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Abstract
There are few reliable data sets to inspire confidence in policymakers that soil or-
ganic carbon (SOC) can be measured on farms. We worked with farmers in the Tamar 
Valley region of southwest England to select sampling sites under similar conditions 
(soil type, aspect and slope) and management types. Topsoils (2–15 cm) were sam-
pled in autumn 2015, and percentage soil organic matter (%SOM) was determined 
by loss on ignition and used to calculate %SOC. We also used the stability of mac-
roaggregates in cold water (WSA) (‘soil slaking’) as a measure of ‘soil health’ and 
investigated its relationship with SOC in the clay-rich soils. %SOM was significantly 
different between management types in the order woodland (11.1%) = permanent 
pasture (9.5%) > ley-arable rotation (7.7%) = arable (7.3%). This related directly to 
SOC stocks that were larger in fields under permanent pasture and woodland com-
pared with those under arable or ley-arable rotation whether corrected for clay con-
tent (F = 8.500, p < .0001) or not (F = 8.516, p < .0001). WSA scores were strongly 
correlated with SOC content whether corrected for clay content (SOCadj R

2 = .571, 
p <  .0001) or not (SOCunadj R

2 = 0.490, p =  .002). Time since tillage controlled 
SOC stocks and WSA scores, accounting for 75.5% and 51.3% of the total variation, 
respectively. We conclude that (1) SOC can be reliably measured in farmed soils 
using accepted protocols and related to land management and (2) WSA scores can 
be rapidly measured in clay soils and related to SOC stocks and soil management.
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1 |  INTRODUCTION

Rural businesses have a positive role to play in climate change 
mitigation because there is significant potential for atmos-
pheric carbon dioxide (CO2) to be drawn down via plants into 
soil organic carbon (SOC), that is carbon sequestration, in 
agricultural soils (Lal, 2018). In general, many agricultural 
soils are degraded relative to their pre-agricultural condition 
and therefore have a capacity for SOC stocks to be rebuilt 
if managed appropriately (Sanderman et al., 2017). The tar-
get of increasing the SOC stock by 0.4% per year in the top 
40 cm of soil was described as achievable in the ‘4 per mille’ 
initiative launched by the French Government at the Paris 
Climate Summit (COP21) (Soussana et al., 2019), although 
the scientific basis for this is debated (Poulton et al., 2018). 
Nevertheless, for a range of environmental and agricultural 
reasons, there are few circumstances in cultivated soils where 
an increase in SOC would not be beneficial. SOC is a key 
indicator of soil health (Lal, 2016) because it promotes the 
agents and mechanisms of aggregation important for main-
taining soil physical condition (Jensen et al., 2019), thereby 
aiding the infiltration of air, water and nutrients, and pro-
moting water and nutrient retention and sequestering carbon 
(Stockmann et al., 2013). Consequently, optimizing carbon 
storage in cultivated soils is regarded as a win–win strategy 
providing multiple benefits, foremost the sustainable produc-
tion of crops through increased soil fertility and improved 
soil structure (Paustian et al., 2019).

The management of cropland, grassland and forest soils 
to increase carbon sequestration will be crucial to the main-
tenance of the UK carbon balance (Ostle et al., 2009). Yet, 
this potential remains frustrated by the apparent difficulty in 
establishing how to monitor changes in SOC in agricultural 
land efficiently and effectively with sufficient confidence be-
yond research settings (de Gruijter et al., 2016). A plethora of 
formal scientific studies have explored the impacts of various 
crop and soil management practices on SOC/soil organic mat-
ter (SOM) and resultant crop responses (e.g. Han et al., 2018; 
Oldfield et  al.,  2019), some that have been running for al-
most two hundred years (Christensen & Johnston, 1997). It 
is fair to say that we understand the basic controls on SOC 
and know reasonably well which management practices can 
be used to increase SOC storage across a wide range of en-
vironments (Paustian et al., 2019), including regions of the 
UK (King et  al.,  2004; Thomas et  al.,  2020). Indeed, the 
successful measurement of SOC in land across England and 
Wales and Scotland has been carried out using standardized 
methodologies as part of the Countryside Surveys in 1978, 
1998 and 2007 (Reynolds et al., 2013; Thomas et al., 2020) 
amongst other initiatives (e.g. Bellamy et al., 2005; Chapman 
et al., 2013).

