
Patron:		Her	Majesty	The	Queen	 	 Rothamsted	Research	
Harpenden,	Herts,	AL5	2JQ	
	
Telephone:	+44	(0)1582	763133	
Web:	http://www.rothamsted.ac.uk/	

	
	 	

	
	

Rothamsted Research is a Company Limited by Guarantee 
Registered Office: as above.  Registered in England No. 2393175. 
Registered Charity No. 802038.  VAT No. 197 4201 51. 
Founded in 1843 by John Bennet Lawes.	

	

Rothamsted Repository Download
A - Papers appearing in refereed journals

Jensen, J. L., Schjonning, P., Watts, C. W., Christensen, B. T. and 

Munkholm, L. J. 2018. Soil Water Retention: Uni-Modal Models of Pore-

Size Distribution Neglect Impacts of Soil Management. Soil Science 

Society of America Journal. 83 (1), pp. 18-26. 

The publisher's version can be accessed at:

• https://dx.doi.org/10.2136/sssaj2018.06.0238

• https://dl.sciencesocieties.org/publications/sssaj/articles/0/0/sssaj2018.06.0238

The output can be accessed at: https://repository.rothamsted.ac.uk/item/847y0.

© 17 January 2019, Please contact library@rothamsted.ac.uk for copyright queries.

07/03/2019 16:18 repository.rothamsted.ac.uk library@rothamsted.ac.uk

https://dx.doi.org/10.2136/sssaj2018.06.0238
https://dl.sciencesocieties.org/publications/sssaj/articles/0/0/sssaj2018.06.0238
https://repository.rothamsted.ac.uk/item/847y0
repository.rothamsted.ac.uk
mailto:library@rothamsted.ac.uk


Soil Science Society of America Journal
 	

Soil Sci. Soc. Am. J. 
doi:10.2136/sssaj2018.06.0238 
Received 3 July 2018 
Accepted 4 Nov. 2018. 
*Corresponding author (jlj@agro.au.dk). 
© Soil Science Society of America. This is an open access article distributed under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Soil Water Retention: Uni-Modal Models of Pore-Size 
Distribution Neglect Impacts of Soil Management

Soil Physics &  Hydrology

Most models describing soil water retention imply a uni-modal pore-size distri-
bution (PSD). The uni-modal model presented by van Genuchten (termed vanG) 
is widely used although double-exponential models (termed Dex) implying a bi-
modal PSD may better reflect reality. We tested the ability of vanG and Dex 
models to represent water retention in sandy top- and subsoils with different 
texture, in soil with contrasting management (Highfield), and in soil exposed 
to different tillage (Flakkebjerg). Soils were subjected to matric potentials from 
–10 hPa to –1.5 MPa. For all soils, the bi-modal Dex model showed a better fit 
to water retention data than the uni-modal vanG model. Neither of the models 
worked well for highly sorted soils. The vanG model gave a poorer fit for top-
soils than for subsoils because of a more pronounced bi-modality of the PSD 
in topsoils caused by larger soil organic carbon (SOC) content and tillage. For 
Highfield soils, the root mean squared error (RMSE) of the vanG fit increased 
from long-term bare fallow (low C content, intensive tillage) to permanent grass 
(high C content, no tillage) reflecting a more distinct bi-modality of the PSD for 
well-structured soils. We conclude that uni-modal models should be used with 
great caution when describing effects of texture and management on PSD and 
that bi-modal models may provide a better fit to PSD.

Abbreviations: AIC, Akaike’s information criterion; d2, dominating pore size of the 
structural peak; Dex, double-exponential; PSD, pore-size distribution; RMSE, root mean 
squared error; SOC, soil organic C; SOM, soil organic matter; V1, textural void ratio; V2, 
structural void ratio; vanG, van Genuchten; VIF, variance inflation factor.

The availability of water in soil is crucial for plant growth, microbial activi-
ty, and percolation (Rabot et al., 2018). Water storage and availability link 
intimately to soil PSD and reliable models describing soil water retention 

become vital when simulating water and solute movement in soil, and availability 
of water for crop development and soil organic matter (SOM) turnover.

Numerous models for describing soil water retention has been suggested, 
most of which are uni-modal analytical expressions (Cornelis et al., 2005) such as 
the one proposed by Brooks and Corey (1964). The uni-modal model suggested 
by van Genuchten (1980) is probably the most widely used model for describing 
soil water retention. By May 2018, this publication has received ~10,000 citations 
of which ~4000 are within the last 5 yr (Clarivate Analytics, 2018). The fitting 
parameters of the van Genuchten model (here termed vanG) are often used to esti-
mate the unsaturated hydraulic conductivity of soils (Mualem, 1986). Many pedo-
transfer functions have been developed to predict the vanG parameters from basic 
soil properties (Cornelis et al., 2001; Minasny et al., 1999; Patil and Singh, 2016). 
Unsaturated hydraulic conductivity predicted by the vanG parameters are used in 
simulation models such as Daisy (Hansen et al., 2012) and HYDRUS (Šimunek et 
al., 2012) when predicting crop production and associated environmental impacts.
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Core Ideas

•	A uni- and a bi-modal soil water 
retention model were evaluated.

•	The bi-modal double-exponential 
model fitted better to soil pore-size 
distribution.

•	The uni-modal model fit was affected 
by texture, soil organic C, and tillage.

•	Uni-modal models are not well 
suited for describing the pore-size 
distribution.
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Uni-modal models implicitly assumes a maximum volume 
of pores at a given tube equivalent pore size. However, present-
ing the size distribution of pores by frequency for example by 
numerical differentiation of the water retention curve has docu-
mented important deviations from a uni-modal PSD (Eden et 
al., 2011; Pulido-Moncada et al., 2019; Schjønning, 1992). This 
calls for a more adequate description of the soil pore system than 
that obtained by uni-modal expressions. Several non-uni-modal 
models have been proposed (e.g., Durner, 1994; Poulsen et al., 
2006; Ross and Smettem, 1993), including a dual-porosity mod-
el for simulating the preferential movement of water and solutes 

in structured porous media developed by Gerke and 
van Genuchten (1993). This model involves two 
overlaying continua reflecting a macropore system 
and a matrix pore system.

