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Mapping Soil Water Storage Capacity and Soil Compaction Effect for Wales 

Dr Steven Anthony 

RSK ADAS Ltd 

9th December 2019 

 

Summary 

A method of calculating soil water storage capacity based on measured horizon properties 

recorded in the Cranfield University ‘National Soil Map of England and Wales’ (NATMAP) is 

developed and applied to Wales, and used to estimate the potential effects of soil structural 

degradation and the benefits of higher resolution mapping of soils.  

Storage capacity is calculated by differencing estimates of total soil porosity and water 

content at field capacity, with an adjustment for the development of a summer soil moisture 

deficit. It is equivalent to the air capacity or storage space for infiltrating water. The detailed 

results are sensitive to the choice of pedo-transfer function used to estimate soil water 

holding content from representative measurements of horizon particle size and organic 

carbon content, but the results are generally consistent with other studies and capture the 

spatial variation of storage capacity across Wales. Annual storage capacity is calculated to 

range between 30 and 270 mm for individual Soil Series, with significant associations with 

Hydrology of Soil Type (HOST) class, profile stone content and field capacity days.  

Soil structural degradation is represented by iteratively adjusting the bulk density of the top 

soil until the pedo-transfer functions indicate the presence of a slowly permeable or 

impermeable soil horizon with a low calculated air capacity. The increase in top soil bulk 

density averages around 0.5 g cm-3 for ‘Poor’ structural condition under grassland across the 

whole of Wales. Catchment wide soil structural degradation is estimated to result in a 10 to 

20% reduction in soil water storage capacity, and by correlation with catchment hydrological 

indices, contribute up to a 10% increase in short term river flow response to rainfall during 

the field capacity period. However, the actual spatial extent of soil structural degradation 

and soil water storage capacity critically depends on the local history of farm and field 

management, and action taken to manage risk. A national mapping of intrinsic risk or effect 

of degradation based on the information held in the NATMAP will be a poor site predictor of 

actual degradation, and surveys of grassland indicate that severe levels of soil damage 

affect only part of the landscape.   

Uncertainty in the calculation of storage capacity, resulting from sample variation in 

measured soil properties and the performance of the pedo-transfer functions, is as large as 

the calculated effects of soil structural degradation. The association between measured top 

soil structure and air capacity in a national grassland survey (of England and Wales) could 

not be reproduced if pedo-transfer functions were used to estimate air capacity. There is a 

case for the development and testing of improved pedo-transfer functions specific to Wales 

and permanent grassland. Pedo-transfer functions are required to represent the 
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independent effects of bulk density and organic carbon content on the soil water content of 

mineral soils, and for the improved representation of organic soils.  

Higher resolution soil mapping on the Isle of Anglesey allowed the visualisation of inclusions 

of Soil Series with markedly different soil water storage capacity from the majority of other 

series contributing to a Soil Association. The higher resolution soil mapping also revealed 

that local estimates of soil series contributions to the total area of an Association could be 

very different from the previously available national level summary information.  

 

1. Background 

As part of a programme to deliver an improved Agricultural Land Classification (ALC) map for 

Wales, the Welsh Government has commissioned Cranfield University to deliver a higher 

spatial resolution version of the ‘National Soil Map of England and Wales’ (NATMAP) that 

delineates individual Soil Series in place of Soil Associations, at a scale of 1:50,000. This new 

version of NATMAP is provided with datasets of measured soil horizon properties (particle 

size distribution and organic carbon content by mass), based upon the sampling of 

representative soil profiles across England and Wales (Hallett et al., 1995; Hollis and Avery, 

1997). Predicted soil horizon properties (bulk density, porosity and volumetric water 

content) are also provided, based upon recently upgraded pedo-transfer functions derived 

from the representative soil profiles (Hollis et al., 2012; Hollis et al., 2015). Note that these 

upgrades have focussed on mineral soils.  

Palmer (2015) had previously used the NATMAP soil horizon properties to estimate and map 

the water storage capacity of soils within the Somerset Levels and Moors catchment areas, 

to help communicate the role of soil hydrology and consequences of soil structural 

degradation in the management of surface run-off risk. Whilst calculations of water storage 

capacity were made for individual Soil Series, Palmer (2015) was only able to map capacity 

at Soil Association level, based upon the percentage occurrence of the series within each 

Soil Association. The Welsh Government (WG) is similarly interested in communicating the 

risks of soil structural degradation and expressed a wish for a demonstration that the 

method of Palmer (2015) could be applied to the higher spatial resolution version of 

NATPMAP for Wales.  

 

1.1 Objectives 

The primary objective of this scoping study was to demonstrate that it is feasible to use the 

information contained in the higher spatial resolution version of the Cranfield University 

‘National Soil Map of England and Wales’ (NATMAP) to calculate and map an index of soil 

water storage throughout Wales, in a manner similar to that carried out by Palmer (2015) 

for the Somerset Levels and Moors. 

The second objective was to calculate the change in the soil water storage index that results 

from soil structural degradation, and to comment on the possible consequences for rapid 
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rainfall runoff. Structural degradation is here defined as the effects of soil compaction, as 

indexed by a reduction in the air capacity and plant available water content of the profile.  

The third objective was to demonstrate the benefits of the improved spatial resolution of 

the NATMAP that has been commissioned from Cranfield University, now based on 

individual Soil Series rather than Soil Associations.  

The first and second objectives have been met by the development of an Excel spreadsheet 

soil ‘Water Storage Capacity’ calculator that integrates the NATMAP soil profile 

measurements for every soil series present in Wales with a large number of pedo-transfer 

functions that are used to carry out the necessary structural degradation and water storage 

calculations (Sections 2 and 3). The output from the calculator is mapped for the dominant 

Soil Series within each 1 by 1 km2 cell covering Wales (Sections 3.3 and 3.4). The potential 

consequences for rapid runoff are assessed by comparison with other soil hydrological 

indices at catchment scale (Section 4). The third objective has been met by comparison of 

soil water storage maps produced at individual Soil Series and Association level for the Isle 

of Anglesey (Section 3.5). We conclude with a summary of the potential effect of 

compaction on grassland productivity (Section 5). 

 

2. Soil Water Storage Calculator 

A prototype Excel spreadsheet soil ‘Water Storage Capacity’ calculator has been developed. 

