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Abstract

Accurate simulation of soil water dynamics is a key factor when using agricultural models for 

guiding management decisions.  However, the determination of soil hydraulic properties, 

especially unsaturated hydraulic conductivity, is challenging and measured data are scarce. 

We investigated the use of APSIM (Agricultural Production Simulation Model) with SWIM3 

as the water module, based on Richards equation and a bimodal pore system, to determine 

likely ranges of the hydraulic conductivity at field capacity (K-10; assumed at a matric 

potential of -10 kPa) for soils representing different drainage characteristics.  Hydraulic 

conductivity measurements of soils with contrasting soil drainage characteristics and values 

for K-10 were extracted from New Zealand’s national soil database. The K-10 values were then 

varied in a sensitivity analysis from 0.02 to 5 mm d-1 for well-drained soils, from 0.02 to 1 

mm d-1 for moderately well-drained soils, and from 0.008 to 0.25 mm d-1 for poorly drained 



soils. The value of K-10 had a large effect on the time it took for the soil to drain from 

saturation to field capacity. In contrast, the saturated hydraulic conductivity value had little 

effect.

Simulations were then run over 20 years using two climatic conditions, either a general 

climate station for all seven different soils, or site-specific climate stations. Two values for K-

10 were used, either the APSIM default value, or the soil-specific measured K-10. The monthly 

average soil saturation level simulated with the latter has a better correspondence with the 

morphology of the seven soils. Finally, the effect of K-10 on drainage and pasture yield was 

investigated. Total annual drainage was only slightly affected by the choice of K-10, but 

pasture yield varied substantially.
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Highlights

 hydraulic conductivity at field capacity (FC) is important for bimodal pore system. 

 hydraulic conductivity at FC should be adjusted for soil drainage classes/texture

 saturated hydraulic conductivity is less important for the temporal soil saturation 

 hydraulic conductivity at FC affects pasture yield

1 Introduction

Agricultural models are increasingly being used by scientists, land managers and policy makers 

to evaluate the response of management practices on agricultural systems in an ‘easy-fast’ and 

‘low-cost’ way (Tenreiro et al., 2020). However, the accuracy of such models can be limited 

by the uncertainty in representing the system and its functionality, the complex interactions 

between crops, soil, and the environment, and the ability to derive model parameter values 

(Vereecken et al., 2016). Accurate simulation of soil water dynamics in such models is a key 

factor for guiding management decisions, as these govern many processes, including water 

flow and nutrient transport for crop growth, leaching of nutrients and contaminants into the 

groundwater, gaseous emissions, as well as groundwater recharge.  Simulations of water 

dynamics are typically based on either simple tipping-bucket models or Richards equation 

(Addiscott and Wagenet, 1985; Tenreiro et al., 2020). While the state-of-the-art soil-plant 

atmosphere continuum models implement Richards equation (Pinheiro et al., 2019), the 

approach requires the description of soil hydraulic properties across the entire soil water 

content range, from saturation to dryness. Experimental determination of soil hydraulic 

properties across the entire soil water content range is costly, time-consuming and involves 

considerable uncertainty (Ritter et al., 2003). Alternatives are the use of pedotransfer functions 

and inverse modelling.  Pedotransfer functions are based on empirical relationships between 

soil hydraulic properties and more easily measured soil properties, such as soil texture, soil 



organic matter content and bulk density (McNeill et al., 2018). With inverse modelling 

techniques, hydraulic properties are derived from easily measured time series, e.g. water flux 

or soil water content (Vereecken et al., 2016 Graham et al., 2018). The inverse method uses a 

soil water flow model to find the best parameter set that minimises the deviation between model 

estimates and measurements using appropriate optimisation algorithms (Ritter et al., 2003).

In contrast to mechanistic water flow models, simple tipping-bucket models only require soil 

moisture values at certain points, generally at saturation, field capacity, and permanent wilting 

point. The concept of field capacity (FC) is very important in tipping-bucket type models, as 

this is generally the threshold point between macro- and micro-porosity (or matrix), with water 

flow generally only enabled for macropores. The matric potential at which FC is defined varies 

greatly, between -5 and -33 kPa, throughout the world (Nachabe, 1998; Tóth et al., 2015), 

although -10 kPa has been used as the standard for FC in countries such as Australia, Sweden 

and New Zealand (Grewal et al., 1990; Nemes et al., 2011).

The Agricultural Production Systems sIMulator (APSIM; www.apsim.info; Holzworth et al., 

2014) is one of the various process-based models that are increasingly being used to assess 

changes in farm practice and their effects on economic and environmental outcomes (Vibart et 

al., 2015; McNunn et al., 2019; Cann et al., 2020). As with any such model, APSIM requires 

parameters describing soil hydraulic properties (besides various other input parameters).  

Depending on the soil water module and approach used within APSIM (simple tipping-bucket 

models or Richards equation), different soil hydraulic property input parameters are required 

(Vogeler and Cichota, 2018). The basic water balance model, named SoilWat (Probert et al, 

1998), is a tipping-bucket type model requiring only simple soil water parameters. However, 

APSIM can be also coupled with SWIM2 (Verburg et al, 1996), and its later upgrade SWIM3 

(Huth et al, 2012), which is based on numerical solutions to the Richards equation for water 

flow and the convection-dispersion equation for solute transport. As such, it requires 



description of the soil water retention, (ψ), and hydraulic conductivity, K(), functions.  

Following the base development by Ross (1990), SWIM enables choosing the type of function 

that can be used to describe the hydraulic properties (Verburg et al., 1996). In New Zealand, 

the smoothed version of the Brooks and Corey model is generally used for (ψ) (e.g. Cichota 

et al., 2013; Vogeler et al., 2017), and K(), but with a modification to account for dual porosity 

(Ross and Smettem, 1993; Cichota et al., 2013). The recently upgraded SWIM3 (Huth et al., 

2012), still uses the Richards equation, but the soil hydraulic input parameters are limited to 

those used for the tipping-bucket module: volumetric water content at saturation, field capacity, 

and permanent wilting point, as well as the hydraulic conductivity at saturation. These are 

complemented with the matric potential and hydraulic conductivity at FC; with default values 

set to -10 kPa and 0.1 mm day-1.  These values are then used to derive the (ψ) and K() 

functions internally (Huth et al., 2012).  Due to its simplicity to set up, SWIM3 is much more 

accessible to a wide range of APSIM users, while still being mechanistic.

