulted in  less movement of 408 

water and solute towards the ridge and  greater solute penetration (Benjamin et al., 1996).  The 409 

third reason for the reduction in spot formation was rain that occurred immediately after the late 410 

application. Figure 2 shows that there was an intense rain event shortly after the late application, 411 

which caused considerable ponding in the furrow of the soil. Given that the solute had been 412 

applied recently to the soil, there had not been sufficient time for it to collect in the ridges. 413 

Therefore, the solute contained in the region of soil adjacent to the furrow moved deep into the 414 

soil by water infiltration from the pond because surface runoff leading to pond infiltration acts as 415 

a key transport mechanism for the solute (Leistra & Boesten, 2010a).  416 
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 417 

From the rainfall data shown in Figure 2, we can see that during the second three-month 418 

period (representing the winter months) there are more frequent ‘high-intensity’ rain events than 419 

during the first three months. In simulations of the late application, this caused solute in the 420 

furrow of the ridged geometry to move deep into the soil and did not allow formation of a spot in 421 

the ridges. This made the solute in the furrow vulnerable to leaching because large amounts of 422 

water infiltration can generate substantial dispersion of solutes in ridged soil (Abbasi et al., 423 

2004). The effect of the ‘time of ponding’ is evident in the difference between the simulation 424 

results for early and late applications of the solute 𝛼𝛼3 in the ridged soil. In the early application, 425 

the solute collected in the ridges of the system because of little ponding and a growing root 426 

system, and then proceeded to move down as a concentrated spot as the root length density 427 

decreased. For the late application with immediate surface ponding and a lack of roots, the solute 428 

moved down the profile with a wider distribution under the influence of infiltration of water 429 

from the pond.  430 

 431 

For the simulations of the extremely mobile solute 𝛼𝛼3, in several cases some solute left 432 

the system from the base of the geometry. Furthermore, the total quantity that crossed the base of 433 

the domain depended on the soil geometry and time of application. In simulations of the early 434 

application, 0.26 mg of solute leached in the ridge geometry, whereas it was 3.5 mg for the flat 435 

system. For the late application, however, the amount leached was 0.15 mg in ridge geometry 436 

and it was zero in the flat system.  437 

 438 
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The model results suggest that the optimal geometry to reduce solute leaching depends on 439 

two key aspects: the immediate rainfall regime after solute application, and the quantity of roots 440 

in the soil. In simulations of the early solute application, the amount of rain was not sufficient to 441 

generate substantial furrow ponding. This allowed the solute to move towards the ridges of the 442 

system under the influence of water movement, which is often observed in ridge and furrow soils 443 

(Bargar et al., 1999; Chen et al., 2011). This protects the solute from future furrow ponding 444 

because root uptake can reduce solute movement in the ridges (Benjamin et al., 1996). In 445 

contrast, for simulations of the late application there was an immediate heavy rain event after 446 

solute application that caused substantial ponding. This generated more ponding in the ridged 447 

than the flat soil, which resulted in the solute in the furrow being transported deeper into the soil. 448 

This made the ridge and furrow system substantially more vulnerable to solute leaching than the 449 

flat soil. Therefore, substantial rain that causes ponding after a solute application may make the 450 

ridged system more susceptible to solute leaching.  451 

 452 

Time of rain versus solute leaching 453 

 454 

From the results above, we ran a series of simulations to test the hypothesis that the time 455 

between solute application and a heavy rain event influences the quantity of leaching in ridged 456 

soil. We set up five ridged and five flat soil simulations in which a solute (with the same 457 

properties as the solute 𝛼𝛼3) was applied uniformly to each soil. One heavy rain event that would 458 

generate substantial ponding was then simulated at different times after the solute application in 459 

each simulation. The rain event was chosen to last for 4 hours and have a rainfall intensity 460 
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of 12 mm hr−1, and the times between solute application and the rain event were chosen to be 1, 461 

2 and 4 days, 1 and 2 weeks. One day after the rain event, the total amount of solute that crossed 462 

the plough layer was then calculated. The plough layer was chosen to be the soil above the 463 

horizontal line of −0.15 m in both soil geometries shown in Figure 1.  464 

 465 

Figure 7 shows the total amount of solute (as a percentage of solute applied) that crossed 466 

the horizontal line of −0.15 m in the soil geometries. For the simulations where the heavy rain 467 

event was 1 day after solute application, there were trace amounts of leaching in the flat 468 

geometry. However, in the ridged geometry 11% of solute applied leached past the plough layer.  469 