The calculator outputs estimates of soil water storage and a number of supplementary soil 

profile classifications (soil wetness class, poaching risk class and compaction regeneration 

class) used to help interpret the risk of degradation. The calculator uses only the measured 

soil horizon properties from the NATMAP and uses new implementations of pedo-transfer 

functions to calculate soil water storage capacity. The short development time allocated to 

this scoping study means that this is a prototype, and further work is necessary to fully 

verify all of the calculations, and assure that the predictions are sensible for soil horizons 

with extreme properties.  

The calculator permits the user to select any Soil Series found within Wales, and to specify 

the current land use, long-term average summer rainfall and presence of artificial drainage.  

The calculator then derives indices of the compacted and un-compacted soil water storage 

capacity, using the methodology set out in detail below (Section 3).The expert user can 

specify the depth and severity of soil compaction. 

Two batch functions are provided. The first function calculates the soil water storage 

capacity index for all Soil Series found in Wales, each using the same site summer rainfall, 

land use type and artificial drainage status entered on the main ‘Calculator’ tab. The second 

function calculates the soil water storage capacity index for the dominant Soil Series found 

within each 1 by 1 km2 across Wales, using the land use type and artificial drainage status 

entered on the main ‘Calculator’ tab, and the local estimate of summer rainfall. A facility is 

also provided to sample the uncertainty in the measured soil properties, using provided 

information on their mean and standard deviation. 
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3. Methodology and Calculations 

 

3.1 Site Attributes 

A site is characterised by climate, a specific soil series drawn from the Cranfield University 

‘National Soil Map of England and Wales’ (NATMAP), and a Land Use Type (LUT; Arable, Ley 

Grass, Permanent Grass and Other). The existence of artificial soil drainage (ASD) is also 

recorded.  

 

3.1.1 Prediction of Climate Properties 

The long-term average number of Field Capacity Days (FCD; days) at a site are estimated 

from long-term average summer rainfall (April to September; mm) using a Chanter Growth 

Curve (Chanter, 1976; France and Thornley, 1984) function fitted to national and daily 

MORECS model (Hough et al., 1997) simulations, for the standard climate periods 1941 to 

1970 and 1961 to 1990 (after Keay et al., 2013).  

The long-term average maximum Potential Soil Moisture Deficit (PSMD; mm) at a site is 

estimated from long-term average summer rainfall (April to September; mm) using a 

polynomial function fitted to national and monthly MORECS model simulations of potential 

evapotranspiration under grass, for the standard period 1981 to 2010.  

The transfer functions are applied to estimates of long-term average summer rainfall for the 

standard period 1981 to 2010, that are sourced at a 5 by 5 km spatial resolution from the 

Met Office ‘United Kingdom Climate Programme 2018’ (UKCP18) interpolated dataset of 

synoptic station observations.  

3.1.2 Prediction of Soil Horizon Properties 

For each Soil Series, the NATMAP datasets provide representative measurements of the 

particle size distribution (PSD; Sand, Silt and Clay; %) and organic carbon content (OC; %) by 

mass for each soil horizon to a depth of 100 cm or bed-rock. Representative values of OC are 

provided for each LUT. Not all LUT are available for each soil series.   

For many of the Soil Series in the NATMAP datasets there were relatively few 

measurements of PSD and OC contributing to the representative measurement, and/or an 

expert soil scientist had provided a meaningful value for the property. These are clearly 

identified and are not provided with any estimate of the standard deviation of the property. 

A data quality score was calculated, defined as the percentage of PSD and OC values that 

had sufficient measurements to provide an estimate of the standard deviation of the 

property.  
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3.1.2.1 Particle Density 

The particle density (PD; g cm-3) for each soil horizon is assumed to be 2.65 g cm-3 for sand, 

silt and clay particles, and 1.4 g cm-3 for the organic matter in peat horizons (after Paivenen, 

1973).  

 

3.1.2.2 Bulk Density 

Soil horizon dry Bulk Density (BD; g cm-3) of the fine earth fraction (excluding stones) is 

predicted by the calculator from the NATMAP dataset of representative measurements of 

PSD and OC, using the pedo-transfer functions of Hollis et al. (2012) for United Kingdom 

soils. The pedo-transfer functions are specific to cultivated top soil, compact sub soil, 

organic and other mineral horizons, and are based on an analysis of 1,545 soil horizons from 

Cranfield University’s National Soil Resources Institute (NSRI) soil physical property database 

collected over the period 1966 to 2000. These are the same pedo-transfer functions used by 

Cranfield University to populate the NATMAP dataset of predicted soil properties. An 

alternative set of pedo-transfer functions for bulk density was developed by Hallett et al. 

(1998) that are specific to pedogenic horizon and land use. They are included as an expert 

option in the ‘Water Storage Capacity’ calculator, but are not recommended for use as they 

made unrealistic predictions for some horizons with a high organic carbon content.  
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3.1.2.3 Porosity 

Soil horizon volumetric porosity (%) is calculated directly from the ratio of the predicted 

bulk density and particle densities.  

 

3.1.2.4 Volumetric Water Content 

Volumetric water content (%) at 5, 10, 200 and 1500 kPa suction are predicted by the 

calculator from the NATMAP dataset of representative measurements of PSD and OC, using 

a set of pedo-transfer functions developed by Hollis et al. (2006) for use with the SEISMIC 

(Spatial Environmental Information System) database which is used to support agro-

chemical fate and behaviour modelling.  

It is important to understand that these transfer functions are not the functions used by 

Cranfield University to populate the datasets of predicted volumetric water content that are 

provided with NATMAP. Cranfield University use the pedo-transfer functions developed by 

Hollis et al. (2015) for United Kingdom mineral soils. Separate functions were developed for 

regularly cultivated and uncultivated horizons, with a stratification based on the horizon 

packing density. They are included as an expert option in the ‘Water Storage Capacity’ 

calculator, but are not recommended for use.  

The transfer functions most recently developed by Hollis et al. (2015) are presented 

separately for horizons of low, medium and high Packing Density (PD). The latter is 

calculated from clay content (%) and BD, and therefore the selected pedo-transfer transfer 

function can change as BD is increased to represent soil compaction. This was found to 

result in discontinuities in the calculated water storage capacity for some horizons.  