In a previous modelling study we investigated the use of inverse modelling using APSIM 

with SWIM to determine likely ranges of the hydraulic conductivity at saturation (Ksat) and 

FC (K-10) for a slowly permeable subsurface horizon (Vogeler et al., 2019). The results 

highlighted the significant influence of K-10 in poorly drained soils on the simulated soil 

saturation level. 

Measurements of hydraulic conductivity are very labour intensive, especially at low matric 

potentials, where the flow is very slow (Poulsen et al., 2002).  Thus, measurements are 

generally limited to Ksat, and values across the entire soil water content range are inferred 

from the water retention function, plus some parameters related to the pore system (i.e. pore 

size distribution and pore connectivity).  Some of the most widely used functions are the van 

Genuchten model combined with the Mualem condition (van Genuchten, 1980), Brooks and 



Corey (Brooks and Corey, 1964), Kosugi (Kosugi, 1996), and Clapp-Hornberger (Clapp and 

Hornberger, 1978).  

The objective of the study presented here is to assess the effect of Ksat and K-10 in 

characterizing the soil water dynamics for a range of soils with different drainage 

characteristics.  An attempt is then made to assign K-10 ranges for different drainage classes, 

and to see if these ranges are in line with those obtained by fitting the soil hydraulic 

conductivity curves and estimating K-10 based on the functions described above. Soils 

included two well-drained soils (Oruanui and Otorohonga), two moderately well-drained 

soils (Waikiwi and Hamilton), and three poorly drained soils (Otokia, Te Houka, and 

Tokomaru). Two different sets of simulations were set up with these soils to investigate (i) 

the effect of Ksat and K-10 on the time it takes for the various soil layers to drain from 

saturation to FC, and (ii) the effect of using either the default K-10 or the soil specific 

measured K-10 on the temporal soil saturation level and the amount of drainage from the 

various soils, as well as on pasture yield.

2 Methods

2.1 APSIM model

All simulations were conducted using the APSIM model, version 7.10 (www.apsim.info; 

Holzworth et al., 2014).  The SWIM3 sub-model (Huth et al., 2012) was used for simulating 

water movement and solute transport through the soil. SWIM3 is based on a two-domain 

model for hydraulic conductivity, comprising a macropore and a soil matrix domain, with the 

separation between the two domains at FC. The APSIM model runs on a daily time-step, 

although SWIM uses a variable internal time-step that can be shorter than 1 min. The inputs 

required for soil hydraulic properties are the volumetric water contents at saturation s [m3 m-

3], field capacity (FC [m3 m-3]; which in APSIM is termed drained upper limit, DUL), and 



permanent wilting point (PWP, PWP [m3 m-3], referred to in APSIM as Lower Limit , LL15, 

taken at matric potential of -1500 kPa), and the hydraulic conductivity at saturation (Ksat). 

The soil macropore hydraulic conductivity is described by a simple power function. The 

hydraulic conductivity at FC, K-10 (generally assumed to be at a matric potential of -10 kPa), 

is by default set to 0.1 mm/day.  These two values (K-10 and the matric potential at FC) can 

also be set up in the user interface, but only as constants for the whole soil profile, not depth 

or layer specific. The soil matrix’s hydraulic conductivity (below FC) is related to the water 

retention curve (Huth et al., 2012). Pasture growth is modelled with AgPasture, based on 

intercepted global solar radiation, potential photosynthetic rate and growth modifiers for 

temperature, plant N content, as well as soil water and N supply.  The growth modifier for 

water increases linearly from 0 at PWP

to 1 at (FC).

2.2 APSIM model setup

APSIM simulations were set up with data from seven different soil profiles, and either with a 

bare surface or with a ryegrass/white clover pasture mixture, using AgPasture. The maximum 

rooting depth for the pasture was set to 750 mm for the well-drained and moderately well-

drained soils, while for the poorly drained soils the rooting depth was reduced to 500 mm due 

to the very dense soil below this depth. Simulations run for the pastoral system had grazing 

events every three weeks. Daily weather data were accessed from the NIWA Virtual Climate 

Station Network (VCSN) which are spatial interpolation on a 5 km2 grid of data observations 

made at climate stations located around the country (Tait et al., 2006). Long-term averages 

for the climate stations and their respective soil type are provided in Table 1. Simulations 

were either set up with a single climate (Lumsden) over all soil types or with site-specific 

climates.



(insert Table 1 about here)

2.3 Soil Descriptions

The soils used for this study were chosen from previous research that measured hydraulic 

attributes in different soils and horizons as part of a New Zealand wide soil characterisation 

initiative (Gradwell 1968; 1976). Measurements of Ksat were done on three to six cores (10 

cm diameter and 7.5 cm thickness) for each horizon using constant-head Mariotte devices (1 

cm head). For a sub-set of these soils, the K-10 was also measured (Gradwell 1979; 1986). 

This was done in a Darcy-like unsaturated experiment using soil cores pressed between two 

membranes, drained to equilibrium with the tension applied through both membranes. A 

small difference between the tensions at both sides of the sample was produced and the rate 

of water flow through the soil was measured and used to calculate the hydraulic conductivity. 

From this dataset, we have selected seven soils that have the full set of soil hydraulic 

attributes (Table 2), as well as having contrasting classifications for soil profile drainage 

characteristics. Drainage class is widely used to provide an indicative representation of the 

differences between soils in the rate at which they drain following rainfall, and the resultant 

differences in the frequency and duration of ephemeral internal wetness. In this study soils 

are classified to different drainage classes used in New Zealand, based on the degree of 

subsoil redox mottling observed in the soil morphology, with a more detailed description in 

Vogeler et al. (2019).    