Dexter et al. (2008) presented a double-expo-
nential model (here termed Dex) that provides a 
bi-modal PSD, that is, a pore-size distribution with 
two peaks. The two peaks represent the pore space 
defined by soil texture and that defined by soil struc-
ture. By providing parameters with physical mean-
ing, the Dex model may provide a better and more 
mechanistic description of the PSD of soil in situ 
(Dexter, 1988; Dexter et al., 2008).

Relying on previously published data, this study 
evaluates the ability of the uni-modal vanG and bi-
modal Dex model to fit water retention data for (i) 
sandy top- and subsoils with different texture, (ii) 
soil with contrasting long-term crop rotations, and 
(iii) a soil subject to different tillage practices.

MATERIALS AND METHODS
The Jacobsen Data Set

Jacobsen (1989) reported hydraulic properties of 16 Danish 
agricultural soils sampled from topsoil (~0.10 m) and subsoil (~ 
0.50 m) layers. Topsoils ranged from loamy sand to silt loam with 
the main part being sandy loam or loam soils. The Jyndevad and 
Tylstrup soils were extremely sorted with 51.2 g 100 g–1 minerals 
in the 200- to 500-mm fraction and 51.8 g 100 g–1 minerals in 
the 63- to 125-mm fraction, respectively. Table 1 and 2 show the 
soil textural composition of top- and subsoils.

All soils were from long-term arable fields derived from 
the Weichsel glacial stage (glacial deposits: 10 soils; glacioflu-
vial deposits: Jyndevad), the Saale glacial stage (glacial deposits: 

Borris and Travsted), the raised Holocene sea floor 
(Tylstrup and Hals), and one soil sampled on recent-
ly reclaimed marine marshland (Højer).

At each site, topsoil was sampled in six plots of 
about 1 m2, whereas subsoil was sampled only in one 
of the plots. For topsoil, three 100-cm3 soil cores 
(61-mm diam., 34-mm height) were sampled pro-
viding 18 cores per site. For subsoil, nine cores were 
sampled at each site.

Rothamsted Highfield Ley-Arable 
Experiment

Data on soil texture, SOC, and pore characteris-
tics for the Highfield long-term ley-arable experiment 
at Rothamsted Research, UK (51°80´ N, 00°36´ W) 
was recently published by Jensen et al. (2019) and 
Obour et al. (2018). Here we use data for four treat-
ments: (i) Bare fallow maintained free of plants by 
frequent tillage since 1959; (ii) Continuous arable 
rotation with winter cereals since 1948; (iii) Ley-
arable rotation—a 3-yr grass-clover ley followed 3 yr 

Table 1. Soil textural composition and organic C (SOC) content for the 16 Danish 
soils at ~0.10-m depth of the Jacobsen (1989) data set listed in order of increasing 
clay content. The Rosin-Rammler parameters (a and b) were calculated by Eq. 
[6] and are based on the seven particle-size fractions listed in Jacobsen (1989).

Site SOC
Clay,  

 <2 μm
Silt,  

2–20 μm
Silt, 

20–63 μm
Sand, 

63–2000 μm a b
——————— g 100 g–1 minerals ——————— μm –

Hals 2.36 2.6 3.4 7.9 86.0 150 1.76

Tylstrup 1.30 3.7 4.9 17.2 74.2 88 3.58

Jyndevad 1.36 4.2 3.9 3.2 88.8 367 1.41

Borris 1.31 5.7 7.8 22.8 63.7 131 0.96

Hornum 1.86 5.8 8.4 13.3 72.5 180 0.93

Travsted 3.38 7.7 6.8 16.2 69.3 189 0.86

Foulum 1.49 7.9 10.1 15.6 66.4 176 0.75

Ødum 1.49 10.1 15.5 20.2 54.3 104 0.71

Årslev 1.36 10.6 14.9 21.1 53.4 95 0.79

Roskilde 1.43 10.8 17.3 19.3 52.7 93 0.74

Askov 1.55 11.0 12.6 16.5 59.9 124 0.77

Rønhave 1.24 14.5 15.6 27.5 42.4 65 0.78

Tystofte 1.18 14.7 16.4 19.5 49.4 75 0.73

Ø. Ulslev 1.38 15.8 15.5 16.5 52.2 102 0.58

Kalø 0.82 17.7 14.4 15.9 52.0 102 0.55

Højer 1.73 18.6 15.4 39.9 26.0 42 1.00

Table 2. Soil textural composition and organic C (SOC) content for the 16 
Danish soils at ~0.50-m depth of the Jacobsen (1989) data set listed as in 
Table 1. The Rosin-Rammler parameters (a and b) were calculated by Eq. [6] 
and are based on the seven particle-size fractions listed in Jacobsen (1989).

Site SOC
Clay,  

 <2 μm
Silt,  

2–20 μm
Silt, 

20–63 μm
Sand, 

63–2000 μm a b
——————— g 100 g–1 minerals ——————— μm –

Hals 0.17 2.0 0.5 1.0 96.5 190 3.31

Tylstrup 0.29 3.1 2.4 12.8 81.7 82 5.96

Jyndevad 0.35 3.5 1.9 1.0 93.6 359 2.25

Borris 0.29 11.2 7.3 14.9 66.6 136 0.90

Hornum 0.17 7.2 6.3 13.7 72.8 200 0.88

Travsted 0.35 10.8 6.7 10.8 71.7 194 0.84

Foulum 0.17 13.4 9.6 13.4 63.5 166 0.64

Ødum 0.17 16.5 12.6 16.4 54.4 106 0.60

Årslev 0.17 20.4 12.6 15.9 51.0 78 0.63

Roskilde 0.29 23.8 16.3 11.9 48.0 72 0.49

Askov 0.35 24.5 11.6 14.3 49.6 72 0.55

Rønhave 0.29 19.6 16.5 25.1 38.8 53 0.67

Tystofte 0.29 22.8 15.3 17.9 44.0 58 0.58

Ø. Ulslev 0.23 15.6 13.5 14.1 56.8 120 0.59

Kalø 0.29 26.8 12.4 14.3 46.6 77 0.43

Højer 0.24 7.9 6.4 35.6 50.1 69 3.08
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arable since 1948; and (iv) Grassland plowed and reseeded to grass 
in 1948. The bare fallow treatment was cultivated three to five 
times per year, arable once a year, ley-arable once in 2 yr (in 6-yr 
cycle) while grass had not been cultivated since 1947. The arable, 
ley-arable, and grass treatments were embedded in a randomized 
block design, whereas the bare fallow plots were not part of the 
original design and located at one end of the experiment. The soil 
is silt loam and classifies as Aquic Paludalf (USDA Soil Taxonomy 
System; Soil Survey Staff, 2014). The parent material includes a 
silty (loess-containing) deposit overlying and mixed with clay-
with-flints (Avery and Catt, 1995).