Most critically, the transfer functions most recently developed by Hollis et al. (2015) also do 

not include both bulk density and organic carbon content as predictors of soil water content 

in every transfer function. There is a very strong negative correlation between horizon bulk 

density and organic carbon content in national soil profile datasets (see, for example, Rawls 

et al., 2003). Failure to include both predictors in the transfer functions means that their 

potential independent effects are not represented. This study aimed to calculate the effects 

of soil compaction by adjusting horizon bulk density independently of the organic carbon 

content, so the latest transfer functions were thought inappropriate. It is possible that the 

study by Palmer (2015) is also compromised. Instead, the functions developed for use with 

SEISMIC are used. These functions include both bulk density and organic carbon content as 

predictors for volumetric water content at every tension (5, 10, 200 and 1500 kPa), for both 

top and sub soil, and had a similar range of model efficiencies (r2 68.3 to 83.8%) to the latest 

functions (r2 36 to 85%).   

The water content of organic (peat) soil horizons are estimated directly from the horizon 

OC. Further work is required to test and improve these functions.  

No claim is made that the earlier transfer functions are ‘better’ or any more ‘correct’ than 

those currently used for NATMAP. Indeed, the transfer functions currently used for NATMAP 
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were developed in part to correct a perceived over-estimate of the water content of sandy 

soils. However, it is thought that representation of separate effects are required for this 

analysis where BD is increased to represent the effect of compaction, and that the separate 

effects should be available to all textural classes. The two sets of transfer functions provide a 

very similar ranking (r2 80%) of soil series for the un-compacted water storage capacity, and 

for the percentage change resulting from compaction, so they are equally good interpolation 

tools.  

 

3.2 Calculation of Water Storage Capacity 

Following Palmer (2015), the index of winter soil Water Storage Capacity (WSCw; mm) is 

defined as the Integrated Air Capacity (IAC; mm) to a maximum depth of 100 cm. The 

Integrated Air Capacity is the volume of air in moist soil, holding water against gravity at 5 

kPa suction (or 10 kPa for sandy soils), integrated from the surface to either a slowly 

permeable or impermeable soil horizon, bedrock or 100 cm, whichever is shallowest. A 

slowly permeable or impermeable soil horizon is defined as having an air capacity of less 

than 5%, by volume, at 5 kPa suction (Thomasson, 1975), and an associated lateral saturated 

hydraulic conductivity of  less than 10 cm day-1 (Hollis and Woods, 1989). The limiting soil 

horizons are dynamically identified at each update of the profile bulk density and water 

content.  

The summer Water Storage Capacity (WSCS; mm) adds the easy plant available water held 

by the soil between 5 and 200 kPa suction, to represent the effect of soil water 

evapotranspiration. The additional storage cannot be larger than the site PSMD. An annual 

WSCA is calculated by weighting the winter and summer values by the number of FCD.  

This index of soil water storage capacity as a measure of surface runoff risk is clearly a 

simplification as it fails to take account of: 

 Rainfall Intensity : Rainfall infiltration into a soil is critically determined by the rate 

of rainfall arrival and the rate of movement of the wetting front into the soil. This 

could be represented by mechanistic models of rainfall infiltration, based on the 

Green and Ampt (1911) approach.  

 

 Antecedent Rainfall and Artificial Soil Drainage : Soils with low vertical or lateral 

hydraulic conductivity, especially those without artificial drainage installation, may 

not have sufficient time to drain to field capacity between rainfall events. This will 

reduce the available air space.  This could be represented by use of the soil water 

content at a lower tension than 5 kPa (‘field capacity’) in the derivation of the soil 

water storage capacity for a fraction of the days when the soil is at field capacity. The 

fraction of days could be based upon the estimated Soil Wetness Class (see below) 

and the observed relationships between FCD and the number of days when the soil 

is wet within 40 cm depth (Hollis, 1989).  
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Figure 1 Comparison of winter soil Water Storage Capacity (WSCW; mm) calculated to a 

depth of 100 cm (therefore excluding shallow soils) for individual Soil Series found within 

Wales, according to Cranfield University and by ADAS (this study) using differing pedo-

transfer functions, for the ‘Permanent Grass’ land use.   

 

Figure 1 compares the WSCw calculated using the SEISMIC (Hollis et al., 2006) and NATMAP 

(Hollis et al., 2015) pedo-transfer functions. There is a good correlation, but the NATMAP 

function is seen to have a threshold WSCw of around 50 mm. 

The pedo-transfer functions used to estimate bulk density (from which total porosity is 

derived) and water content at 5 or 10 kPa suction, both have standardised root mean 

square errors (SRMSE) of around 10 to 15% (Hollis et al., 2004; 2008; 2012; Hallett et al., 

1998). The SRMSE of the predicted air capacity that is calculated by difference is therefore 

around 15 to 20%, based on an assumption of independent contributing errors. A predicted 

WSCw of 100 mm therefore has an approximate prediction interval of 60 to 140 mm. 

Predictions made for a soil profile at a specific location will therefore be uncertain, and 

more attention must be given to the spatial pattern of relative predictions made for 

multiple locations. The prediction interval is similar to the effect of soil structural 

degradation, as will be shown below, and this uncertainty is recognised by soil scientists. 

Truong and Heuvelink (2013), for example, elicited expert opinion on the uncertainty in 

pedo-transfer function predictions of soil water content at field capacity using information 

from the NATMAP for the East Anglian chalk area. Six experts with at least ten years 

experience of soil science judged the plausible range as between 5 and 50%.   

 

3.2.1 Adjustment for Stone content 

The example results presented in this report do not take explicit account of the horizon 

stone content, for clarity of the effects of soil texture. Stone content for each horizon is 
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however approximated from descriptions in the NATMAP datasets, and the Excel 

spreadsheet calculator will use this information to proportionally reduce the calculation of 

integrated air capacity and soil water storage capacity for each horizon. The presented 

values of horizon porosity and water content assume no stone content.  

 

3.3. Representation of Structural Degradation 

Soil horizon BD is the most statistically significant predictor of horizon air space and soil 

water storage. Previous studies have attempted to define trigger values for BD that are 

representative of structurally degraded or compacted soils (see, for example, Merrington et 

al., 2006; Palmer, 2015). In particular, Palmer (2015) used an estimated increase in BD to re-

calculate soil porosity and water content, and thereby estimates of the change in WSCW and 

WSCS following compaction.  