2.3.1 Well-drained soils

The Oruanui soil is a sandy textured soil formed into airfall pumice volcanic material (New 

Zealand [NZ] classification: Podzolic Orthic Pumice soil; USDA Soil Taxonomy 

classification: Orthod (Hewitt 2010)). The Otorohanga loam is also formed into airfall 

volcanic material, but with finer tephra material compared with the Oruanui, resulting in silty 

loam topsoil textures grading to silty clay in the subsoil. Both soils are characterized by well-

drained morphology, having yellow-brown colored subsoils with no redox mottles, indicating 

that the frequency and duration of internal waterlogging is minimal, and oxidation processes 

predominate. 

2.3.2 Moderately well-drained soils

The Waikiwi silt loam is a silt loam textured soil formed in wind deposited loess material (NZ 

classification: Typic Firm Brown; Soil Taxonomy: Dystrudepts (Hewitt 2010)). The 

Hamilton soil has silt loam topsoils overlying clayey textured subsoils, having formed into 

strongly weathered volcanic tephra. It is classified in New Zealand as a Typic Orthic 

Granular Soil, and in in Soil Taxonomy as a Haplohumult (Hewitt 2010). Both soils can have 

some minor redox mottling evident in the subsoil, indicating a degree of subsoil drainage 

impediment that may result in short-term waterlogging during wet periods, although 

oxidation processes predominate most of the time. 

2.3.3 Poorly drained soils

The Otokia, Te Houka and Tokomaru are silt loam textured soils formed in wind deposited 

loess deposits (NZ classification: Fragic Perch-gley Pallic soil; Soil Taxonomy: Fragiaquepts  

(Hewitt 2010)). These soils have a characteristic fragipan soil layer in the lower subsoil, 

which, due to its high density, is slowly drained. As a result, soil drainage water perches on 



the fragipan, causing seasonal saturation in the horizons above. The soils are classified as 

showing poorly drained soil morphology dominated by grey subsoil colours and dense redox 

mottling, indicating that reducing processes dominate for sustained periods in winter and 

spring. In the New Zealand soil classification, poorly drained soils are estimated to have 

annual periods of 3-6 months when the soil is wetter than field capacity (Taylor and Pohlen 

1979). 

2.4 Soil profile descriptions for APSIM setup

The soil characterisation for the simulations were based on descriptions and measured 

laboratory data held in the National Soil Database Repository (Wilde, 2003). The selected 

soils have measurements of K-10 for the mid to lower subsoil (layers three and four in Table 

2). The profiles were slightly adjusted to standardise the layers of the various soils to the 

same thicknesses. For all soils, the profiles were set up with five layers and to a depth of 2500 

mm. Key soil hydraulic and physical properties are provided in Table 2.

(insert Table 2 about here)

2.5 Simulations for drainage duration

To assess the effect of the hydraulic conductivity values on the time it takes the various soil 

profiles to drain from saturation to FC, simulations were set up with a range of K-10 and Ksat 

values. The range was dependent on the drainage class of the soil and was centred around the 

measured values (the ranges are provided in Table 3 and 4). In a first set of simulations, Ksat 

was varied and for K-10 either the default or the soil-specific measured value was used for 

each of the soils. In the second set of simulations, K-10 values were varied, with Ksat values as 



measured.  The simulations were set up with bare soil, and a soil profile initially at FC. The 

soil was then wet to saturation by applying daily irrigation amounts above the specific Ksat 

(Table 2). When saturation was reached, irrigation terminated and the simulated time (days) 

for each soil to reach FC was recorded.

2.6 Long term simulations for soil saturation level

Simulations were set up for the seven different soil profiles with their site-specific climate 

station data (Table 1) and under a ryegrass/white clover pasture.  These simulations were 

done to investigate the long-term (20 years) wetness status and its effect on pasture growth 

and yield.  The pasture was managed as a cut and carry system, with biomass removals every 

three weeks. The average monthly soil saturation level (calculated from daily simulated  /s) 

over the simulated 20 years for each layer of the different soils was compared when using 

either the APSIM default K-10 of 0.1 mm d-1 or the soil-specific measured values. 

Additionally, the relative effect of the different soil characteristics was investigated using the 

same simulations, but set up with the same climatic conditions (using the Lumsden climate) 

for all soils.

2.7 Estimation of K-10 based on soil hydraulic conductivity functions

The 13 layers (A-M) with K-10 values (Table 2) were fitted to commonly used (ψ) and K() 

function models, using their Ksat and soil water retention data. The following models were 

tested: (a) van Genuchten (1980) with Mualem condition, (b) Brooks and Corey (1964), (c) 

Kosugi (1996), and (d) Clapp-Hornberger ( 1978).  The function equations and further details 

about the fitting procedure are provided in Supplementary Material S1. The goodness of 

fitting  (ψ) was assessed based on the Nash–Sutcliffe efficiency (NSE Franz and Hogue, 

2011).The optimised model parameters were then used to calculate K-10.  Finally, these K-10 



values were compared to the measured values and those identified in the sensitivity analysis 

as being appropriate regarding expected saturation levels and durations for different soil 

drainage classes.

3 Results

3.1 Hydraulic conductivity function - dependency on Ksat and K-10

The effect of varying K-10 and Ksat on the shape of the hydraulic conductivity function used in 

APSIM is shown, as an example for layer L4 of the Waikiwi soil, in Figure 1. The value of K-

10 affects the rate of water movement above and below FC, thus having a large effect on the 

rate of drainage. In contrast, the value of Ksat only affects the hydraulic conductivity close to 

saturation, a condition that generally only occurs over a short period of time following heavy 

rainfall events.