 470 

In the simulations for longer periods of time between the solute application and the rain 471 

event, the relation between the amounts of solute that were leached in the two geometries 472 

changed. In the ridge and furrow simulations, as the time between solute application and rain 473 

event increased more of the solute moved towards the ridges of the soil by water transport from 474 

the furrows (Chen et al., 2011). This caused less solute to be affected by the ponding and water 475 

infiltration from the heavy rain event, and less solute moved below the plough layer. For 476 

example, when the time period between solute application and rain was 14 days, approximately 477 

1.5% of the solute applied was leached below the plough layer.  478 

 479 

The flat geometry, however, showed the opposite behaviour. As the time between solute 480 

application and the rain event increased, more solute was leached past the plough layer. This 481 
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resulted from solute diffusion in the system before the rain event. We simulated an extremely 482 

mobile solute, therefore the longer it was in the system the more it diffused. This meant that the 483 

rain and pond infiltration had a greater effect on transport of the solute. In the simulation with a 484 

14-day period between solute application and the rain event, the total amount of solute leached 485 

was approximately 11%. 486 

 487 

Figure 7 illustrates a crossover between the total quantities of solute leached in the 488 

plough layer for the two geometries after approximately 8 days. In the case study of an extremely 489 

mobile solute and a single heavy rain event in a silt loam soil, there was less than 8 days between 490 

solute application and the rain event and the flat geometry reduced leaching more. However, 491 

with more than 8 days between solute application and rain, the ridge and furrow geometry 492 

reduced leaching more than for the flat geometry because the solute moved towards the ridges 493 

and created a ‘zone of protection’ from ponding. This crossover period, however, can change 494 

considerably depending on the mobility of solute, rainfall regime and type of plant roots. For 495 

example, in scenarios where the applied solute is less mobile and root densities in the soil are 496 

less, the time for ridge accumulation will be longer, thereby delaying the crossover period. 497 

Nevertheless, these results suggested that specific situations determine whether the ridge and 498 

furrow or the flat soil are better at reducing leaching.  499 

 500 

Discussion 501 

 502 
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In previous research, ridge and furrow planting has often been shown to lead to greater leaching 503 

of solutes than the flat system (Lehrsch et al., 2000; Alletto et al., 2010; Kettering et al., 2013). 504 

However, certain application procedures might reduce leaching in ridged fields more than in flat 505 

fields (Ressler et al., 1997; Hatfield et al., 1998; Jaynes & Swan, 1999). This latter supports our 506 

findings; we observed that water movement from the furrows to the ridges (Bargar et al., 1999) 507 

can transport solutes into the adjacent root zones of the structure and while held there by plant 508 

roots (Benjamin et al., 1996) they reduced the effect from dominant surface runoff and 509 

subsequent infiltration (Leistra & Boesten, 2010a). Thereby, ridge and furrow systems can 510 

reduce solute leaching. 511 

 512 

We made several key assumptions, however, to ensure that any differences observed 513 

depended on the geometry, i.e. by comparing the ridge and furrow and flat geometries directly. 514 

Therefore, it might be of interest to incorporate specific factors of ridge and furrow geometry to 515 

determine the magnitude and severity of the mechanisms that were observed.  516 

 517 

 One of the key factors to consider is the soil water content in each of the ridge and furrow 518 

and flat geometries. Water movement is the key transport mechanism for solutes in soil (Nye & 519 

Tinker, 1977), therefore it is vital to characterize the soil water profile accurately in both the 520 

ridge and furrow and flat soil geometries. In the mathematical model, we imposed a boundary 521 

condition at the base of the domains to replicate a shallow water table approximately 1 m below 522 

the soil surface. This allowed us to model solute movement within an idealized soil domain. 523 

However, with high spatial resolution field data to determine the soil water profile in the ridge 524 
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and furrow and flat geometries we could indicate how different water profiles might affect the 525 

solute dynamics and mechanisms that we observed, i.e. solute penetration from furrow ponding 526 

and transport to the ridges from the furrow.  527 

 528 

Understanding the water profile in soil would aid accurate determination of the 529 

infiltration mechanics of rain into the soil. We used rainfall data with a resolution of one hour for 530 

a 6-month period, which limits the accuracy of identifying any change in infiltration capacity. 531 