The search for reliable soil health indicators is in a state 
of limbo in the UK as the debate over the most appropriate 

metric is confounded by lack of local evidence. Proxies for 
SOC are increasingly sought to provide tools for farmers to 
make judgements about the effect of changes that they have 
made on their farm to build SOC without the need for labo-
ratory testing. Those indicating ‘soil health’ must, by defini-
tion, explicitly encompass the role of soil biology because the 
soil is a living ecosystem. This idea underpins the premise 
for soil health indicators that are largely based on biological 
attributes of soil quality described by Gregorich et al. (1994) 
more than 20 years ago. The quality of soil ‘tilth’ and its re-
lationship with aggregate shape and dry aggregate stability 
underpins the widely used VESS method for the assessment 
of agricultural soils (Guimarães et  al.,  2013). A suite of 
soil health indicators is used by farmers for the reliable and 
comparable assessment of their soils in the USA based on 
methods developed for the assessment of physical soil qual-
ity more than 30 years ago, for example Doran and Parkin 
(1997), and supported by the resources of the USDA-ARS/
NRCS. Of these, soil aggregate stability in water (or ‘the slake 
test’) is widely recognized as a key indicator of soil quality 
and health, and methods for in-field assessment developed 
by Herrick et  al.  (2001) are regularly used in the USA for 
rapid evaluation by farmers and advisors, but infrequently in 
the UK. The progressive reduction of SOC in cropland soils 
(Heikkinen et al., 2013) and mechanical destruction of soil 
structure by tillage (Abdollahi & Munkholm, 2014; Watts & 
Dexter, 1997; Schjønning et al., 2018) reduce the number and 
stability of macroaggregates. The biological contributions to 
aggregate stability are dependent on the supply and turnover 
of SOC by microorganisms (Tisdall & Oades, 1982); there-
fore, stable aggregates may serve as a proxy for SOC for effi-
cient field assessments.

This study differs from the many reports of SOC stocks 
measured in scientific experiments, because it was driven 
by a group of farmers in the Tamar Valley in Devon, 
Southwest England, who needed to understand the conse-
quences of their management decisions for SOC stocks on 

Highlights

• On-farm SOC measurements are rare and prevent 
the development of a reward system for farmers

• SOC was measured in samples of clay-rich soil 
from different management types on 14 farms in 
the same region

• Stability of aggregates in water was directly re-
lated to SOC content

• Time since tillage controlled SOC and WSA that 
can both be reliably measured on farm soils using 
widely available technologies
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their farms so that they could plan for potential carbon cred-
its markets. On this basis, the study was designed to exam-
ine the feasibility of standard and accessible methods (i.e. 
loss on ignition and the stability of soil macroaggregates 
in water) to discern the effects of different management 
practices on SOC stocks in working farmland soils, thereby 
encompassing all of the idiosyncrasies typical of real rural 
businesses that are absent in the unavoidably artificial sce-
narios of scientific experiments. We focussed on topsoils 
because the effect of soil management and field operations 
is most notable here (Thomas et  al.,  2020) (although we 
well recognize that management of surface soils has signif-
icant effects on SOC dynamics in deeper soil horizons, e.g. 
Collier et al., 2017; Gregory et al., 2016). We tested the hy-
pothesis that variations in SOC stocks in agricultural soils 
can be measured directly and indirectly (using a commonly 
used indicator of soil quality as a proxy) and related to land 
management on working farms. The hypothesis was tested 
by meeting two objectives: (1) to test the ability of standard 
methods to discern a correlation between SOC stocks and 
historical management practices on working farmland; and 
(2) to establish whether the stability of soil (macro)aggre-
gates in water (‘the slake test’) has the potential to be used 
as a proxy measurement for SOC content.