(insert Figure 1 about here)

3.2 Desaturation behaviour dependency on Ksat and K-10

The results from the APSIM simulations set up with different parameters for the soil 

hydraulic conductivity function showed that the value of Ksat has little effect on the time it 

takes the soil to drain from saturation to FC (Table 3). Varying Ksat by nearly an order of 

magnitude did not substantially change the time to drain for any layers, with maximum 

variation of about 10%. This was observed regardless of the value chosen for K-10. The only 

small effect of Ksat on the desaturation is due to the fact, that the soil moisture level is only at 

saturation over a very short time period, after which the conductivity approaches that one of 

K-10.  This is, as an example, illustrated by the temporal change in  in two contrasting soils, 

the poorly drained Otokia and the well-drained Otorohanga (Figure 2). Thus, as shown in the 



results (Table 3), the effect of the K-10 value is quite large. In the freely draining soils, the 

soil-specific K-10 results in a much faster desaturation compared with the default value, 

whereas in the poorly drained soils the soil-specific value shows slower drainage compared 

with the default value.

The sensitivity of K-10 was further investigated by keeping the soil-specific Ksat value and 

changing K-10. Again, the results clearly show the large effect that K-10 has on the drainage 

dynamics of these soils (Table 4). Using the default value for K-10 of 0.1 mm d-1 always 

overestimates the duration of the period the soil would remain above FC for well-drained 

soils, and underestimates the period for poorly drained soils.

(insert Table 3 and 4 about here)

3.3 Effect of K-10 on long-term soil saturation level

3.3.1 Lumsden climate for all sites

Soil saturation levels ( /s) were, as expected, higher for the deeper layers and over winter, 

especially in the soils with slowly permeable subsoils (Figure 2). Comparing saturation levels 

between simulations done with the default K-10 and those with soil-specific values indicates 

that using the default value reduces the variation between soils. This suggests that the use of 

soil-specific values would be more appropriate, as they better capture the differences in 

drainage characteristics and soil morphology.

(insert Figure 2 about here)



3.3.2 Site-specific climate

Simulations run with site-specific climate, shows a similar difference in average saturation 

level across the various soil layers (Figure 3), when simulations were based on the default K-

10 of 0.1 mm day-1 or the soil-specific measurement. For the free draining soils, soil saturation 

levels were lower throughout the year, when soil-specific values were used.  In contrast, in 

poorly drained soils, soil saturation levels were also higher when soil-specific values for K-10 

were used compared with default values (Figure 3). For the moderately well-drained soils 

(Waikiwi and Hamilton) there was little difference between the two different simulation runs.  

This was likely because the higher K-10 measured in these soils, compared to the default 

value, was countered by the much higher rainfall in these sites (1121 and 1149 mm), resulting 

in overall high soil saturation level.

(insert Figure 3 about here)

3.4 Effect of K-10 on drainage and pasture yield

The choice in the value of K-10 had little effect on the average annual drainage amount, with 

differences ranging from 1 to 11% (Table 5). Differences in annual drainage between default 

and site-specific K-10 were also little affected by the annual rainfall, with the highest 

differences of -33 mm and +20 mm occurring in the Oruanui soil (data not shown).  Only the 

Tokomaru soil had a much smaller drainage amount when using the soil-specific value for K-

10 of 0.008 mm d-1 compared with the default value. This is due to a large increase in surface 

runoff, which was caused by the low drainage and soil saturation. Runoff was negligible with 

the default K-10 value and increased to an average of 53 mm year-1 with the soil-specific 



value.  The choice of K-10 also affected the average annual pasture yield, with both reduced 

yield (up to 13%) and increased yield (up to 8%) effect on different soils.  

(insert Table 5 about here)

3.5 Estimation of K-10 based on θ(ψ) and Ksat data

A comparison between the measured K-10 for the 13 layers (A-M), with the corresponding 

estimated K-10 value from the K(θ) curves derived from the different hydraulic models shows 

large deviations (Table 6).  This is despite the very good fit of the models to the 

corresponding to θ(ψ), with NSE values almost or equal to unity regardless of the soil 

hydraulic model used.  None of the different soil hydraulic function models reliably separated 

the three drainage classes, regarding K-10.

(insert Table 6 about here)

4 Discussion

The modelling study here indicated that K-10 has little effect on the total annual drainage 

simulated by APSIM, when using Richards equation and assuming a bimodal pore system.  

This result can be explained by the fact that annual totals are more related to overall water 

balance than to the rate of water flow in individual events. Also, the hydraulic conductivity 

declines very quickly between saturation and FC (Figure 1,) and thus much of the water 

movement does not occur at high conductivity rates near saturation. 

The choice of the K-10 value seems much more important for the overall desaturation 

behaviour and ephemeral saturation level of the various soils. For well-drained soils, using 



the APSIM default value for K-10 of 0.1 mm d-1, it would take the layer L3 (300-500 mm 

depth) 1-2 months before the layer would drain from saturation to FC. Such behaviour would 

not be expected for well-drained soils (Taylor and Pohlen 1979; Barkle et al., 2011; Graham 

et al., 2019). For the poorly-drained soils (which were under a drier climate) it would take 

less than a month for a layer at the same depth to drain below FC, which is not in line with 

the morphology of these soils, with strong gleying and redox mottling features in layer L3 

(Taylor and Pohlen 1979; Watt 1976, 1977). For the moderately well-drained soils there was 

little difference between the simulation using default or measured K-10, due to the high 

rainfall in these sites. The simulated high soil saturation level does not reflect the observed 

morphology, with only some minor redox mottling evident in the subsoil (Taylor and Pohlen 

1979). The reasons for this lack of mottling in these moderately well-drained soils are not 

clear, but might be linked to a higher drainage rate in these soils compared to the poorly 

drained soils (Table 3). Increases in drainage rate can increase the O2 concentration, and thus 

the redox potential in the soil (Sharma et al., 1989). The relatively fast drainage could also 

mean that large macropores become quickly aerated, so that reducing conditions do not 

prevail for a sufficient duration for redox dominated soil morphology to develop. In contrast, 

the poorly drained soils show a much slower rate of drainage (Table 3), with longer periods 

of sustained waterlogging conditions.