Soil was sampled in spring 2015. Six 100-cm3 soil cores (61-
mm diam., 34-mm height) were extracted from ~0.10-m depth in 
each of four replicate plots providing 24 cores per treatment. Further 
details are given in Jensen et al. (2019) and Obour et al. (2018).

Flakkebjerg Tillage Experiment
We used previously published data on SOC and pore char-

acteristics for the long-term conservation tillage experiment 
at Flakkebjerg Experimental Station, Denmark (55°19´ N, 
11°23´  E). This experiment compares moldboard plowing to 
0.20-m depth and direct drilling using a split-plot experiment 
with four replicates. Soil was sampled in autumn 2013 after 11 
yr of different tillage practices. The soil is a sandy loam with 15% 
clay (<2 mm), 14% silt (2–20 mm), 43% fine sand (20–200 mm), 
and 27% coarse sand (200–2000 mm) and classifies as Oxyaquic 
Agriudoll (USDA Soil Taxonomy System; Soil Survey Staff, 
2014). The rotation included autumn and spring sown crops 
(mainly cereals) with all aboveground residues removed.

Six 100-cm3 soil cores (61-mm diam., 34-mm height) were 
extracted from the 0.12- to 0.16-m soil layer of each plot pro-
viding 24 cores per treatment. Further details can be found in 
Abdollahi and Munkholm (2017).

Laboratory Measurements
Soil texture was determined on air dry bulk soil (<2 mm) 

with a combined hydrometer/sieve method (Gee and Or, 2002). 
Samples from Highfield were treated with hydrogen peroxide to 
remove soil organic matter (SOM), while this was not done for 
Flakkebjerg and Jacobsen soils. The content of SOC was measured 
by dry combustion using a Thermo Flash 2000 NC Soil Analyzer 
(Thermo Fisher Scientific) for Highfield and Flakkebjerg, and a 
LECO CNS-1000 analyzer (LECO Corp.) for the Jacobsen soils.

Before measuring soil water retention, the soil cores were 
placed on the top of a tension table and saturated with water from 
beneath. For the Jacobsen data set, soil water retention was mea-
sured at −4- (Højer only), –10-, –16-, −50-, –100-, –160-, and 
−500-hPa matric potential using tension tables and pressure plates 
(Dane and Hopmans, 2002). Samples from the Highfield and 
Flakkebjerg experiments were drained to –10-, –30-, –100-, –300-, 
and –1000-hPa matric potential. The soil cores were oven-dried 
(105°C for 24 h), and bulk density calculated. The Highfield soil 
contained a significant amount of stones, and bulk density was 
corrected for weight and volume of >2-mm mineral particles. Soil 

porosity was estimated from bulk density and particle density. 
Particle density was measured by the pycnometer method (Flint 
and Flint, 2002). For Highfield, particle density was measured 
on one plot from each treatment, and the particle density for the 
remaining plots were predicted from SOC by a linear regression 
model. For Flakkebjerg, a particle density of 2.65 g cm–3 was used 
(Abdollahi and Munkholm, 2017).

Water retention at –1.5 MPa was determined on <2-mm 
air-dry soil for each site and depth for the Jacobsen soils and at 
plot level for Highfield. For the Jacobsen and Highfield soils a 
pressure plate system and a WP4-T Dewpoint Potentiometer, re-
spectively, was used (Scanlon et al., 2002). For Flakkebjerg, wa-
ter retention at –1.5 MPa was predicted based on clay and SOC 
content using Eq. [1] in Hansen (1976).

Pore-water suction was assumed to relate to an average pore 
size by the approximate relation:

d = –3000/h� [1]

where d is the tube-equivalent pore diameter (mm) and h is the 
soil matric potential (hPa). Equation [1] derives from the phys-
ics-based capillary rise equation of Young-Laplace.

Soil Water Retention Models
The water retention data was fitted to the van Genuchten 

(1980) model (termed vanG):

sat res res( ) 1 ( )
mnhq q q a q

−
= − + +   � [2]

where θsat and θres are the water contents at saturation and the 
residual water content, respectively, h is the soil matric potential, 
a is a scaling factor for h, and n and m are parameters that con-
trol the shape of the curve. The widely used Mualem (1976) re-
striction (m = 1–1/n) was used to prevent over-parametrization 
(Dexter et al., 2008) and unstable results (van Genuchten et al., 
1991). The Mualem restriction is also recommended, when only 
measured values in the wet range are used (van Genuchten et al., 
1991). The PSD predicted by the vanG model was obtained by 
differentiating Eq. [2] with respect to matric potential:

{ }11
sat res

10

d
( ) ( ) ( ) 1 ( ) ln10

d(log )
mn nn h m h h

h
q

q q a a a
− −−= − − +    [3]

The double-exponential model proposed by Dexter et al. 
(2008) was fitted to water retention data (termed Dex):

1 2( / ) ( / )
1 2

h h h hC A e A eq − −= + +  [4]

where C is the residual water content, A1 and h1 describe the 
textural pore space, and A2 and h2 describe the structural pore 
space. The PSD predicted by the Dex model was obtained by 
differentiating Eq. [4] with respect to matric potential:

1 2( / ) ( / )1 2

10 1 2

d
ln10 ln10

d(log )
h h h hA Ae h e h

h h h
q − −=− −  [5]
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The parameters of the vanG model were obtained using 
the curve-fitting program RETC (van Genuchten et al., 1991), 
which is based on a nonlinear least-squares optimization ap-
proach. Similarly, the parameters of the Dex model were ob-
tained by nonlinear regression analysis to achieve the smallest 
residual sum of squares.