 

 

Figure 2 Schematic of the definition of soil structural quality, based on the volumetric air 

capacity and plant available water content of the soil (after Hall et al., 1977).  

 

This study also used changes in BD to represent the effect of compaction, but a more 

explicit definition of soil structural quality is used. Following Hall et al. (1977), structural 

quality is defined by the Air Capacity (%) and plant Available Water (AW; %) of the top soil. 

Air Capacity is the difference between volumetric porosity and water content held against 

gravity at 5 kPa suction (or 10 kPa for sandy soils), and AW is the difference between 

volumetric water content held against gravity at 5 (or 10 kPa for sandy soils) and 1500 kPa. 

A soil horizon of good structure will have both high AC and AW (Figure 2). 

The critical air capacity thresholds of 10 and 5% between ‘Good’ and ‘Moderate’ status and 

between ‘Moderate’ and ‘Poor’ status correspond to a modelled total pore space of around 
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50 and 45%, for a wide range of soil textures, equivalent to bulk densities of around 1.3 and 

1.5 g cm-3.  Plant root growth is generally mechanically impeded at bulk densities above 1.3 

to 1.7 g cm-3 (Houlbrooke et al., 1997; Huber et al., 2008). The critical air capacity threshold 

of 5% between ‘Moderate’ and ‘Poor’ status corresponds to the definition of a slowly 

permeable soil horizon (Thomasson, 1975), that restricts the movement of infiltrating water 

into the sub soil. An air capacity of around 10% is also required for adequate diffusion of 

oxygen and to avoid the risk of developing anaerobic conditions (Huber et al., 2008). The 

critical water availability threshold between ‘Good’ and ‘Moderate’ status of 15% was 

selected by Hall et al. (1977) to separate soils that are ‘droughty’ or have a doubtful 

available water supply from those with a good or adequate supply. Hall et al. (1977) suggest 

that the classification could be modified for wetter parts of the country, where the 

maximum potential soil moisture deficit is less than 100 mm, by increasing the air capacity 

requirement and lowering the available water requirement.  

The structural quality of each soil horizon is calculated for the ‘reference’ un-compacted 

state, according to Figure 2. Most ‘reference’ top soil horizons are of ‘Very Good’ and ‘Good’ 

status. The horizon BD are then progressively increased until the structural quality changes 

to either ‘Moderate’ or ‘Poor’ depending on the scenario investigated. Note that if a sub-soil 

horizon is already at the target structural quality, then there is no change in the BD. The 

new value of BD is then used to re-calculate the WSC of the soil profile, taking account of 

any changes in the permeability of the soil horizons that affect the depth of integration.  

 

Figure 3 illustrates the range of increase in ‘A’ horizon BD required to change soil structural 

quality from ‘Very Good’ or ‘Good’ to ‘Moderate’ for each of the mineral Soil Series found in 

Wales, under undrained permanent grassland. The increase averages around 0.2 g cm-3 for 

‘Moderate’ status and 0.4 g cm-3 for ‘Poor’ status under grassland, and around <0.1 g cm-3 

for ‘Moderate’ status and 0.2 g cm-3 for ‘Poor’ status under arable land. The calculated 

change in bulk density required to deliver ‘Moderate’ compaction is greater for ‘Permanent 

Grass’ than ‘Arable’ land use, as a result of the higher soil organic carbon content under 

grassland and a lower starting BD.  

For comparison, Merrington et al. (2006) defined bulk density trigger values for arable and 

grassland top soil that varied with organic carbon content in the range 1.15 to 1.60 g cm-3 

for mineral soils. After accounting for soil organic carbon content, the difference between 

the typical or mean bulk density of a large number of top soil measurements and the critical 

density is around 0.2 g cm-3 for grassland and around 0.1 g cm-3 for arable land. Palmer 

(2015) similarly estimated bulk density trigger values in the range 1.5 to 1.7 g cm-3 for a 

range of top-soil textures. Measured top-soil bulk densities average 1.2 to 1.4 g cm-3 for 

arable land and 1 to 1.1 g cm-3 for grassland (Table 1), from which we estimate a larger 

difference between the typical and Palmer’s (2015) critical bulk densities in the range 0.3 to 

0.6 g cm-3. 
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The calculated compacted soil bulk densities at ‘Poor’ status for mineral soils approach the 

critical packing density of 1.75 g cm-3 as is expected from the negative relationship between 

air capacity and packing density (Huber et al., 2008).  

Figure 4 illustrates the range of change in calculated annual WSC following compaction to 

change soil structural quality to ‘Moderate’ or ‘Poor’ status for each of the mineral Soil 

Series found in Wales, under undrained permanent grassland and a summer rainfall of 300 

mm. The reduction in annual WSC averages 10 and 20% respectively for a compaction depth 

of 25 cm. Figures 5 to 7 map the change in calculated annual WSC following compaction to 

change soil structural quality to ‘Poor’ status for the dominant Soil Series found within each 

1 by 1 km2 cell across Wales, under undrained permanent grassland, using the local value of 

summer rainfall. The changes are not as severe as some of those mapped by Palmer (2015) 

for the Somerset Levels. This will reflect the change in pedo-transfer functions and method 

of integrating soil WSC beyond slowly permeable horizons.  

The illustrative results presented here have assumed that no soil is artificially drained. This is 

justified by recent survey and analyses, but the future users of the calculator are 

encouraged to make their own assessment for the individual Soil Series. Anthony et al. 

(2012) surveyed the extent of artificial soil drainage on farms in Wales. Artificial drainage 

was found on 15% of the surveyed land area. Anthony et al. (2012) also used historic 

records of grant aided field drain installation and investment on estates to calculate that 

12% of the improved grass and arable land area in Wales was drained. 
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Figure 3. Calculated increase in ‘A’ horizon bulk density required to change soil structural 

quality from ‘Very Good’ or ‘Good’ to ‘Moderate’ for each of the soil series found in Wales, 

under undrained permanent grassland.  