2 |  MATERIALS AND METHODS

2.1 | Site characteristics and management 
history

This study was carried out in 2015 and was focused on 
farmland within the Tamar Valley Catchment in Devon 
and Cornwall, southwest England. Soil survey maps (Soil 
Survey of England and Wales, 1997, Sheets SS 30 and SX47; 
scale 1:25,000) were used to identify areas with similar soil 
types that were typical of the region: slightly acidic loamy 
and clayey soils with impeded drainage (Endoleptic Stagnic 
Cambisols or Eutric Stagnosols (Clayic); IUSS Working 
Group WRB, 2015). Fourteen farms were selected based on 
soil type, management types and the opportunity to access. 
Twelve were in the Tamar Catchment in Devon and Cornwall, 
one was near Truro in Cornwall and two plots were at 
Rothamsted Research North Wyke near Okehampton, Devon 
(Rowden Moor, 50°46′13″N, 3°53′55″W, 50°46′14″N, 
3°53′51″W; North Wyke Farm, 50°46′29″N, 3°55′38″W, 
50°46′28″N, 3°55′49″W) (Figure  S1). The coordinates of 
the commercial farms are withheld to maintain anonymity. 
Fields under different management were selected in collabo-
ration with each farmer. In addition to detailed management 
history for the past five years, farmers were asked to provide 
general management type history from the present up to a 
maximum of 100 years ago where possible, which allowed 

the calculation or estimation of time since last tillage (TST) 
for each field. The number of fields sampled on each farm 
ranged from two to seven, and 40 fields were sampled in total.

2.2 | Soil sampling

Site visits and soil sampling were conducted between 8 
October and 23 November 2015. One sampling site (1 m2) 
was selected per field based on predetermined topographic 
criteria (soil type and shallow slope angle or midslope) and 
guidance from farmers about in-field soil characteristics and 
representativeness. At each sampling site, a screw auger 
was used for an initial investigation of the soil profile up to 
60 cm depth to measure topsoil thickness (i.e. depth of the A 
horizon) and confirm soil type. Three soil cores were taken 
with a root auger (8  cm diameter, 15  cm depth; Van Walt 
Root Auger, Surrey, UK) in a triangle at 50 cm radius around 
the central screw auger hole. After sampling, the top 2 cm 
of each core was removed to aid comparison between soils 
under different vegetation types, providing an effective sam-
pling depth of 2–15 cm. The cores were prepared for analysis 
and analysed individually. Additional samples (~500 g) were 
collected along the edge of each root auger hole (2–15 cm) 
using a trowel for use in the assessment of aggregate stabil-
ity. All samples were stored at 4°C until analysis.

2.3 | Soil analysis

In the laboratory, each soil core was crumbled and dried at 
105°C to constant weight in a fan-assisted oven, and the dry 
weight was recorded. The samples were ground to pass a 
2-mm sieve, and the weight and volume (calculated by dis-
placement of a known volume of water in a measuring cyl-
inder) of debris (i.e. stones) remaining on the sieve (>2 mm) 
were recorded. Bulk density (BD, g cm3) for each core (n = 3 
per field) was calculated as (Emmett et al., 2008):

Soil pH was determined in a 1:1 deionized water:soil sus-
pension using an electronic pH probe calibrated with stan-
dard pH 4 and 7 buffer solutions. Particle size distribution (% 
sand:silt:clay) was determined using the Bouyoucos hydrom-
eter method (Gee & Bauder, 1986).

Soil organic matter (SOM) content (% dry matter) of three 
replicate 30  g subsamples from each core soil was deter-
mined using loss on ignition (LOI) by heating at 400°C for 
16 hr (Davies, 1974; Schulte et al., 1991). %SOM was cal-
culated as the difference between the initial dry soil weight 
and the ashed soil weight. %SOM was converted to %SOC 

(1)BD=
(dry weight of sample−dry weight of debris)

(volume of soil core−volume of debris)
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using the conventional van Bemmelen factor (1.72) (Nelson 
& Sommers, 1996). Thus, SOC stocks (t C ha−1) for the sam-
pling depth (2–15 cm or thickness of 13 cm) were initially 
calculated without adjustment for clay content:

Subsequently, the influence of clay on %SOM owing to 
structural water loss during combustion was determined using 
the clay-content-dependent correction factor (clay%*0.1) 
used by Harrod and Hogan (2008) to allow direct comparison 
with previous data pertinent to the study area:

Finely ground subsamples of the same samples used for 
LOI were also analysed using elemental analysis for total car-
bon (TC) and nitrogen (TN) contents by combustion using a 
Carlo Erba NA2000 analyser (CE Instruments, Wigan, UK).