Calculations and Statistics
The Rosin-Rammler equation (Eq. [2] in Rosin and 

Rammler, 1933) was fitted to the seven chemically dispersed 
particle-size fractions listed in Jacobsen (1989), that is, <2, 2 to 
20, 20 to 63, 63 to 125, 125 to 200, 200 to 500, and 500 to 2000 
mm, for each soil. It can be written as:

( ) 1 exp
xP X x

b

a

  < = − −  
  

 [6]

where P(X < x) is the fraction by weight of particles less than 
size x, a indicates the coarseness of particles and b indicates the 
spread of particle sizes. Equation [6] described the particle-size 
distribution of the soils well, with coefficients of determination 
(R2) from 0.95 to 1.00.

For the statistical analysis, the R-project software package 
Version 3.4.0 (R Foundation for Statistical Computing) was 
used. Treatment effects for Highfield was analyzed as described 
in Jensen et al. (2019). The key indices of goodness of fit were 
Akaike’s information criterion (AIC), which was used to com-
pare models with different number of parameters (Akaike, 
1973), and the RMSE:

2
meas fitted

1
RMSE ( )

N
q q= −∑  [7]

where N is the number of matric potentials. A smaller or more 
negative AIC indicates better model performance.

Multiple linear regression was used to identify how struc-
tural void ratio (V2) related to SOC, soil texture, and void ratio. 
Structural void ratio was calculated as follows:

V2 = A2/(1-P)� [8]

where A2 is the Dex model estimate of structural pore space, and 
P is porosity. Likewise, textural void ratio (V1) was calculated by 
relating A1 to (1-P).

The variance inflation factor (VIF) was calculated when 
more than one predictor was used in the regression. The VIF 
expresses the degree of multicollinearity among the predictors. 
Upper value limits of VIF for non-erroneous conclusions from 
multiple regressions has been set to five (Rogerson, 2001) or ten 
(Kutner et al., 2004).

RESULTS
Jacobsen Data Set

The soils differed in their textural composition and SOC 
content (Tables 1 and 2). In the topsoil, clay ranged from 2.6 to 
18.6 g 100 g–1 minerals and SOC from 0.82 to 3.38 g 100 g–1 
minerals, whereas the range in the subsoil was from 2.0 to 26.8 g 
clay 100 g–1 minerals and from 0.17 to 0.35 g SOC 100 g–1 miner-
als. The a-parameter for topsoil ranged from 42 to 367 mm and for 
subsoil from 53 to 359 mm. The Jyndevad soil, however, stand out 
being very coarse textured (atopsoil = 367 mm, asubsoil = 359 mm), 
and the range changed to 42 to 200 mm if omitting Jyndevad. The 
b-parameter describes the spread of particle sizes, with large values 
indicating that the soil is well sorted (a narrow range of particle 
sizes), and small values indicating that the soil is graded with an 
evenly distributed mass of particles across size classes. The b-pa-
rameter for topsoil ranged from 0.55 to 3.58 and for subsoil from 
0.43 to 5.96. The 12 glacial till soils, however, had a narrow range 
from 0.43 to 0.96, whereas Hals, Tylstrup, Jyndevad, and Højer 
were highly sorted with b > 1 (Tables 1 and 2).

For topsoil, mean values of AIC were −58.6 and −70.6 and 
mean RMSE were 0.011 and 0.005 m3 m–3 using vanG and Dex, 
respectively. For subsoil, mean values of AIC were −63.2 and 
−75.1 and mean RMSE were 0.008 and 0.005 m3 m–3. However, 
the four highly sorted soils (b > 1) had relatively poor good-
ness of fit measures both when using the vanG and Dex models 
(Fig. 1, Tables S1 and S2).

When omitting the highly sorted soils in the calculation of 
mean AIC and RMSE values, the vanG model gave AIC values of 
−59.6 and −66.8 and RMSE values of 0.009 and 0.006 m3 m–3 in 
top- and subsoil, respectively. The Dex model gave AIC values of 
−75.1 and −80.9 and RMSE values of 0.003 and 0.002 m3 m–3 in 
top- and subsoil, respectively. The lower AIC and RMSE values 
obtained for the Dex compared with the vanG model indicate that 
the Dex model provides a better description of data.

We tested the correlation between the structural void ratio 
(V2) and the variables a, b, void ratio, SOC, and clay content. 
This was done for both top- and subsoils and with and without 
exclusion of the highly sorted soils (b > 1). For topsoil samples 
V2 could be well predicted by log(b) and clay content:

V2 = 0.558***( ± 0.118) × log(b)– 0.011* (± 0.005) × 
clay + 0.424***( ± 0.048),  
s = 0.068, R2 = 0.84� [9]

Fig. 1. The root mean squared error (RMSE) value for the Danish top- 
and subsoil of the Jacobsen data set using the van Genuchten (vanG) 
or double-exponential (Dex) model.
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Excluding the highly sorted samples from topsoil gave:

V2 = 0.878***( ± 0.143) × b – 0.441**(± 0.110), s = 0.057,  
 
R2 = 0.79� [10]

For subsoil samples V2 could be well predicted by log(b) 
and a:

V2 = 0.592***( ± 0.078) × log(b)– 0.001**	  
(± 0.0003) × a + 0.184**( ± 0.050),	   
s = 0.100, R2 = 0.85� [11]

Excluding the highly sorted samples from subsoil gave:

V2 = 0.289***(±0.025) × b, s = 0.057, R2 = 0.55� [12]

In Eq. [9]–[12], the numbers in parentheses are standard 
errors of estimate, and s is the standard deviation of the predicted 
value. When developing the four models, we tested for multicol-
linearity and interaction among the predictors, but found only 
low VIF values and no significant interactions.