Results from the modelling study also indicated that the hydraulic conductivity at FC (assumed 

at -10 kPa matric potential) needs to be adjusted for different soil types. We suggest that for 

well-drained soils K-10 ranges between 1 to 5 mm d-1, for moderately well-drained soils between 

0.1 and 0.5 mm d-1, and for poorly drained soils between 0.05 and 0.1 mm d-1. The use of a 

constant value of K-10 across the entire soil profile, as currently implemented in APSIM-

SWIM3 might not be appropriate for capturing soil drainage dynamics and its effect on crop 

growth and the fate of nitrogen.



Another approach might be to develop a pedotransfer function to predict K-10 values from soil 

attributes such as soil texture, soil structure or relationships with the water retention function 

(Gradwell 1979; McNeill et al 2018; Pollacco et al. 2020). However, deriving estimates of K-

10 from the water retention measurements and commonly used (ψ) and K() function models 

did  not produce good results. The discrepancies between the measured and estimated K-10 

occur due to the problem of equifinality of the optimised hydraulic parameters, with 

parameter values being non-unique and often also non-physical (Pollacco et al., 2008). To 

overcome this, the number of degrees of freedom can be reduced by either combining θ(ψ) 

and K(θ) data in the optimisation scheme, or by establishing a set of constraints for the 

estimated parameters. Methods to constrain the parameters of the hydraulic functions are 

currently being developed (Fernández-Gálvez et al., submitted), and will likely lead to more 

acceptable estimates of K-10. 

An alternative to adjusting the K-10, would be to keep the default value for K-10 but adjust the 

matric potential at which FC is defined in the model.  This would however also change the 

macroporosity, so the effect of this would need to be investigated.  The matric potential at FC 

could be based on the commonly used approximations based on textural classes, with a 

matric potential of -33 kPa for FC for fine textured soils, and -10 kPa for coarse textured 

soils. However, previous research has indicated that FC matric potential can vary 

significantly in fine-textured soils, and that -10 kPa is a good ‘rule-of-thumb’ approximation 

for the high silt-content soils in New Zealand (Gradwell, 1986; Grewal et al., 1990). A more 

mechanistic approach for estimating FC might be the flux-based definition as suggested by 

Twarakavi et al. (2009). Using the HYDRUS-1D model and a large database with soil data 

from across the world, they found that drainage fluxes become negligible at a conductivity of 

0.1 mm day-1 and this would be a good approximation for FC. This value is identical to the 



default K-10 value used in SWIM3, but now the matric potential or water content at which this 

value corresponds is variable.  Twarakavi et al. (2009) also developed an empirical equation 

from which the matric potential at FC could be estimated from the parameters of the van 

Genuchten-Mualem model. This approach of estimating K-10 from features of the (ψ)  

function is a similar approach to that proposed in early work to quantify unsaturated 

conductivity at the matric potential of -10 kPa for a range of New Zealand soils (Gradwell 

1979; 1986).

The effect of soil saturation level on gaseous N losses is well documented (Dobbie and 

Smith, 2001; van der Weerden et al., 2014). Although simulations of this process were 

beyond the scope of this work, we can speculate on the effect of K-10 on nitrous oxide (N2O) 

emissions based on the modelled soil saturation level patterns. For example, Bateman and 

Baggs (2005) found in an incubation study with a silt loam soil that nitrous oxide (N2O) 

production peaked between a soil saturation level of 60–80%, and Chamindu Deepagoda et 

al. (2020) found that emissions in three grazed pasture sites in New Zealand peaked at a soil 

saturation level between 80 and 95%. From this, we can infer that models would over-

estimate denitrification and N2O emissions in the well-drained soils if using the default K-10 

value of 0.1 mm day-1, especially over the winter period. In contrast, emissions would be 

under-estimated in poorly drained soils, due to the lower soil saturation level values 

simulated with the default K-10. Thresholds at which N2O productions peak have been shown 

to vary across soil types (Cardenas et al., 2017) therefore direct comparison is limited here.  

Various models with different complexity have been developed to estimate how management 

and environmental factors such as soil type and climatic conditions affect N2O emissions, and 

although these models use different limiting functions they all include the effect of soil water 

content on denitrification and N2O generation process (Heinen, 2006; Del Grosso et al., 

2020).



The choice of K-10 also affected the average annual pasture yield, with both reduced yield (up 

to 13%) and increased yield (up to 8%) effect on different soils. Such differences can be 

important for farm feeding strategies and farm operating profits (Vibart et al., 2015), 

especially when these differences occur at times of low feed supply with high demand by 

grazing animals.  

Potential impacts on the choice of K-10 on N leaching cannot be inferred from our study.  

While the annual drainage amount was hardly affected by the choice of K-10, N leaching is 

driven by both the drainage amount and the timing, especially the N concentration in the soil 

solution at times of high drainage. Thus, further studies are needed, to better clarify the 

effects of the choice in K-10 on N leaching losses. However, as shown for the Tokomaru soil, 

water and possible N runoff from soils with low permeability could be under predicted when 

using a default K-10 value, which is substantially higher than the soil-specific measured value. 

5 Conclusions

The results of this study highlight the importance of accurately describing the soil hydraulic 

behaviour in process-based models.  Here this is demonstrated particularly for the K()  

function.  While the saturated hydraulic conductivity is generally acknowledged as important, 

little attention has been paid to the conductivity at lower matric potentials, including the one 

at FC (K-10).  Our results indicate that the parameterisation of the near-saturated component 

of the K() function may be more important than the accuracy of saturated conductivity for 

modelling soil water dynamics in many soils. Our modelling, using the APSIM modelling 

framework with SWIM3 as the water module, which assumes a bimodal pore system, showed 

that the use of a default value for K-10 is not appropriate to describe the expected ephemeral 

soil saturation status and morphology (redox mottling) for the range of soils present in New 

Zealand, and likely in other places.  Using a default K-10 value and a fixed soil matric 

potential, can also have a considerable effect on pasture growth and N2O emissions. We 



suggest that for well-drained soils K-10 ranges from 1 to 5 mm d-1, for moderately well-

drained soils from 0.1 to 0.5 mm d-1, and for poorly drained soils from 0.05 to 0.1 mm d-1.  