2.4 | Soil aggregate stability in water

Soil aggregate stability in water was assessed using a semi-
quantitative method adapted from the USDA-ARS Soil Slake 
test method (Herrick et al., 2001) to assign a value based on 
the stability of soil aggregates in water (WSA). Nine aggre-
gates of approximately 10 mm diameter were selected from 
trowel-sampled soil and air-dried at room temperature. The 
aggregates were arranged on a 2-mm sieve and gently im-
mersed in deionized water. The aggregates were observed for 
5 minutes, and then, the sieve was raised up and down five 
times, with approximately 1-s transit time up and 1 s down, 
allowing surface tension at the zenith to slightly disrupt the 
aggregates. A score of 0–8 was determined by observing the 

behaviour of the aggregates in water using the criteria de-
scribed in Table 1.

2.5 | Statistical analysis

All statistical analysis was completed using XLSTAT 2019 
3.1 for Microsoft Excel 2016 (Addinsoft, New York, USA). 
One-way ANOVA was used to assess the significant differ-
ences between management types in relation to SOC (cal-
culated using the results of both LOI and EA), TN, WSA, 
BD, topsoil depth and sand and clay content. ANOVA as-
sumptions were verified, and the data were transformed 
(Box–Cox) where necessary to satisfy the normality crite-
rion. Where p ≤  .05, Tukey's HSD (honest significant dif-
ference) test was used to identify which management types 
were significantly different from each other. TST and WSA 
failed the normality criterion even after transformation, so a 
Kruskal–Wallis test was applied and the means comparison 
was evaluated using Dunn's test (Dunn, 1964).

Non-linear curve estimation and the Akaike information 
criterion (AIC) were used to determine the best model rela-
tionship between SOC stocks (unadjusted and adjusted for 
clay) and TST. Multiple linear regression (best model) was 
used to determine the significantly contributing variables 
(entry: p ≤  .05, removal: p ≤  .1) and the corrected Akaike 
information criterion (AICc) to compare models for SOC 
(stock, unadjusted and adjusted for clay) and WSA. Variables 
were considered as three groups: management variables 
(log10(TST)), dependent soil variables (SOC, TN and WSA) 
and independent soil variables (topsoil depth, and % sand and 
clay). SOC was analysed as stocks except when considered 
as a predictor of WSA, while TN was analysed as concen-
tration only. All variables were first analysed for correlation 
with SOC and with WSA using a correlation matrix to deter-
mine their suitability for inclusion (Table S1). Topsoil depth, 
%clay and %sand were excluded at this stage from further 

(2)SOCstock=

(

%SOM)

1.72

)

×BD×depth×100

(3)SOCstock=

(

%SOM− (%clay×0.1)

1.72

)

×BD×depth×100

Score Aggregate behaviour

0 Soil too unstable to isolate aggregates

1 50% structural integrity is lost within 5 s of immersion AND < 10% remains after 
agitation

2 50% structural integrity is lost within 5 – 30 s of immersion AND < 10% remains 
after agitation

3 50% structural integrity is lost within 30 – 300 s of immersion OR < 10% remains 
after agitation

4 10% – 25% remains after agitation

5 25% – 50% remains after agitation

6 50% – 75% remains after agitation

7 75% – 90% remains after agitation

8 >90% remains after agitation

T A B L E  1  Criteria for scoring soil 
aggregate stability in water (adapted from 
Herrick et al., 2001)
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analysis. As per ANOVA, the assumptions for multiple linear 
regression were validated. Wilcoxon matched-pairs test was 
used to assess the SOC clay correction differences.