Rothamsted Highfield Ley-Arable Experiment
The soils at Highfield ranged from 0.84 to 4.04 g 

SOC 100 g–1 minerals and soil texture was in general not sig-
nificantly different between treatments (Table 3). Thus, the ef-
fect of contrasting long-term management could be investigated 
without confounding effects related to variations in soil type. 
The Dex model generally fitted the water retention data for the 
contrasting treatments well (Fig. 2a).

Mean values of AIC, when using the vanG and Dex mod-
els were −43.8 and −69.1, respectively. Similarly, mean values 
of RMSE were larger when using the vanG compared with the 
Dex model with values of 0.016 and 0.002 m3 m–3, respectively. 
The RMSE when using the vanG model increased from 0.010 
to 0.028 m3 m–3 with an increase in SOC from 0.84 to 4.04 g 
100 g–1 minerals (Fig. 3), whereas no systematic error was ob-
served when using the Dex model (P = 0.532). Parameter esti-
mates and goodness of fit measures for the 16 individual plots 
can be seen in Table S3.

Textural (V1) and structural void ratio (V2) increased with 
increasing SOC content and decreasing tillage intensity (V1: 
R2 = 0.91, P < 0.001, V2: R2 = 0.74, P < 0.001). The dominating 
pore size of the structural peak (d2) was 86 mm for the bare fallow 

Table 3. Soil textural composition and organic carbon (SOC) 
content of the four treatments from Highfield. Within rows, let-
ters denote statistical significance at P < 0.05 for the comparison 
of Arable, Ley-arable, and Grass. Data from Jensen et al. (2019).

Treatment SOC
Clay,  

<2 μm
Silt,  

2–20 μm
Silt, 

20–63 μm
Sand, 

63–2000 μm

—————— g 100 g–1 minerals ——————

Bare fallow 0.90 27.0 24.9 33.5 14.6

Arable 1.73a† 26.4 26.3 31.8 15.5

Ley-arable 2.16a† 25.5 26.1 32.4 16.0

Grass 3.29b† 26.1 27.2† 31.9 14.8
† �Indicates if bare fallow is significantly different from the other 

treatments based on a pairwise t test.

Fig. 2. (a) Measured volumetric water content for the four treatments 
at Highfield and fits of the double-exponential (Dex) model as 
a function of matric potential. The standard error of the mean is 
indicated (n = 4). (b) Pore-size distribution [dq/d(pF)] as a function 
of matric potential for the four treatments. Equation [5] was used to 
obtain the pore-size distributions.

Fig. 3. The root mean squared error (RMSE) value as a function of 
soil organic carbon (SOC) for the four treatments at Highfield using 
the van Genuchten (vanG) model (circle symbols) and the double-
exponential (Dex) model (triangle symbols).
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treatment, while it was significantly lower for the arable and grass 
treatments, and in between for ley-arable treatment (Table 4).

Flakkebjerg Tillage Experiment
Moldboard plowing to 0.20-m depth and direct drilling 

had contents of 1.25 and 1.15 g SOC 100 g–1 minerals, respec-
tively, in the 0.12- to 0.16-m layer. The Dex model fitted the 
two treatments well (Fig. 4), and better compared with the vanG 

model as revealed by lower mean AIC and RMSE 
values (Plowing: AICvanG = −56.7 and AICDex  = 
−59.5, RMSEvanG = 0.007 m3 m–3 and RMSEDex = 
0.003 m3 m–3; Direct drilling: AICvanG = −58.0 and 
AICDex = −69.5, RMSEvanG = 0.005 m3 m–3 and 
RMSEDex = 0.001 m3 m–3).

Structural void ratio (V2) for moldboard plowing 
and direct drilling was 0.30 and 0.19, respectively. The 
dominating pore size of the structural peak (d2) was 52 
mm for direct drilling and 96 mm for moldboard plow-
ing. Parameter estimates and goodness of fit measures 
for the eight individual plots can be seen in Table S4.

DISCUSSION
Model Fit

The Dex model provided a better fit to soil water retention 
data than the vanG model for the Jacobsen glacial till top- and 
subsoils. This was also true for contrasting treatments from 
Highfield and Flakkebjerg. Thus, the PSD for these soils was bet-
ter described with a bi- rather than a uni-modal model. This is in 
accordance with Schjønning (1992) who found the vanG model 
unable to describe the double-peak pattern for PSD in glacial 
till soils. Further, Dexter et al. (2008), Berisso et al. (2012), and 
Zhou et al. (2017) found that the Dex model fitted their data bet-
ter than the vanG model. Dexter et al. (2008) based their analysis 
on 42 Polish soils (26 topsoils, 6 samples from 0.30- to 0.35-m 
depth, and 10 subsoils) ranging from 2 to 25 g clay 100 g–1, 
Berisso et al. (2012) focused on a sandy clay loam ranging from 
19 to 27 g clay 100 g–1, and Zhou et al. (2017) investigated clay 
loam paddy soil (~20 g clay 100 g–1). Our study included soils 
ranging in clay content from 2.0 to 30.0 g 100 g–1 minerals, sub-
stantiating that the Dex model is superior for soils < 30 g clay 
100 g–1 minerals. Thus, uni-modal models seem too simplistic 
for describing the size distribution of pores in most soils with less 
than 30 g clay 100 g–1 minerals. A range of papers comparing 
other bi-modal models with uni-modal models reached similar 
conclusions (e.g., Durner, 1994). However, the Dex model is less 
parameter demanding than other proposed bi-modal models, 
making it easier to apply to datasets with a restricted number of 
measurement points.

Neither of the models worked well for highly sorted soils 
(b > 1). This finding calls for alternative water retention models 
for soils with a narrow distribution of pore sizes. Dexter et al. 
(2008) mentioned the problems associated with the use of the 
Dex model for uniform sands. However, we emphasize that the 
Dex as well as the vanG model cannot describe highly sorted 
soils well regardless of the dominating particle size.