However further measurements of hydraulic conductivities at K-10 and the dry end of the K() 

are required across a range of different soils to support these. An alternative to soil specific 

values for K-10 is to keep it constant, but change the soil matric potential for FC.  Further 

work is needed to test this alternative approach and potential pedotransfer functions.  
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Highlights

 hydraulic conductivity at field capacity (FC) is important for bimodal pore system. 

 hydraulic conductivity at FC should be adjusted for soil drainage classes/texture

 saturated hydraulic conductivity is less important for the temporal soil saturation 

 hydraulic conductivity at FC affects pasture yield

Table 1.  Selected virtual climate stations (VCS) used in the simulations, with respective 
geographic coordinates, annual average daily temperatures (°C) and average annual rainfall 
amounts (mm year-1).
VCS Soil Latitude/longitude daily 

temperature 
annual 
rainfall 

VCS_Lumsden all 45.725°S/168.425°E 10.3 855
VCS_Tihoi Oruanui 38.625°S/175.725°E 11.4 1529
VCS_Ruakura Otorohanga 37.775°S/175.325°E 13.9 1149
VCS_InvercargillWest Waikiwi 46.425°S/168.325°E 10.2 1121
VCS_Ruakura Hamilton 37.775°S/175.325°E 13.9 1149
VCS_Wingatui Otokia 45.875°S/170.375°E 10.6 731
VCS_Turitea Tokomaru 40.375°S/175.625°E 13.2 990
VCS_Balclutha Te Houka 46.225°S/169.725°E 10.1 716

Table 2. Measured characteristics for the different soils used in the study, with layer L1 from 0-
150 mm, L2 from 150-300 mm, L3 from 300-500 mm, L4 from 500-800 mm and L5 from 800 to 
2500 mm; where b is the bulk density (Mg m-3); s is the water content at saturation (m3 m-3), 
FC is the water content at field capacity (defined at -10 kPa), PWP is the permanent wilting point 
(defined at -1500 kPa); Ksat and KDUL(mm day-1) are the average soil hydraulic conductivity at 
saturation and -10 kPa, and CV is the coefficient of variation based on measurements by 
Gradwell (1979; 1986). Sand, silt and clay are mass fractions (%).  Italicised values are 
estimated.

 L Horizon db s FC PWP Ksat CV KDUL CV sand silt clay
1 Ap 0.95 0.64 0.47 0.17 1123^    52 42 6
2 Bs 1.06 0.6 0.31 0.08 5011^    61 34 5
3 BC 1.19 0.55 0.27 0.06 1920^  20.9 na* 61 34 5
4 C1 1.27 0.52 0.27 0.07 1920^  1.95 na* 67 29 4O

ru
an

ui

5 C2 1.27 0.52 0.31 0.07 1555^    52 42 6
1 A 0.6 0.732 0.578 0.227 1236 21   21 64 15
2 A2 0.68 0.712 0.517 0.226 1236    15 69 16

O
to

ro
ho

ng
a

3 Bw1 0.59 0.764 0.468 0.3 4418 25 4.8 8 16 48 36



4 Bw3 0.66 0.739 0.48 0.321 2868 29 2.4 38 11 45 44
5 2Cw2 0.71 0.725 0.533 0.373 983 44   13 50 37
1 A 1.13 0.565 0.478 0.214 85 29   7 69 24
2 Bw 1.29 0.53 0.443 0.287 87    6 82 12
3 BC 1.46 0.47 0.403 0.272 72 93 0.59 31 8 74 18
4 C1 1.42 0.48 0.421 0.281 27 109 0.22 9 4 75 21W

ai
ki

w
i

5 C2(2Bb) 1.34 0.51 0.462 0.31 27    4 68 28
1 Aw1 1.09 0.568 0.436 0.206 5475 26   19 51 30
2 B/A 1.26 0.511 0.374 0.236 4763 18   18 47 35
3 Btw1 1.33 0.491 0.423 0.359 496 47 0.17 20 12 42 46
4 Btw2 0.99 0.631 0.612 0.506 496  0.19 7 3 18 79H

am
ilt

on

5 Btgr 0.93 0.656 0.634 0.521 255 125   2 17 81
1 A1 1.18 0.544 0.427 0.176 32 53   4 73 22
2 A3 1.37 0.483 0.349 0.197 20 45   4 69 26
3 B1 1.42 0.464 0.342 0.203 0.9 75 0.21 na* 4 62 33
4 B2g 1.55 0.428 0.353 0.267 0.13 62   4 64 31To

ko
m

ar
u

5 B3g 1.6 0.408 0.365 0.283 0.08  0.008 na* 4 70 25
1 A 1.2 0.54 0.414 0.189 1534 48   4 75 21
2 AB 1.24 0.525 0.383 0.216 1534    4 71 25
3 Bg 1.4 0.47 0.379 0.245 40 18 0.05 47 5 69 26
4 BC 1.2 0.39 0.358 0.239 98 97 0.04 4 4 75 21Te

 H
ou

ka

5 C 1.24 0.37 0.343 0.216 1264 170   4 71 25
1 A 1.22 0.506 0.402 0.18 665 39   4 68 27
2 AB 1.34 0.47 0.377 0.203 480    10 57 33
3 B2g 1.65 0.375 0.345 0.236 83 43 0.09 na* 5 66 29
4 Cx 1.8 0.331 0.324 0.216 22 89 0.02 na* 5 69 25O

to
ki

a

5 luB 1.84 0.327 0.311 0.224 17 14   5 70 26
na* Coefficient of variation (CV%) was not reported by Gradwell (1986) for these soils, although it 
was noted that variation in the three replicates was similar to that measured in Gradwell (1979), and 
reported here. Across all soils measured variation between replicates were never greater than an order 
of magnitude.
^Data is recorded as median values for this site, with standard errors in the range 400 - 860 mm day-1

Table 3. Days to drain each soil layer from saturation to field capacity based on APSIM-
SWIM simulations using different values for Ksat (mm d-1) and either using the default K-10  
of 0.1 mm d-1, or the site specific measured K-10.  L1 is from 0-150 mm, L2 from 150-300 
mm, L3 from 300-500 mm, L4 from 500-800 mm and L5 from 800 to 2500 mm.