3 |  RESULTS

3.1 | Soil properties by management type

All of the fields included in the study had been under their 
current management system for at least eight years. Of the 40 
fields sampled, four were under arable management and were 
ploughed every year; 11 were in ley-arable rotation, having 
been ploughed at least once in the past three years; 20 were 
in permanent pasture, having last been tilled from between 
three and 75 years ago; and five were woodlands last known 
or estimated to have been tilled from 15 to over 100 years ago 
(Table 2). Topsoil depth (thickness) ranged from 17 to 59 cm 
(mean 33, median 32), with no significant differences between 

management types (Table 2: F = 2.215, p = .103). Soils had 
mean sand and clay contents of 46% (range 28 to 60%) and 23% 
(range 10 to 36%), respectively (Table S2), according to the 
UK classification system based on the Soil Survey of England 
and Wales. Mean bulk densities were not significantly differ-
ent between management types (Table 2: F = 2.324, p = .091). 
Soil pH values were moderately to strongly acidic and were 
significantly different between management types in the order: 
ley-arable rotation (6.1)  =  arable (5.8)  >  permanent pasture 
(5.2) = woodland (4.6) (Table 2: F = 14.68; p < .0001). %TN 
was significantly different between land uses in the order: per-
manent pasture (0.5%) = woodland (0.5%) > ley-arable rota-
tion (0.4%) > arable (0.4%) (Table 2: F = 4.097; p =  .013). 
%SOM was significantly different between land uses in the 
order woodland (11.1%)  =  permanent pasture (9.5%)  >  ley-
arable rotation (7.7%)  =  arable (7.3%) (Figure  1a; Table  2: 
F = 7.016; p = .001).

Correcting for clay content made a significant difference 
to the calculation of %SOC from %SOM estimates for all 

F I G U R E  1  Comparison of mean 
values (±s.e.) for (a) % dry matter as soil 
organic matter by lossonignition (%SOM), 
after conversion of %SOM to % soil organic 
carbon (SOC) without correcting for clay 
content (%SOCunadj) and after correcting 
for clay content (%SOCadj), and % total 
carbon (%TC) by combustion using an 
elemental analyser; and (b) as stocks (t C 
ha-1) calculated using %SOCunadj, %SOCadj 
and %TC
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management types (Figure  1a; p  <  .0001; Figure  1a), with 
clay-corrected SOC concentration values (SOCadj) on average 
28% smaller than those without clay correction (SOCunadj). 
Mean SOCadj concentrations were similar to those determined 
using elemental analysis (%TC) for all management types: 2.9% 
for arable, 3.2% for ley-arable rotation, 4.0% for permanent 
pasture and 4.4% for woodland (Figure 1a). Regardless of cor-
rection for clay content, significant differences in %SOC were 
observed (Table 2: SOCadj. F = 8.08, p = <0.0001; SOCunadj. 
F = 7.016, p =  .001) between fields that had been tilled re-
cently (arable and ley-arable rotation) compared with fields that 
had not been tilled recently (permanent pasture and woodland) 
(Table 2). The average C:N ratio for all management types was 
11:1 (mean values were arable 10:1, ley-arable rotation 11:1, 
permanent pasture 11:1 and woodland 14:1).

Correction for clay content also significantly affected cal-
culated SOC stocks for all management types (p  <  .0001; 
Figure 1b). Where %SOC had not been corrected for clay con-
tent, the mean SOC stock values were 55.6 t C ha−1 for arable, 
58.2 t C ha−1 for ley-arable rotation, 71.5 t C ha−1 for perma-
nent pasture and 72.1 t C ha−1 for woodland management types. 
After correction for clay, the mean SOC stock values were 
35.0 t C ha−1 for arable, 41.5 t C ha−1 for ley-arable rotation, 
55.3 t C ha−1 for permanent pasture and 54.4 t C ha−1 for wood-
land management types. The values for SOC stocks that had 
been corrected for clay were comparable (p =  .115) to those 
determined using elemental analysis for the different manage-
ment types: 38.3 t C ha−1 for arable, 41.8 t C ha−1 for ley-arable 
rotation, 51.6 t C ha−1 for permanent pasture and 49.8 t C ha−1 
for woodland. Regardless of correction for clay, the stocks of 
SOC in the topsoil (2–15 cm depth) were significantly greater 
in fields under permanent pasture and woodland compared with 
those under arable or ley-arable rotation (SOCadj. F = 8.500, 
p < .0001; SOCunadj. F = 8.516, p < .0001; Figure 1, Table 2).