Pitfalls using Uni-Modal Models—Effects of Soil 
Organic Carbon and Tillage

For the Jacobsen data set, the vanG model provided a better 
description of subsoils than of topsoils (Fig. 1). This was ascribed 
to a more distinct bi-modal PSD for topsoil. The bi-modality re-

Fig. 4. (a) Measured volumetric water content for moldboard plowing 
to 0.20-m depth and direct drilling and fits of the double-exponential 
(Dex) model as a function of matric potential. The standard error of 
the mean is indicated (n = 4), except for pF 4.2 which is predicted 
based on Eq. [1] in Hansen (1976). (b) Pore-size distribution [dq/
d(pF)] as a function of matric potential for the two treatments. 
Equation [5] was used to obtain the pore-size distributions.

Table 4. Estimated parameters of the double-exponential model (Dex) of 
the four treatments from Highfield. Within rows, letters denote statistical 
significance at P < 0.05 for the comparison of Arable, Ley-arable and Grass. 
d1 and d2 indicate the dominating pore size of the textural and structural 
peak, respectively, and were estimated by Eq. [1].

Treatment

Parameters of the Dex model
C A1 h1 d1 A2 h2 d2

m3 m–3 m3 m–3 hPa µm m3 m–3 hPa μm

Bare fallow 0.110 0.195 5729 0.5 0.061 35 86

Arable 0.068a† 0.305ab† 8707b† 0.3 0.051a 97b† 31

Ley-arable 0.104b 0.271a† 4379a 0.7 0.073a 63a 48

Grass 0.080ab† 0.345b† 6216a 0.5 0.110b† 102b† 29
† �Indicates if bare fallow is significantly different from the other treatments based on 

a pairwise t test.
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flects that topsoils were larger in SOC 
content and exposed to tillage (Fig. 5).

Tillage increases the amount of 
large structural pores. The effect of 
structure forming agents in subsoil are 
much reduced and limits the structur-
al pore space at depth. Similarly, the 
systematic increase in RMSE with in-
creasing SOC content for Highfield 
(Fig. 3) could be ascribed to a more 
pronounced bi-modal behavior (Fig. 
2b), most clearly seen for soils from 
the grass treatment (Fig. 6a and 6b).

However, the vanG model over-
estimated the pore volume in the size 
range 10- to 30-mm (pF 2.5–2) and 
underestimated the pore volume at pF 
3 and 1 markedly for both treatments, 
although more pronounced for the 
grass treatment (Fig. 6c and 6d).

Due to its absorptive capacity 
for water, the presence of SOC may 
increase the textural pore space espe-
cially in soils with <20 g clay 100 g–1 
(Rawls et al., 2003). The structural 
pore space is mainly affected by SOC through improved ag-
gregation (Bronick and Lal, 2005). At Highfield, SOC affected 
both V1 and V2 positively whereas the estimate of the mean size 
of structural voids (d2) decreased 
with increasing SOC content. For 
Flakkebjerg, where plowing was 
compared with direct drilling, both 
V2 and d2 increased with tillage in-
tensity. The limited effect of tillage 
on V2 when comparing grass and 
bare fallow at Highfield suggests 
that the effect of SOC on soil struc-
ture outweighed any effect of tillage. 
Interestingly, d2 was larger for bare 
fallow than for grass suggesting that 
tillage introduces large pores as also 
observed for soils from Flakkebjerg. 
Zhou et al. (2017) found that SOC 
promoting management increased 
the structural porosity when com-
paring organic manure with unfer-
tilized and inorganically fertilized 
treatments being in correspondence 
with our results from Highfield.

Structural Void Ratio
The structural void ratio (V2) 

is an important parameter for soil 
functions such as air exchange and 

water availability for plants. We used V2 rather than volumetric 
water content to allow for comparisons across soils with different 
bulk density. As discussed above SOC contents and tillage inten-

Fig. 5. (a, b) Measured volumetric water content for Jyndevad and Tystofte top- and subsoils of the 
Jacobsen data set and fits of the double-exponential (Dex) model as a function of matric potential. (c, 
d) Pore-size distribution [dq/d(pF)] as a function of matric potential for Jyndevad and Tystofte top- and 
subsoils. Equation [5] was used to obtain the pore-size distributions.

Fig. 6. Pore-size distribution [dq/d(pF)]  as a function of matric potential for (a) the bare fallow and (b) the 
grass treatment at Highfield either obtained by differentiating the double-exponential (Dex) model (solid 
line) or the van Genuchten (vanG) model (dashed line). Equation [3] and [5] were used to obtain the pore-
size distributions predicted by the vanG and the Dex models, respectively. Overestimation of soil water 
content (fitted-measured values) as a function of matric potential for (c) the bare fallow and (d) the grass 
treatment when fitted to the vanG model (square symbols) and the Dex model (circle symbols).
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sity are important drivers for V2, but soil texture also affects V2 
through a positive relation to b (Eq. [9] to [12]) indicating that 
the more sorted soils have larger V2 than graded soils. This agrees 
with Ehlers and Claupein (1994), who reported that graded 
coarse-textured soils readily compact to high densities. Similarly, 
Schjønning and Thomsen (2013) found that graded soils low in 
SOC showed a hard-setting behavior. A low V2 may affect root 
growth negatively and reduce soil gas exchange. Therefore, SOC 
promoting management should target graded soil low in SOC.

CONCLUSIONS
Predicting soil water retention by the uni-modal vanG 

model is likely to introduce larger error in top—than in subsoils 
and errors is likely to be larger for well-structured soils than for 
structurally degraded soils. Ignoring management-derived ef-
fects (e.g., derived from changes in SOC and tillage) on PSD 
may compromise modeling of key soil processes and simulations 
based on pedotransfer functions. We found that the more flex-
ible bi-modal Dex model provides an adequate description of the 
PSD and we discourage uncritical use of uni-modal models.

ACKNOWLEDGMENTS
The study was supported by the Green Development and Demonstration 
Programme (GUDP) of the Ministry of Environment and Food of 
Denmark (projects OptiPlant and OptiTill). The Rothamsted Long-
term Experiments National Capability (grant code BBS/E/C00J0300) 
is supported by the UK Biotechnology and Biological Sciences Research 
Council (BBSRC) and the Lawes Agricultural Trust.