 

 

 

Figure 4 Calculated annual soil water storage capacity, before and after compaction to a 

depth of 25 cm, following changes in top soil bulk density required to change soil structure 

quality from ‘Very Good’ or ‘Good’ to either ‘Moderate’ or ‘Poor’ for each of the soil series 

found in Wales, under undrained permanent grassland and a summer rainfall of 300 mm. 
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Table 1 Summary statistics of bulk density for major soil texture groups and land use 

categories in England and Wales. Reproduced from Merrington et al. (2006) and based on 

Cranfield University measurements.  
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Figure 5. Annual soil Water Storage Capacity (mm) for the dominant soil series within each 1 

by 1 km2 cell across Wales, for the un-compacted soil with a ‘Good’ or ‘Very Good’ top soil 

structural quality, for the ‘Permanent Grassland’ land use and local summer rainfall. (0 to 

125; 125 to 150; 150 to 175; 175 to 200; > 200 mm). Not adjusted for stone content. 
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Figure 6. Annual soil Water Storage Capacity (mm) for dominant soil series within each 1 by 

1 km2 cell across Wales, for the compacted soil with a ‘Poor’ top soil structural quality under 

‘Permanent Grassland’ land use and local summer rainfall.  (0 to 125; 125 to 150; 150 to 

175; 175 to 200; > 200 mm). Not adjusted for stone content. 
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Figure 7. Compacted as a percentage (%) of un-compacted annual soil Water Storage 

Capacity (mm) for dominant soil series within each 1 by 1 km2 cell across Wales, for the 

compacted soil with a ‘Poor’ top soil structural quality under ‘Permanent Grassland’ land 

use and the local summer rainfall. (< 70; 70 to 75; 75 to 80; 80 to 85; 85 to 100%). Not 

adjusted for stone content. 
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3.4 Supplementary Soil Profile Classifications 

Supplementary soil profile classifications are output by the prototype soil ‘Water Storage 

Capacity’ calculator. The calculations have not been fully verified and are intended only to 

support future investigation of the spatial coincidence of the risk and effect of soil 

compaction on storage capacity.  

  

3.4.1 Soil Wetness Class 

Soil Wetness Class (SWC) is a classification of the frequency and depth of water-logging in 

the soil profile. It is estimated from the site properties using a classification tree developed 

by Hollis (1989) and Brignall and Rounsevall (1994). It is used as input to the calculation of 

Poaching Risk Class and Compaction Regeneration Class below.  

 

3.4.2 Poaching and Compaction Risk Class 

Poaching Risk Class (PRC) is a classification of the relative risk of top soil compaction 

resulting from livestock trampling and the use of wheeled machinery (Harrod, 1979). 

Poaching is generally confined to the ‘A’ horizon (depth 10 to 25 cm) unless it is particularly 

severe. The risk of sub soil compaction is indexed by the classification of Jones et al. (2003). 

Sub soil compaction extends below the ‘A’ horizon (depth 25 to 45 cm) and is predominantly 

caused by wheeling. The sub soil compaction classification of Jones et al. (2003) generally 

classifies sandy soils as relatively high risk, because of their low packing density and 

potential for further compaction at critical moisture contents and loads, whilst the poaching 

risk classification of Harrod (1979) and similar soil trafficability assessments classify sandy 

soils as relatively low risk because of the strength conferred by low water content.  

Hallett et al. (2016) combine the indicators of top soil poaching and sub soil compaction risk 

into a single ‘traffic light’ indicator of overall risk. Soils that are both at high risk of top soil 

poaching or sub soil compaction and have large changes in their Water Storage Capacity 

(see below) due to compaction, are of most concern. Organic soils were not classified.  

 

3.4.3 Compaction Regeneration Class 

Compaction Regeneration Class (CRC) is a classification of topsoil according to their 

structural regeneration. It is defined as the tendency of a soil to revert naturally to a 

porosity and water content state similar to that prior to compaction (Thomasson, 1984; 

Bradley et al., 2000).  
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Figure 8. Spatial extent of the Cegin Soil Association within Wales, and inset the distribution 

of the dominant Sannan Soil Series and inclusions of other Soil Series that contribute to the 

Cegin Soil Association on the Isle of Anglesey.  
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Figure 9. Annual soil Water Storage Capacity (mm) for individual Soil Series mapped across 

Anglesey in the higher resolution NATMAP for Wales, for the compacted soil with a ‘Poor’ 

top soil structural quality, for the ‘Permanent Grassland’ land use and 450 mm summer 

rainfall.  (0 to 125; 125 to 150; 150 to 175; 175 to 200; > 200 mm). Not adjusted for stone 

content. 
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Figure 10. Annual soil Water Storage Capacity (mm) for Soil Associations mapped across 

Anglesey in the higher resolution NATMAP for Wales, for the compacted soil with a ‘Poor’ 

topsoil structural quality, for the ‘Permanent Grassland’ land use and 450 mm summer 

rainfall. Association values are percentage contribution weighted values for individual Soil 

Series   (0 to 125; 125 to 150; 150 to 175; 175 to 200; > 200 mm). Not adjusted for stone 

content. 
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3.5 Soil Series and Soil Association Mapping 

Soil Associations are made up of between one and eight main Soil Series and a number of 

minor ones, and the Association name is usually taken from the most extensive Soil Series 

(Hollis and Avery, 1997). There are a total of 94 soil associations located within Wales, 

containing 164 unique Soil Series, excluding rock and made ground. Datasets provided with 

the NATMAP summarise the percentage of the Association areas occupied by each of the 

contributing Soil Series, and the individual series attributes. 95 of the soil series contain 

organic and humose or rubble horizons, with no information on particle size distribution. 

Organic and humose soil horizons have an organic carbon content that is at least 12 to 20%, 

depending on horizon thickness and the duration of water saturation (World Reference 

Base, 2007).  

The original NATMAP of Soil Association boundaries was published at a scale of 1:250,000 

and was based on existing higher resolution mapping where available and the 

reconnaissance survey of other areas at an auger sampling frequency of up to 3 per square 

kilometre. Production of the NATMAP inevitably involved some cartographic generalisation 

and simplification. Boundary line positions are no more accurate than 250 m. Hallett et al. 