This could play a key role in determining the severity of ponding and therefore the movement of 532 

solutes from the furrow to the ridges. Thus, understanding the infiltration capacity and soil water 533 

content with higher temporal and spatial resolution might aid our understanding of the magnitude 534 

of the effects observed. 535 

 536 

Coupling knowledge of the water profile with the antecedent moisture conditions of the 537 

soil domains would enable us to model the movement of solutes applied to the soil more 538 

accurately. We modelled the initial water profile to be that formed under steady state conditions 539 

in the absence of roots, which is unlikely to resolve true field conditions accurately. Knowledge 540 

of past conditions would enable us to determine accurate initial conditions for the soil at the 541 

beginning of the simulations. This information could have a marked effect on several factors 542 

such as the infiltration capacity, water table height and initial solute movement. 543 

 544 
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To understand further observed solute accumulation and hot spot formation mechanisms, 545 

knowledge of the root architecture would play a key role. This would enable us to understand the 546 

distribution of root pressures in the root zones, i.e. the ridges of the system, and to predict the 547 

spatial distribution of solutes that collect in the ridges of the soil geometry. This would provide a 548 

more quantitate analysis of specific case studies relating to different solutes and root systems.  549 

 550 

Earlier, we stated that to obtain a ‘like for like’ comparison, we kept the porosity between 551 

the ridge and furrow and flat systems the same. However, we know that some tillage methods 552 

can affect the porosity of the soil. Therefore, it would be useful to determine how any effect from 553 

tillage would affect solute movement from the furrows to the ridges and also spot formation in 554 

the ridges. This could have a substantial effect on the time required for the solute in the furrows 555 

to move to the ridges of the system.  556 

 557 

 558 

Conclusions 559 

 560 

Our modelling results bridged the gap between two contrasting findings for ridge and furrow 561 

systems because previous literature suggested that these soil systems may be vulnerable to solute 562 

leaching, or can reduce solute leaching. We found the ridge and furrow structure could either 563 

impede or increase the penetration of solutes in soil depending on the rainfall activity 564 

immediately after solute application and the quantity of roots in the soil. In scenarios where there 565 
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was considerable rain that generated substantial ponding immediately after solute application, we 566 

found that water infiltration from the surface acted as a strong transport mechanism for solutes in 567 

the furrow. This caused solutes in the furrow to move to a greater depth compared to the flat 568 

ground profile where the effect of ponding was less substantial. 569 

  570 

We found, however, these trends were reversed when there was no ponding after solute 571 

application. Instead, roots in the ridges caused a dominant pressure gradient to form between the 572 

soil water pore pressure and pressure in the root xylem. This, caused the solute in the ridged 573 

system to move towards the soil with abundant roots, where the solute accumulated adjacent to 574 

the root zone in the ridges. This effect impeded the movement of the solute compared to the flat 575 

field because solute was in the ridge and therefore is not influenced by future ponding events in 576 

the furrow.  577 

 578 

We determined that the vulnerability of the ridged system stemmed from immediate 579 

ponding on the soil surface after the application of a solute, and was not a function of the surface 580 

topology itself. Our results suggested that one of the important factors that should be considered 581 

when applying solutes to the soil surface is the immediate water treatment, i.e. rainfall or 582 

irrigation after the solute application as this can have a substantial influence on solute penetration 583 

and leaching in ridged fields.  584 
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Figure captions  719 

Figure 1   Simulated soil domains for a ridge and furrow and flat soil geometry, where Ω and Φ 720 

are the total cross-sectional areas of the two domains, 𝜕𝜕ΩS and 𝜕𝜕ΦS are the soil surface 721 

boundaries, 𝜕𝜕ΩB and 𝜕𝜕ΦB are the base boundaries, 𝜕𝜕ΩW, 𝜕𝜕ΦW,𝜕𝜕ΩE and 𝜕𝜕ΦE are the lateral 722 

boundaries, ΩA and ΦA are the areas without root activity and ΩU and ΦU are the areas of soil 723 

containing root activity.  724 

 725 

Figure 2 Newbury site experimental rainfall data over a 6-month period between 1 June 2006 726 

and 31 December 2006. The green and orange crosses indicate the time of early and late solute 727 

applications respectively.  728 

 729 

Figure 3 Early application solute profiles in the ridged and flat domains for the moderately 730 

mobile solutes  (𝛾𝛾1,𝛾𝛾2, 𝛾𝛾3) after 16 and 24 weeks after solute application. A white contour line 731 

for the safety threshold of 10 µg l−1is also plotted. The ridge and furrow and flat geometries are 732 

the same as those shown in Figure 1.  733 

 734 

Figure 4 Early application solute profiles in the ridged and flat domains for the highly mobile 735 