SUPPLEMENTAL MATERIAL
Supplemental material is available with the online version of this article. 
The supplemental document presents parameter estimates of the van 
Genuchten and double-exponential model for the 16 Danish top- and 
subsoils of the Jacobsen data set, the 16 plots at Highfield, and the 8 
plots at Flakkebjerg.

REFERENCES
Abdollahi, L., and L.J. Munkholm. 2017. Eleven years’ effect of conservation 

practices for temperate sandy loams: II. Soil pore characteristics. Soil Sci. 
Soc. Am. J. 81:392–403. doi:10.2136/sssaj2016.07.0221

Akaike, H. 1973. Information theory and an extension of the maximum 
likelihood principle, In: B.N. Petrov and F. Cáski, editors, Second 
International Symposium in Information Theory, Akadémiai Kiadó, 
Budapest. p. 267–281.

Avery, B.W., and J.A. Catt. 1995. The soils at Rothamsted. Lawes Agricultural 
Trust Co. Ltd, Harpenden UK. p.1–44.

Berisso, F.E., P. Schjønning, T. Keller, M. Lamandé, A. Etana, L.W. de Jonge, B.V. 
Iversen, J. Arvidsson, and J. Forkman. 2012. Persistent effects of subsoil 
compaction on pore size distribution and gas transport in a loamy soil. Soil 
Tillage Res. 122:42–51. doi:10.1016/j.still.2012.02.005.

Bronick, C.J., and R. Lal. 2005. Soil structure and management: A review. 
Geoderma 124:3–22. doi:10.1016/j.geoderma.2004.03.005

Brooks, R.H., and A.T. Corey. 1964. Hydraulic properties of porous media. 
Hydrological paper 3. Civil Enigineering Dep., Colorado State Univ., Fort 
Collins.

Clarivate Analytics. 2018. Web of Science. Clarivate Analytics, Philadelphia, PA.
Cornelis, W.M., M. Khlosi, R. Hartmann, M. Van Meirvenne, and B. De Vos. 2005. 

Comparison of unimodal analytical expressions for the soil-water retention 
curve. Soil Sci. Soc. Am. J. 69:1902–1911. doi:10.2136/sssaj2004.0238

Cornelis, W.M., J. Ronsyn, M. Van Meirvenne, and R. Hartmann. 2001. Evaluation 
of pedotransfer functions for predicting the soil moisture retention curve. 
Soil Sci. Soc. Am. J. 65:638–648. doi:10.2136/sssaj2001.653638x

Dane, J.H., and J.W. Hopmans. 2002. Water retention and storage. In: J.H. Dane 
and G.C. Topp, editors, Methods of Soil Analysis. Part 4. SSSA Book Ser. 
No. 5. SSSA, Madison, WI. p. 671–720.

Dexter, A.R. 1988. Advances in characterization of soil structure. Soil Tillage 
Res. 11:199–238. doi:10.1016/0167-1987(88)90002-5

Dexter, A.R., E.A. Czyż, G. Richard, and A. Reszkowska. 2008. A user-friendly water 
retention function that takes account of the textural and structural pore spaces 
in soil. Geoderma 143:243–253. doi:10.1016/j.geoderma.2007.11.010

Durner, W. 1994. Hydraulic conductivity estimation for soils with heterogenous 
pore structure. Water Resour. Res. 30:211-223. doi:10.1029/93WR02676.

Eden, M., P. Schjønning, P. Moldrup, and L.W. de Jonge. 2011. Compaction 
and rotovation effects on soil pore characteristics of a loamy sand soil 
with contrasting organic matter content. Soil Use Manage. 27:340–349. 
doi:10.1111/j.1475-2743.2011.00344.x

Ehlers, W., and W. Claupein. 1994. Approaches toward conservation tillage 
in Germany. In: M.R. Carter, editor, Conservation tillage in temperate 
agroecosystems. Lewis Publishers, Boca Raton, Fl. p. 141–155.

Flint, A.L., and L.E. Flint. 2002. Particle density. In: J.H. Dane and G.C. Topp, 
editors, Methods of soil analysis. Part 4. SSSA Book Ser. No. 5. SSSA, 
Madison, WI. p. 229–240.

Gee, G.W., and D. Or. 2002. Particle-size analysis. In: J.H. Dane and G.C. Topp, 
editors, Methods of soil analysis. Part 4. SSSA Book Ser. No. 5. SSSA, 
Madison, WI. p. 255–294.

Gerke, H.H., and M.T. van Genuchten. 1993. A dual‐porosity model for 
simulating the preferential movement of water and solutes in structured 
porous media. Water Resour. Res. 29:305–319. doi:10.1029/92WR02339

Hansen, L. 1976. Soil types at the Danish state experimental stations (in Danish 
with English summary). Tidsskr. Planteavl 80:742–758.

Hansen, S., P. Abrahamsen, C.T. Petersen, and M. Styczen. 2012. Daisy: Model use, 
calibration, and validation. Trans. ASABE 55:1317. doi:10.13031/2013.42244.

Jacobsen, O.H. 1989. Unsaturated hydraulic conductivity for some Danish soils 
(in Danish with English summary). Rep. No. S2030 from the Danish 
Institute of Plant and Soil Science, Copenhagen, Denmark. Tidsskrift for 
Planteavls Specialserie:1–60. Available at http://web.agrsci.dk/pub/S_
beretning_2030_1989.pdf. 

Jensen, J.L., P. Schjønning, C.W. Watts, B.T. Christensen, C. Peltre, and L. Munkholm. 
2019. Relating soil C and organic matter fractions to soil structural stability. 
Geoderma 337:834–843. doi:10.1016/j.geoderma.2018.10.034.

Kutner, M.H., C. Nachtsheim, and J. Neter. 2004. Applied linear regression 
models. McGraw-Hill, New York.

Minasny, B., A.B. McBratney, and K.L. Bristow. 1999. Comparison of different 
approaches to the development of pedotransfer functions for water-retention 
curves. Geoderma 93:225–253. doi:10.1016/S0016-7061(99)00061-0.