(2017) describe how map production involved the ‘smoothing out [of] certain locally 

occurring soils for given Soil Associations, such that when the NATMAP was produced these 

Associations were rationalised and only the most common Soil Series retained’. A recently 

commissioned improvement for Wales involved the re-assessment of all national auger 

measurements and all available detailed soil mapping to improve and extend the 

composition of Soil Series in the mapped Soil Associations. Although the Association 

boundary lines remained constant, the Soil Series belonging to each of the Welsh 

associations was reconsidered and there was a greater representation of the diversity of 

Welsh soil conditions (Hallett et al., 2017).  

 

Table 2. Estimates of the relative area occupied (%) by individual Soil Series (not complete) 

within the area of the Cegin Soil Association on the Isle of Anglesey, as derived from 

NATMAP datasets for the whole of Wales, and higher resolution Soil Series mapping for the 

Isle of Anglesey. 

Soil Series National (%) 
1:250,000 

Isle of Anglesey (%) 
1:50,000 

Soil Water Storage 
Capacity (mm) 

Cegin 47 2.9 159 

Sannan 12 81 171 

Denbigh 11 8.3 229 

 

However, the estimates of the areas occupied by the individual Soil Series contributing to 

each Soil Association remained at national level, and this could result in some errors of 

interpretation. For example, Figure 8 maps the spatial extent of the Cegin Association within 

Wales, and specifically on the Isle of Anglesey. The contribution of individual Soil Series to 

the Cegin Soil Association area on the Isle of Anglesey is listed by Table 2. The listed 
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contributions are based on either the existing NATMAP datasets, summarised at national 

level, or the more detailed mapping of individual Soil Series that is available for the Isle of 

Anglesey. It is shown that the relative areas occupied by the Cegin Soil Series are 47 and 3%, 

and by the Sannan Soil Series are 12 and 81% according to the different mappings. The 

Cegin and Sannan Soil Series are both silty clay loam textures, and have comparable 

calculated WSCA, as expected of the majority of Soil Series belonging to the same Soil 

Association. The large differences in estimates of occupied area therefore have little impact 

on the overall average WSCA for the mapped area of Cegin Soil Association on the Isle of 

Anglesey. But a similar difference in the estimated areas occupied by the Denbigh Soil Series 

could have resulted in very different estimates of the WSCA. A higher resolution mapping of 

Soil Series for the entirety of Wales would avoid this potential issue, and also reveal the 

location of small inclusions of Soil Series with very different WSCA such as the Denbigh Soil 

Series.  

 

Cranfield University were commissioned to develop a new version of NATMAP for Wales 

that provides the required coverage at the level of individual Soil Series. Cranfield University 

provided a sample of the improved spatial resolution version of NATMAP for the Isle of 

Anglesey. There were 20 Soil Associations mapped across the Isle of Anglesey, containing 

between one and six Soil Series.  

The prototype calculator was used to estimate un-compacted soil WSCA for each Soil Series, 

based on an average summer rainfall of 450 mm and ‘Permanent Grassland’ land use 

(Figures 9 and 10). For those Soil Associations with more than one Soil Series, the minimum 

and maximum calculated un-compacted annual SWC for individual Soil Series differed by 

between 31 and 113 mm (Figure 11). Equivalent to between 20 and 104% of the average 

value (not area weighted) for a Soil Association.  

 

 

Figure 11. Minimum and maximum annual soil Water Storage Capacity (mm) calculated for 

individual Soil Series associated with the Soil Associations found on the Isle of Anglesey.  
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Monte-Carlo sampling of the measured soil properties for all Soil Series found in Wales (but 

assuming a fixed summer rainfall of 450 mm, and only where uncertainty information was 

provided) indicated that the standard deviation of repeat calculations of WSCA averaged 

around 10 mm for the majority of Soil Series (Figure 12). Note that this simulation did not 

take account of the predictive uncertainty in the pedo-transfer functions themselves. 

Neither did it take account of any correlation between the uncertain properties as co-

variance matrices were unavailable for this study. We sampled the observed variation 

around the average, rather than the confidence interval of the average. Further statistical 

analyses are required.  

The calculated uncertainty is generally less than the differences between calculated WSCA 

for the Soil Series with least and most capacity associated with each Soil Association. 

Therefore, it is tentatively concluded that the mapping of WSCA for individual Soil Series will 

be of some benefit as the mapped differences across series boundaries are likely to be 

detectable in the field. It is a reminder that not all Soil Series associated with an Association 

will have similar properties, and that a Soil Association is not necessarily a mapping of the 

Soil Series of the same name.  

 

 

Figure 12. Calculated average and standard deviation of annual soil Water Storage Capacity 

(mm) derived by Monte-Carlo sampling of soil properties for individual Soil Series found in 

Wales.  
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4. Consequences for Surface Run-Off 

A methodology has been demonstrated for the calculation of soil Water Storage Capacity 

using measurements from the higher spatial resolution version of the Cranfield University 

NATMAP map of Soil Series boundaries and horizon properties. Issues to be resolved are the 

selection of appropriate pedo-transfer functions that represent the independent effects of 

bulk density and organic carbon content, and that best represent organic soils. The 

prototype calculator provides a tool for rapid exploration and boundary checking of 

alternative transfer functions.   

 

4.1 Robustness of Calculation 

The relationship between soil structure quality, air capacity and bulk density is hard to 

demonstrate in the field. Newell-Price et al. (2012), for example, surveyed soil compaction 

and soil structure under 300 grassland fields across England and Wales, using the Landcare 

(VSA) and Peerlkamp (ST) structural scoring systems (Shepherd, 2000; Peerlkamp, 1967). 

The Peerlkamp method scores the visual soil porosity and the uniformity of its distribution, 

based on an investigative ‘spade test’, with the poorest soils consisting entirely of densely 

fitting clods with plant roots only in the cracks, and the best soils consisting of porous 

crumbs with very few dense aggregates. The Landcare method combines assessments of 

each of soil structure, porosity, colour (and mottles signifying impeded drainage), 

earthworm count and surface relief (signifying treading and poaching), into a single 

weighted score.   

There was only a weak (but statistically significant) robust regression correlation between 

the measured VSA and ST structural scores and measured BD or PD (r2 6 and 7%; p < 0.01). 