Ksat L1 L2 L3 L4 L5 L1 L2 L3 L4 L5 Ksat L1 L2 L3 L4 L5 L1 L2 L3 L4 L5
Oruanui - well drained Otorohonga - well drained

default K-10: 0.1 mm d-1 site-specific K-10: 2.5 mm d-1 default K-10: 0.1 mm d-1 site-specific K-10: 2.5 mm d-1

500 2 23 55 133 273 1 3 4 8 13 500 3 15 35 91 159 1 2 3 6 8
1000 2 23 54 130 269 1 3 4 8 13 1000 3 15 35 91 159 1 2 3 6 8
2000 2 22 52 127 264 1 3 4 7 13 2000 3 15 35 90 157 1 2 3 6 8
3000 2 22 52 126 262 1 3 4 7 13 3000 3 15 35 90 157 1 2 3 6 8



4000 2 22 51 125 260 1 2 4 7 13 4000 3 15 35 90 156 1 2 3 6 8
Hamilton – moderately well drained Waikiwi – moderately well drained

default K-10: 0.1 mm d-1 site-specific K-10: 2.5 mm d-1 default K-10: 0.1 mm d-1 site-specific K-10: 2.5 mm d-1

25 1 10 16 37 56 1 7 11 23 35 5 2 10 19 47 70 2 6 10 24 36
50 1 10 16 36 56 1 7 11 24 39 10 2 10 20 52 81 2 6 11 25 39
100 1 10 17 38 62 1 6 11 24 39 25 2 10 19 51 80 2 6 10 23 36
250 1 9 16 37 59 1 6 10 23 37 50 2 9 17 46 81 2 5 9 21 32
500 1 9 16 36 57 1 6 10 23 36 100 2 5 8 20 30

Tokomaru – poorly drained Te Houka - poorly drained
default K-10: 0.1 mm d-1 site-specific KDUL: 0.008 mm d-1 default K-10: 0.1 mm d-1 site-specific K-10: 0.04 mm d-1

0.1 2 13 27 51 86 12 164 340 365 365 5 4 6 29 41 88 4 34 64 94 200
0.2 2 13 27 51 86 12 164 340 365 365 10 3 15 28 41 88 3 33 61 89 200
0.3 2 13 27 51 86 12 164 340 365 365 50 2 13 25 37 82 2 30 57 87 200
0.4 2 13 27 51 86 12 164 340 365 365 100 2 13 24 36 82 2 29 55 84 200

Otokia – poorly drained
default K-10: 0.1 mm d-1 site-specific K-10: 0.02 mm d-1

5 4 12 19 19 77 4 43 76 66 337
10 4 12 20 20 81 4 43 79 76 364
25 4 11 19 19 78 4 41 76 70 355
50 2 11 18 17 75 3 40 74 66 345
100 2 10 17 15 75 4 39 71 60 332

Table 4.  Days to drain from saturation to field capacity based on different values for K-10 (mm day-1), with L1 
from 0-150 mm, L2 from 150-300 mm, L3 from 300-500 mm, L4 from 500-800 mm and L5 from 800 to 2500 
mm.  The bold values indicate the measured K-10 of the slowest permeable layer.

K-10 L1 L2 L3 L4 L5 L1 L2 L3 L4 L5 L1 L2 L3 L4 L5
well drained soils

Oruanui Otorohonga
0.02 4 93 229 365 365 4 69 169 365 365
0.05 3 42 99 245 365 3 28 68 179 312
0.1 3 22 52 127 264 3 15 35 90 158
0.25 3 10 23 53 109 3 7 15 37 64
0.5 3 7 13 28 56 2 5 9 20 33
1 3 5 8 16 29 1 3 5 10 17
2.5 2 3 5 8 14 1 2 3 6 8
5 1 2 3 5 7 1 1 1 3 4

moderately well drained soils
Hamilton Waikiwi

0.02 2 40 70 160 256 2 38 77 218 329
0.05 2 18 30 69 110 2 17 33 92 141
0.1 1 9 16 37 58 2 9 18 49 75
0.17 1 6 10 23 35
0.25 1 4 7 16 25 2 5 9 22 33
0.5 1 3 4 9 13 2 4 6 13 19
1.0 2 3 4 8 11

poorly drained soils
Tokomaru Te Houka Otokia

0.008 2 164 340 365 365 5 119 236 365 365 7 96 177 153 365
0.01 9 132 272 365 365 4 98 195 303 365 6 78 143 125 365
0.02 5 67 137 256 365 3 54 106 162 365 4 42 75 68 347



0.04 2 32 67 127 216 2 29 57 86 198 3 23 40 37 179
0.06 2 21 45 84 143 2 21 39 59 135 2 16 28 26 122
0.08 2 16 33 63 108 2 16 30 45 103 2 13 22 21 93
0.1 2 13 28 55 99 2 13 25 37 83 3 11 18 18 76
0.25 1 6 14 34 75 2 7 12 17 35 3 6 10 9 33

Table 5.  Effect of K-10 on average annual drainage and pasture yield with either the Lumsden 

climate or the site-specific climate

Drainage (mm) Pasture Yield (kg/ha)

Climate Lumsden Site-specific Lumsden Site-specific

K-10 default soil-

specific

Delta

(%)

default soil-

specific

Delta

(%)

default soil-

specific

Delta

(%)

default soil-

specific

Delta

(%)

Oruanui 124 133 7 754 744 -1 12649 11766 -7 13468 13964 4

Otorohanga 122 118 -3 310 298 -4 12519 11654 -7 14532 13962 -4

Waikiwi 158 150 -5 491 484 -1 12972 13093 1 12849 13673 6

Hamilton 168 162 -4 344 337 -2 10543 10566 0 12173 12269 1

Otokia 187 202 8 130 138 6 11296 11738 4 10381 11241 8

Tokomaru 180 161 -11 315 185 -41 11731 10220 -13 12248 10029 -8

Te Houka 180 184 2 105 109 4 11673 11713 0 10823 10983 1
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Table 6. Measured and estimated values of the hydraulic conductivity at -10 kPa (K-10; mm 

day-1) for the 13 samples from Table 2.  The estimation was based on various hydraulic 

functions; Ksat is the measured hydraulic conductivity at saturation; Npoints is the number of 

water retention curve points used, NSE is the Nash Sutcliffe metric of goodness of fit 

corresponding to the soil water retention curve of the different hydraulic functions.