Mualem, Y. 1976. A new model for predicting the hydraulic conductivity of 
unsaturated porous media. Water Resour. Res. 12:513–522. doi:10.1029/
WR012i003p00513

Mualem, Y. 1986. Hydraulic conductivity of unsaturated soils: prediction and 
formulas. In: A. Klute, editor, Methods of Soil Analysis: Part 1. SSSA Book 
Ser. No. 5. SSSA and ASA, Madison, WI. p. 799–823.

Obour, P.B., J.L. Jensen, M. Lamandé, C.W. Watts, and L. Munkholm. 2018. Soil 
organic matter widens the range of water contents for tillage. Soil Tillage 
Res. 182:57–65. doi:10.1016/j.still.2018.05.001

Patil, N.G., and S.K. Singh. 2016. Pedotransfer functions for estimating soil 
hydraulic properties: A review. Pedosphere 26:417–430. doi:10.1016/
S1002-0160(15)60054-6.

Poulsen, T.G., P. Moldrup, S. Yoshikawa, and T. Komatsu. 2006. Bimodal 
probability law model for unified description of water retention, air and 
water permeability, and gas diffusivity in variably saturated soil. Vadose 
Zone J. 5:1119–1128. doi:10.2136/vzj2005.0146

Pulido-Moncada, M., L.J. Munkholm, and P. Schjønning. 2019. Wheel load, 
repeated wheeling, and traction effects on subsoil compaction in northern 
Europe. Soil Tillage Res. 186:300–309. doi:10.1016/j.stilll.2018.11.005

Rabot, E., M. Wiesmeier, S. Schlüter, and H.J. Vogel. 2018. Soil structure as 
an indicator of soil functions: A review. Geoderma 314:122–137. doi: 
10.1016/j.geoderma.2017.11.009.

Rawls, W.J., Y.A. Pachepsky, J.C. Ritchie, T.M. Sobecki, and H. Bloodworth. 
2003. Effect of soil organic carbon on soil water retention. Geoderma 
116:61–76. doi:10.1016/S0016-7061(03)00094-6.

Rogerson, P.A. 2001. Statistical methods for geography, SAGE Publications, 
London. doi:10.4135/9781849209953

http://dx.doi.org/10.2136/sssaj2016.07.0221
Https://doi.org/10.1016/j.still.2012.02.005
http://dx.doi.org/10.1016/j.geoderma.2004.03.005
http://dx.doi.org/10.2136/sssaj2004.0238
http://dx.doi.org/10.2136/sssaj2001.653638x
http://dx.doi.org/10.1016/0167-1987(88)90002-5
http://dx.doi.org/10.1016/j.geoderma.2007.11.010
http://dx.doi.org/10.1111/j.1475-2743.2011.00344.x
http://dx.doi.org/10.1029/92WR02339
http://dx.doi.org/10.1029/WR012i003p00513
http://dx.doi.org/10.1029/WR012i003p00513
http://dx.doi.org/10.1016/j.still.2018.05.001
Https://doi.org/10.1016/S1002-0160(15)60054-6
Https://doi.org/10.1016/S1002-0160(15)60054-6
http://dx.doi.org/10.2136/vzj2005.0146
http://dx.doi.org/10.1016/j.stilll.2018.11.005
http://dx.doi.org/10.4135/9781849209953


www.soils.org/publications/sssaj	 ∆

Rosin, P., and E. Rammler. 1933. Laws governing the fineness of powdered coal. 
J. Inst. Fuel 7:29–36.

Ross, P.J., and K.R.J. Smettem. 1993. Describing soil hydraulic properties with 
sums of simple functions. Soil Sci. Soc. Am. J. 57:26–29. doi:10.2136/
sssaj1993.03615995005700010006x

Scanlon, B.R., B.J. Andraski, and J. Bilskie. 2002. Miscellaneous methods for measuring 
matric or water potential. In: J.H. Dane and G.C. Topp, editors, Methods of soil 
analysis. Part 4. SSSA Ser. No. 5. SSSA, Madison, WI. p. 643–670.

Schjønning, P. 1992. Size distribution of dispersed and aggregated particles and 
of soil pores in 12 Danish Soils. Acta Agric. Scand., Section B—Soil & 
Plant Sci. 42:26–33. doi:10.1080/09064719209410196

Schjønning, P., and I.K. Thomsen. 2013. Shallow tillage effects on soil properties 
for temperate-region hard-setting soils. Soil Tillage Res. 132:12–20. 
doi:10.1016/j.still.2013.04.006

Šimunek, J., M.T. van Genuchten, and M. Šejna. 2012. HYDRUS: 

Model use, calibration, and validation. Trans. ASABE 55:1263. 
doi:10.13031/2013.42239.

Soil Survey Staff. 2014. Keys to soil taxonomy. 12th ed. USDA-NRCS, 
Washington, DC. 

van Genuchten, M.T. 1980. A Closed-form equation for predicting the hydraulic 
conductivity of unsaturated soils. Soil Sci. Soc. Am. J. 44:892–898. 
doi:10.2136/sssaj1980.03615995004400050002x

van Genuchten, M.T., F.J. Leij, and S.R. Yates. 1991. The RETC code for 
quantifying the hydraulic functions of unsaturated soils. US Salinity Lab., 
USDA, Riverside, CA.

Zhou, H., S.J. Mooney, and X. Peng. 2017. Bimodal pore structure of a paddy soil 
under different fertilization regimes investigated by soil water retention 
curve and x-ray computed tomography imaging. Soil Sci. Soc. Am. J. 
81:1270–1278. doi:10.2136/sssaj2016.10.0338

http://dx.doi.org/10.2136/sssaj1993.03615995005700010006x
http://dx.doi.org/10.2136/sssaj1993.03615995005700010006x
http://dx.doi.org/10.1016/j.still.2013.04.006
Https://doi.org/10.13031/2013.42239
http://dx.doi.org/10.2136/sssaj1980.03615995004400050002x
http://dx.doi.org/10.2136/sssaj2016.10.0338