There was no correlation between the structure scores and our own (this study) estimates 

of structural quality based on predicted air space and available water, using Newell-Price’s 

measured PSD and BD as input to our selected pedo-transfer function calculations. This can 

partly be explained by the BD measurement being made to 5 cm depth, whilst the VSA and 

ST assessments were made on the whole of the topsoil to 25 cm depth. But it is also 

explained by the uncertainty inherent in the pedo-transfer functions and estimates of air 

capacity based on differencing predicted soil water contents (see Section 3.2). 

Using observed bulk density and top soil water content at the time of measurement (in 

place of predicted water content at field capacity) there is a positive relationship. Samples 

with a higher Landcare (VSA) score (best structural status) have the highest air capacity 

(Figure 13).  The relationship is improved for the Peerlkamp (ST) score (Figure 14). The 

robust regression relationships explain 24% and 29% of the observed variance, respectively.  

Other predictors, including the measured total water content and organic carbon content 

are statistically significant but raise the variance explained by only 1 to 2%.  

These analyses provide some support for the use of predicted air capacity as part of the 

measure of soil structural status, and therefore also the derived Water Storage Capacity 

index, and instead focus attention on the ability of the pedo-transfer functions to estimate 
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bulk density and water content, and thereby air capacity and plant available water for 

specific sites – especially where the land management history has altered the soil structure.  

The lack of a correlation between the structure scores and our predicted air space, despite 

using Newell-Price’s measured PSD and BD as input to our calculations, is a consequence of 

our poor prediction of the soil water content at field capacity. The measured water content 

is approximately half way between the measured porosity and our predicted field capacity. 

Predicted field capacity is generally under-estimated at sites with a high measured water 

content.  

More generally, there is also the case of our poor prediction of the bulk density, from which 

predicted porosity is derived (Figure 15). The prediction is not improved by use of Hallett et 

al. (1998) transfer functions. For the grassland soils surveyed by Newell-Price et al. (2012), 

the top soil bulk density is better predicted by the natural log of organic carbon content 

alone (Figure 16) rather than the combination of organic carbon content, sand and clay 

content used in the Hollis et al. (2012) transfer functions.  

There is a case for a review of the selection of relevant pedo-transfer functions, and for the 

development and verification of functions that are specific to Wales and the permanent 

grassland environment. It is possible that pedo-transfer functions that directly predict air 

capacity, rather than by differencing independent predictions of total porosity and water 

content at 5 or 10 kPa, would have a smaller prediction interval. However, Hollis et al. 

(2004) reported that direct predictions of plant available water capacity had similar 

prediction intervals to those derived by differencing predictions of water content at 5, 200 

and 1500 kPa.  

If improvement of the pedo-transfer functions is not possible, then the calculated soil Water 

Storage Capacity indices based on the NATMAP datasets can probably only be used as a 

relative ranking of risk, rather than an absolute ratio of relative risk.  

 

4.2 Catchment Response 

The effect of soil structural degradation, as indexed by change in the WSC, on the 

generation of a rapid river flow response by inter-flow and surface runoff is of considerable 

policy interest. A quantifiable link between improved soil condition and the magnitude of 

flood events would permit an estimate to be made of the benefits arising from payments to 

land managers for ecosystem services.  

Regression relationships can be established between the WSC and measures of river 

response to rainfall at catchment scale. For example, there is a statistically significant 

correlation between the winter soil Water Storage Capacity (WSCW) and the hydrological 

indices ‘Standard Percentage Runoff’ (SPR; r2 33%; p < 0.01) and ‘Base Flow Index’ (BFI; r2 

36%; p < 0.01) (Figures 17 and 18). The BFI and SPR hydrological indices are based on a 

separation of observed river flows into short-term response, and long-term base-flow 

contributions following rainfall events.  Statistically modelled average BFI and SPR indices, 

adjusted to standard rainfall and antecedent soil moisture conditions, have been assigned to 
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each Soil Series found in Wales as part of the Hydrology of Soil Types (HOST) conceptual 

modelling framework that is based on an expert understanding of the dominant pathways 

of water movement through soil (Boorman et al., 1995). The SPR assigned to each HOST 

class are based on river hydrograph separation and are used as input to the Flood 

Estimation Handbook (FEH; Kjeldsen et al., 2005) methodology for estimation of site runoff 

rates and peak river floods.  

Robust regression relationships fitted to the data in Figures 17 and 18 indicate that a 

decrease in WSCW of 10 mm is associated with an average decrease of 0.03 in the BFI and an 

increase of 1.8% in the SPR indices for individual Soil Series. This can be interpreted as a 2 to 

3% increase in the fraction of event rainfall on agricultural land within a catchment that 

contributes to the short-term increase in river flow observed at the catchment outlet.  

The regression relationships therefore imply that a calculated 10 to 20% reduction in WSCW 

due to widespread soil structural degradation (see Section 3.3 and Figure 4, above), 

equivalent to absolute reductions of around 10 mm (moderate structural quality) and 20 

mm (poor structural quality), could result in a worst-case catchment wide decrease of up to 

0.06 in the BFI and an absolute increase of up to 4% in the SPR indices during the winter 

period of field capacity. The SPR for the Soil Series found in Wales are in the range 2 to 60%, 

with an area weighted average of 35%. From this, we infer that widespread soil compaction 

could contribute to a relative 10% increase in inter-flow and surface runoff from agricultural 

land during winter at catchment scale.  

In sub-catchments where compaction is severe, occurs at a greater depth, or the soil stone 

content is high, the relative impact could much greater. Increasing the calculated depth of 

compaction from 25 to 45 cm has the effect of decreasing the WSCw by an additional 5 to 

10% for the Soil Series found in Wales, and thereby increasing the short term river flow 

response at the catchment outlet by an additional 5%.  