Scores for WSA were greater under permanent pasture 
(mean 7.3, mode 7) and woodland (mean 7.5, mode 7) than 
under ley-arable rotation (mean 5.7, mode 6) and arable 
(mean 5.3, mode 5) management (Table 2) (p = .001). WSA 
scores were strongly correlated with SOC content (SOCadj. 
R2  =  0.571, p  <  .0001; SOCunadj. R2  =  0.490, p  =  .002; 
Figure 2a and b).

3.2 | Effect of time since tillage (TST) on 
SOC and WSA

Across all fields sampled, TST ranged from 0.25 to (at least) 
100  years, with significant differences present between ar-
able and ley-arable rotation versus permanent pasture and 
woodland management types (Table  2). %SOM correlated 
strongly with time since tillage (Table S1, R2 = 0.70, p < .05). 
Figure 3 shows the linear-log relationships between SOCunadj 
and SOCadj, respectively, and time since tillage (y):T
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where SOCunadj and SOCadj are in t C ha−1 at a depth of 
2–15 cm, and TST is in years.

When management and soil variables were combined in 
multiple linear regression analysis (Table S3), the best pre-
dictive model for SOCunadj stocks accounted for 75.5% of 
total variation and included log10(TST) and TN. The equation 
for the best model was as follows:

where SOCunadj is in t C ha-1 at a depth of 2–15 cm, TST is in 
years, and TN is in %.

The SOCadj stock best model contained the same inde-
pendent variables as above, although the parameter constant 
values differed as would be expected (Table  S4). The best 
predictive model for WSA included log10(TST) only, which 
explained 51.3% of the observed variation (Table S5):

4 |  DISCUSSION

4.1 | Land management changes SOC 
concentrations and stocks

Quantifying the effects of farm management on SOC stocks 
is critical to realize the potential of agricultural soils to draw 
down atmospheric CO2 via plants into the soil (Janzen, 2015) 
and for some of it to be stored in SOC for the long term, 

that is carbon sequestration. The average %SOC recorded 
for all of the topsoils of the fields of fourteen working farms 
in southwest England (Devon and Cornwall) (5.2  ±  1.2%) 
was less than the range for the whole of England (7.7%) re-
ported in the 2007 Countryside Survey, which incorporated 
the random, stratified sampling of soils from managed and 
unmanaged land classes (Reynolds et al., 2013). The %SOC 
in unmanaged habitats reported in the Countryside Survey 
for England had larger %SOC, for example Acid Grassland, 
25.8%. The %SOC results for improved grassland on Stagni-
Vertic Cambisol at Rothamsted Research North Wyke 
(Rowden Moor and North Wyke Farm) reported in this study 
are less than the national average (Reynolds et al., 2013), but 
similar to those reported previously for grassland soil from 
Rowden Moor by Bol et al. (2003), Harrod and Hogan (2008) 
and Harris et  al.  (2018) (Table  3). The similarity of these 
published results from the long-term Rowden plots at North 
Wyke established in 1987 with those measured using the 
same protocols in this study provides confidence in the reli-
ability of the sampling and analysis of the farm soils herein.

Within a defined area in southwest England on farms se-
lected based on similar soil type using available soil survey 
maps, we observed that the mean %SOC in topsoil on the 
farms sampled was largest in woodlands, followed by per-
manent pasture, then ley-arable rotation, and finally arable 
fields. However, there were only significant differences over-
all between recently tilled (i.e. ley-arable rotation and arable) 
and not recently tilled (i.e. permanent pasture and woodland) 
management types. We also observed a similar pattern in a 
subsequent study in May 2017 using the same approach on 
eight farms in the South Cotswolds on a different soil type 
(shallow, calcareous, stony soils; Smale et al., 2017; Dungait 
et  al.,  2019; Table S6). Our survey therefore showed simi-
lar patterns related to management type described by others 
based on the Countryside Survey 2007 for Great Britain and 

(4)SOCunadj =56.8+ 4.66× log
e
(TST) R

2 =0.459

(5)SOCadj =39.1+ 5.06× log
e
(TST) R

2 =0.447

(6)SOCunadj =23.0+
(

6.44× log10(TST)
)

+(81.7×TN)