solutes  (𝛽𝛽1,𝛽𝛽2,𝛽𝛽3) after 16 and 24 weeks after solute application. A white contour line for the 736 

safety threshold of 10 µg l−1is also plotted. The ridge and furrow and flat geometries are the 737 

same as those shown in Figure 1. 738 

 739 
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Figure 5 Early application solute profiles in the ridged and flat domains for the extremely 740 

mobile solutes  (𝛼𝛼1,𝛼𝛼2,𝛼𝛼3) after 16 and 24 weeks post solute application. A white contour line 741 

for the safety threshold of 10 µg l−1is also plotted. The ridge and furrow and flat geometries are 742 

the same as those shown in Figure 1. 743 

 744 

Figure 6 Early and late application solute profiles in the ridged and flat domains for the slow 745 

degrading solutes 𝛼𝛼3,𝛽𝛽3 and 𝛾𝛾3 at the end of the 24 week simulations. A white contour line for 746 

the safety threshold of 10 µg l−1is also plotted. The ridge and furrow and flat geometries are the 747 

same as those shown in Figure 1. 748 

 749 

Figure 7 Total amount of solute leached beyond the plough layer in the ridge and furrow soil Ω 750 

and flat soil Φ for simulations that delayed the period of time between a solute application and a 751 

heavy rain event. 752 
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Table 1  Model parameter values used in numerical simulation. 754 
Parameter Description Value Units Reference 

𝜌𝜌 Density of water 1 × 103 kg m−3 − 

𝜌𝜌 Acceleration due 
to gravity 9.81 m s−2 − 

𝑏𝑏 Buffer power 0.1/1/10 − − 

𝐷𝐷𝑓𝑓 
Diffusion 
coefficient in free 
liquid 

2 × 10−9 m2 s−1 (Shackelford & 
Daniel, 1991) 

𝑚𝑚 Van Genuchten 
parameter 0.5 − (van Genuchten, 1980) 

𝜙𝜙 Porosity 0.396 − (van Genuchten, 1980) 

𝜅𝜅𝑠𝑠 
Saturated water 
permeability 5.2 × 10−14 m2 (van Genuchten, 1980) 

𝑝𝑝𝑐𝑐 Characteristic soil 
suction 23200 Pa (van Genuchten, 1980) 

𝑑𝑑 Impedance factor 2 − 
(Nye & Tinker, 1977; 
Roose & Fowler, 
2004b) 

𝜇𝜇 Viscosity of water 1 × 10−3 kg m−1 s−1 − 

𝜆𝜆𝑐𝑐 
Root surface area 
density water 
conductivity 

0 − 2.355 × 10−5  s−1MPa−1 

(Lesczynski & Tanner, 
1976; Rawsthorne & 
Brodie, 1986; Steudle 
et al., 1987; Roose & 
Fowler, 2004a) 

𝑝𝑝𝑟𝑟 Root xylem 
pressure −0.05 MPa (Liu et al., 2006) 

𝜕𝜕𝜆𝜆∗ Solute half-life 10/50/500 Days − 

𝐼𝐼𝑐𝑐 
Infiltration 
capacity 1.6 × 10−6 m s−1 (Morin & Benyamini, 

1977) 

𝐴𝐴 Variation in soil 
depth 0.16̇/0  m (Steele et al., 2006; Li 

et al., 2007) 

𝐵𝐵 Ridge wave 
number 2𝜋𝜋/0 m−1 (Steele et al., 2006; Li 

et al., 2007) 
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𝐶𝐶 Average soil 
depth 0.16̇/0 m (Steele et al., 2006; Li 

et al., 2007) 

𝜂𝜂 Geometry width 0.5 m (Steele et al., 2006; Li 
et al., 2007) 

 755 
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Table 2 Matrix of simulated solutes used in numerical simulation. 757 
 Extremely mobile 

𝑏𝑏 = 0.1 

Highly mobile 

𝑏𝑏 = 1 

Moderately mobile 

𝑏𝑏 = 10 

High degradation 
𝜕𝜕𝜆𝜆∗ = 10 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 

Solute 𝛼𝛼1 Solute 𝛽𝛽1 Solute 𝛾𝛾1 

Medium degradation 

𝜕𝜕𝜆𝜆∗ = 50 days 

Solute 𝛼𝛼2 Solute 𝛽𝛽2 Solute 𝛾𝛾2 

Low degradation 

𝜕𝜕𝜆𝜆∗ = 500 days 

Solute 𝛼𝛼3 Solute 𝛽𝛽3 Solute 𝛾𝛾3 
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