The estimated effect of widespread soil compaction on the short term increase in river flow 

following rainfall can be compared to the conclusions of Packman et al. (2004) who 

modified the Hydrology of Soil Types (HOST) conceptual model to propose changes in the 

Standard Percentage Runoff (SPR) allocated to each soil HOST class based on analogue HOST 

classes that could represent degraded soil. The rationale for the proposed changes was that 

soil structural degradation, in the form of topsoil and upper subsoil compaction or seasonal 

‘capping’ and sealing of soil surfaces, causes a reduction in the effective soil storage, which 

in turn results in increased surface runoff. Absolute increases in the SPR for affected soil 

HOST classes were in the range 5 to 18% and markedly higher than our own estimate 

resulting from a change in the WSCw. However, the proposed maximum changes in the SPR 

were assigned only to soils having a high intrinsic risk of structural degradation caused by 

grazing livestock. The resulting absolute change in mapped SPR at catchment scale was only 

up to 2% and the relative change up to 6% across Wales (Packman et al., 2004).  
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Figure 13. Relationship between assessed Landcare (VSA) score and estimated top soil air 

capacity, based on the difference between measured porosity (derived from measured bulk 

density) and water content at the time of sampling (after Newell-Price et al., 2012).  

 

 

Figure 14. Relationship between assessed Peerlkamp (ST) score and estimated top soil air 

capacity, based on the difference between measured porosity (derived from measured bulk 

density) and water content at the time of sampling (after Newell-Price et al., 2012).  
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Figure 15. Relationship between predicted and measured top soil bulk density (after Newell-

Price et al., 2012). Predictions were made using the transfer functions of Hollis et al. (2012) 

using organic carbon content, sand and clay content.  

 

 

 

 

Figure 16. Relationship between predicted and measured top soil bulk density (after Newell-

Price et al., 2012). Predictions were made using a regression on the natural log of organic 

carbon content only.  
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Figure 17. Relationship between Base Flow Index (BFI; d) and winter soil Water Storage 

Capacity (WSCW) to a depth of 100 cm (therefore excluding shallow soils) for individual Soil 

Series in England and Wales, according to the NATMAP soil profile datasets (Cranfield 

University, 2019).  

 

 

 

Figure 18. Relationship between Standard Percentage Runoff (SPR; %) and winter soil Water 

Storage Capacity (WSCW) to a depth of 100 cm (therefore excluding shallow soils) for 

individual Soil Series in England and Wales, according to the NATMAP soil profile datasets 

(Cranfield University, 2019).  
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The markedly reduced effect occurred because of the assumption that severe soil structural 

degradation is not widespread across every soil and catchment, as supported by national 

and regional surveys of grassland soil damage. Newell-Price et al. (2012), for example, 

reported that only 8 to 12% of grass fields across England and Wales were in poor condition 

based on a ‘spade-test’ using the Landcare (VSA) and Peerlkamp (ST) structural scoring 

systems. Visual assessment of surface conditions has tended to report wider damage. 

Anthony et al. (2012), for example, surveyed 600 farmer’s own observations of soil damage 

associated with soil compaction and structural degradation in Wales. Soil compaction due to 

heavy machinery on both arable and grassland land (19%) and grassland poaching by 

livestock (43%) were the most cited observations of soil damage, but visual damage tends to 

be confined to only parts of a farm and information on proportion of land affected was not 

collected (Table 3). Holman et al. (2003) combined a ‘spade-test’ with a visual scoring of 

features such as poached areas and standing water in surveys of the Severn, Yorkshire Ouse, 

Uck and Bourne catchments. Severe (2%), high (34%) and moderate (41%) degradation was 

observed widely on grassland fields (n 121). Palmer and Smith (2013) similarly recorded 

severe (1%), high (9%) and moderate (67%) degradation on permanent grassland fields 

surveyed across south-west England (n 1,154). Severe levels of degradation were visually 

associated with runoff generation across whole fields, whilst moderate levels of degradation 

led only to localised patches of enhanced runoff.  

 

Table 3. Survey proportions of grassland farmers that had observed signs of soil damage on 

grass fields within the last 3 years, by farm type (Wales Farm Practice Survey, Anthony et al., 

2012). 

 Farm Type 

 
Soil Damage Type 

Upland 
Cattle & 
Sheep 

Lowland 
Cattle & 
Sheep 

 
Dairy 

    Poaching of Grassland 356 397 577 

Erosion of Stream Banks 42 84 84 

Discoloured Water Entering Ditches or Streams 63 63 144 

Sediment Deposited in Ditches or Streams 73 53 94 

Gullies and Rills Formed in Fields 32 32 32 

Compaction or Rutting Due to heavy Machinery 114 135 276 

None 556 507 306 
+Ninety-five percent confidence intervals 

 

Palmer and Smith (2013) reported a strong correlation between levels of degradation and 

soil type. Sandy soils and groundwater gley soils were most frequently degraded, whilst 

shallow soils over rock and under drained clay soils were the least degraded.  

However, it should be noted that surveys of soil compaction and grassland degradation have 

found only weak correlations between measured status and the predicted risk of soil 
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compaction or poaching based on national mapping of soil properties (Hallett et al., 2016 ; 

Cranfield University, 2007). The mapping predicts the intrinsic risk of compaction rather 

than its occurrence, which depends on the history of field management, and it is feasible 

that appropriate management such as controlled traffic, lower stocking densities or delayed 

turn-out dates will mitigate risk on the most vulnerable soils. The use of representative 

average rather than site specific soil horizon PSD and OC, and pedo-transfer functions in 

place of measurements of soil water content, also contributes to uncertainty in the mapping 

of intrinsic risk per se.   

 

5. Consequences for Productivity 

The consequences of soil compaction for grassland productivity have generally been 

quantified by comparison of cut grass yields under wheeled and control plots. Field studies 

in England, Scotland and Northern Ireland have reported yield reductions that average 

around 10 to 15% over multiple years (see, for example, Douglas and Crawford, 1991; 1993; 

Douglas et al., 1995; Frame and Merrilees, 1996; Frost, 1988; and Hargreaves et al. (2016). 

Livestock treading or poaching has frequently been linked to changes in soil properties, such 

as bulk density and macro-porosity (Drewry et al., 2008), but less frequently to measured 

change in grazing off-take. This is partly because of the complexity of separating the effects 

of animal treading and the fertilising effects of excretal nitrogen returns.  Billotta et al. 

(2007) and de Klein (2001) summarise a number of field studies of reductions in annual 

pasture production due to animal treading, citing reductions in the range 0 to 40%. Soil 

treading can make the top soil more prone to plastic deformation and surface ponding, and 

therefore more susceptible to pugging and poaching. Reduction in off-take then results from 

damaged and buried herbage, in addition to reduced aeration and root growth (Billotta et 

al., 2007).  
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