(7)WSA=5.58+1.26× log10(TST)

F I G U R E  2  Box and Whisker plot 
of mean (n = 3) SOCadj stocks (t C ha-1, 
2–15 cm depth) versus mean (n = 9) 
aggregate stability of soil macroaggregates 
(~1 cm diameter) in water (WSA) using 
scoring system (0–8) adapted from Herrick 
et al. (2001)
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reported in Norton et al. (2012) (Table 3). Subsequently, we 
used the GPS coordinates for each field sampled in our re-
search as search criteria for obtaining comparative data using 
the UK Soil Observatory (UKSO) Map Viewer (www.ukso.
org/, accessed 23/04/2020). Not surprisingly, in many cases, 
the data associated with Broad Habitat definition did not 
relate to the management type at the field scale, so the soil 
data could not be compared directly with that measured in 
this study. However, it could be used to provide a regionally 
appropriate range of values for comparison (Table  3). The 
%SOC and carbon stocks calculated for our samples were 
smaller because they excluded the top 0–2 cm, which is fre-
quently richer in organic matter derived directly from plant 
litter and other organic inputs, for example manures (Bol 
et al., 2003; Dungait et al., 2005; Harris et al., 2018). Again, 
the similarity with the published values from the Countryside 

Survey 2007 (Table 3) that are local to the sample sites on 
farms in our survey provides confidence that the similar pro-
tocols applied are reliable to measure SOC stocks in different 
management types.

Overall, our study using real farm soils supports the find-
ings of other UK experimental studies that reported predict-
able changes in SOC stocks with time after land-use change in 
agriculture (King et al., 2004; Bhogal et al., 2009). It further 
reinforces the evidence that changes in SOC can be measured 
in agricultural soils using widely available technologies es-
tablished and proven for topsoils across management types in 
the national soil surveys in England and Wales and Scotland, 
provided they are applied in an informed way with due con-
sideration to the known sources of error (Henrys et al., 2012; 
Lilly et al., 2012; Seaton et al., 2020; Thomas et al., 2020). On 
that premise, and based on our small surveys of SOC under 

F I G U R E  3  Relationship between soil 
organic carbon stocks (t C ha-1, 2–15 cm 
depth) and time since tillage (years) (a) 
uncorrected for clay content: SOCunadj and 
(b) corrected for clay content: SOCadj . The 
four management types are identified as 
follows: arable (○), ley-arable rotation (□), 
permanent pasture (Δ) and woodland (◊)
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different management on real farms in the Tamar Valley and 
the South Cotswolds, we accept our overarching hypothesis 
that variations in SOC stocks in agricultural soils can be mea-
sured and related to land management.

Undoubtedly, soil texture (or ‘physiotope’ sensu Verheijen 
et al., 2005) is of paramount importance as our analysis with 
and without correction for clay has shown (Figure  1). The 
search for a dependable correction factor to account for the 
structural water held by clay minerals to avoid overestimating 
SOM content calculated during heating in loss on ignition 
has preoccupied soil scientists for decades (e.g. Ball, 1964; 
Howard & Howard, 1990; Jensen et al., 2018). Similarly, the 
widely used van Bemmelen factor used for the conversion 
of %SOM to %SOC has been critiqued for its appropriate 
application to different soil types (e.g. Pribyl, 2010; Jensen 
et al., 2018). However, with respect to our research, the use of 
the conversion factor as it stands allows comparison with the 
previously published values, which used the same approach 
(including those directly pertinent to the research area; 
Table 3). Overall, this study shows that by applying simple 

parameters for sampling ‘like with like’ based on the use of 
soil maps and farmer knowledge to select similar sampling 
points, intra- and inter-farm comparisons of soil variables 
are possible. This result goes against the apparent misgivings 
about whether SOC can be measured meaningfully on farmed 
soils because in-field variation is too great, and indicates a 
need for a broader view on the evidence required for reward-
ing farmers for carbon sequestration.