Measured 
Kosugi

van Genuchten 
Mualem Brooks and Corey

Clapp and 
Hornberger

Sample # Ksat K-10 Npoints K-10 NSE K-10 NSE K-10 NSE K-10 NSE
Well drained horizons
A 1920.00 20.90 3 0.05 1.00 1.16 1.00 6.88 1.00 3.75 1.00
B 1920.00 1.95 3 0.21 1.00 2.72 1.00 12.62 1.00 4.67 0.99
C 4418.00 4.80 7 0.00 0.90 0.58 0.97 6.16 0.98 11.44 0.89
D 2868.00 2.40 7 0.00 0.92 0.10 0.98 4.49 0.97 8.73 0.87
Moderately well drained horizons
E 72.00 0.59 7 0.00 0.98 0.03 0.95 2.56 0.93 10.53 0.83
F 27.00 0.22 7 0.00 0.99 0.03 0.95 1.90 0.92 10.37 0.85
G 496.00 0.17 7 0.00 0.78 0.00 0.99 8.43 0.88 348.50 -0.39
H 496.00 0.19 7 0.30 1.00 1.96 0.99 348.50 0.50 348.50 -1.63
Poorly drained horizons
I 0.18 0.21 2 0.00 1.00 0.00 1.00 0.01 1.00 0.00 1.00
J 0.08 0.01 2 0.00 1.00 0.00 1.00 0.00 1.00 0.05 0.46
K 40.00 0.05 7 0.00 0.97 0.00 0.95 0.23 0.94 0.76 0.90
L 120.00 0.09 7 1.56 1.00 0.66 1.00 57.70 0.97 84.31 0.94
M 24.00 0.02 7 0.07 0.99 0.51 0.98 16.86 0.93 16.86 0.82

Table and Figure Captions

Table 1.  Selected virtual climate stations (VCS) used in the simulations, with respective 
geographic coordinates, annual average daily temperatures (°C) and average annual rainfall 
amounts (mm year-1).
Table 2. Measured characteristics for the different soils used in the study, with layer L1 from 0-
150 mm, L2 from 150-300 mm, L3 from 300-500 mm, L4 from 500-800 mm and L5 from 800 to 
2500 mm; where b is the bulk density (Mg m-3); s is the water content at saturation (m3 m-3), 
FC is the water content at field capacity (defined at -10 kPa), PWP is the permanent wilting point 
(defined at -1500 kPa); Ksat and KDUL(mm day-1) are the average soil hydraulic conductivity at 
saturation and -10 kPa, and CV (%) is the coefficient of variation based on measurements by 
Gradwell (1979; 1986). Sand, silt and clay are mass fractions (%).  Italicised values are 
estimated.
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Table 3. Days to drain each soil layer from saturation to field capacity based on APSIM-
SWIM simulations using different values for Ksat (mm d-1) and either using the default K-10 of 
0.1 mm d-1, or the site specific measured K-10.  L1 is from 0-150 mm, L2 from 150-300 mm, 
L3 from 300-500 mm, L4 from 500-800 mm and L5 from 800 to 2500 mm.
Table 4.  Days to drain from saturation to field capacity based on different values for K-10 
(mm day-1), with L1 from 0-150 mm, L2 from 150-300 mm, L3 from 300-500 mm, L4 from 
500-800 mm and L5 from 800 to 2500 mm.  The bold values indicate the measured KDUL of 
the slowest permeable layer.
Table 5.  Effect of K-10 on average annual drainage and pasture yield with either the Lumsden 
climate or the site-specific climate
Table 6. Measured and estimated values of the hydraulic conductivity at -10 kPa (K-10; mm 
day-1) for the 13 samples from Table 2.  The estimation was based on various hydraulic 
functions; Ksat is the measured hydraulic conductivity at saturation; Npoints is the number of 
water retention curve points used, NSE is the Nash Sutcliffe metric of goodness of fit 
corresponding to the soil water retention curve of the different hydraulic functions.

Figure 1.  Soil hydraulic conductivity function for layer L4 of the Waikiwi soil based on (a) 
measured Ksat and a default K-10 of 0.1 mm d-1; (b) the effect of varying K-10 between 0.02 and 
1 mm d-1; and (c) the effect of varying Ksat between 5 and 100 mm d-1 with a default K-10 of 
0.1 mm d-1. Note that scales change in different graphs, also in (b) and (c) the function is only 
shown for wetter part of the function.  The dotted line shows the volumetric water content at 
field capacity (FC).
Figure 2.  Temporal changes of the volumetric water content () from saturation to field 
capacity in the first layer of the a) Otokia soil and b) the Otorohonga soil.  The inset shows 
the changes in the first 4 days.
Figure 3. Average soil saturation level (/s) for each month and soil layer simulated for 
seven different soils and over a period of 20 years; with layer L1 from 0-150 mm, L2 from 
150-300 mm, L3 from 300-500 mm, L4 from 500-800 mm and L5 from 800 to 2500 mm, and 
either using the default K-10 of 0.1 mm/d (top row) or the soil-specific measured values 
(bottom row).  For these simulations, the climate station Lumsden was used for all soils.
Figure 4. Average soil saturation level (/s) for each month and soil layer simulated for 
seven different soils and over a period of 20 years; with layer L1 from 0-150 mm, L2 from 
150-300 mm, L3 from 300-500 mm, L4 from 500-800 mm and L5 from 800 to 2500 mm, and 
either using the default K-10 of 0.1 mm/d (top row) or the soil-specific measured values 
(bottom row).  The simulations used site-specific climate stations for each soil.