4.2 | Time since tillage controls SOC stocks

Managing farmed soils to increase and maintain SOC at op-
timal levels while producing food is an economically and 
environmentally virtuous activity (Lal, 2020). Soil sink satu-
ration, that is the time taken for soil carbon to reach a new 
equilibrium, when there is no net uptake of carbon from the 
atmosphere (Smith, 2005), is the ultimate aim for enabling 
maximum benefit of CO2 drawdown into soil. However, al-
though tilled soils are unlikely ever to reach the limit of their 

Management type %SOC Depth Location Reference

Arable 4.3 (0.75) 2–15 cm this study

Ley-arable 4.5 (0.91) 2–15 cm this study

Arable and 
horticultural

3.8 0–15 cm England Reynolds 
et al., 2013

2.1 – 3.5 (range) 0–15 cm Fields sampled 
in this study

UKSO website, 
accessed 
23/04/2020

Improved grassland 5.5 (0.96) 2–15 cm this study

5.9 (0.16) 2–15 cm North Wyke 
Farm

this study

4.8 (0.27) 2–15 cm Rowden Moor this study

5.1 (0.76) † 4–10 cm Rowden Moor Bol et al., 2003

5.3 5–10 cm Rowden Moor Harrod & 
Hogan, 2008

6.6† 2.5–
7.5 cm

Rowden Moor Harris 
et al., 2018

3.6† 7.5–
15 cm

Rowden Moor Harris 
et al., 2018

6.8 0–15 cm England Reynolds 
et al., 2013

4.9–6.3 (range) 0–15 cm Fields sampled 
in this study

UKSO website, 
accessed 
23/04/2020

Woodland 5.2 (1.2) 2–15 cm this study

Broadleaf, Mixed & 
Yew Woodland

13.0 0–15 cm England Reynolds 
et al., 2013

8.1 0–15 cm Fields sampled 
in this study

UKSO website, 
accessed 
23/04/2020

Note: Values are unadjusted for clay content. † indicates derived from combustion using elemental analysis.

T A B L E  3  Published data for mean 
values (±1 s.d., where available) or ranges 
of percentage soil organic carbon (%SOC) 
for England and equivalent management 
types in the region of study compared with 
the data from this study
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potential to sequester carbon because any form of perturba-
tion through cultivation will reduce SOC stocks, increasing 
soil carbon per se has indirect benefits that reduce the overall 
carbon footprint of agriculture (Paustian et al., 2019).

We determined that time since tillage was a strong pre-
dictor of SOC stocks (and of the stability of soil macroaggre-
gates in water; discussed below), and that conclusion helped 
to explain the variation in carbon stock values observed 
within different broad land-use types on individual farms. 
Total N contents were also strongly related to SOC contents 
(Equation 6) but this variable was not considered as a pre-
dictor of SOC in the same way as time since tillage. This 
is because SOC is the major component of SOM, and SOM 
is also the main store of nitrogen in soil, and we observed 
predictable linear stoichiometric relationships between C and 
N of ~10:1 (Dungait et al., 2012) in the managed land uses 
(although there was more variation in the woodland soils). 
Harris et al. (2018) also reported similar C:N ratios of ~10:1 
(2.5–7.5 cm depth) and ~9:1 cm (7.5–15 cm depth) for inten-
sively managed grassland at Rowden Moor, which was one of 
the sample sites in this study (Table 3).

Soil carbon accumulation after a land-use change from 
arable to grasslands or woodland is a decadal process (Ostle 
et al., 2009), and therefore requires land management matched 
to reward systems that acknowledge this timescale of com-
mitment. Recognizing when the soil has reached sink capac-
ity should rely on data sets that extend to these timescales, 
but these are scarce and especially rare for on-farm studies. 
Furthermore, the measurement of SOC is not a regular part 
of soil testing and has only recently been added to extra ‘soil 
health’ options offered by commercial testing laboratories in 
the UK. Since the capacity to measure SOC in the same farm 
soil over decades was not possible, working with farmers to 
determine the last tillage event in specific fields in soils of 
similar soil texture in a region of southwest England under 
the same climatic conditions enabled us to develop a ‘space-
for-time’ chronosequence of SOC change.

Fields tilled within the last 3 years (all under arable and 
arable-ley rotation) had smaller carbon stocks than those not 
tilled for more than 3 years (all under permanent pasture or 
woodland management), and continuous tillage maintained 
SOC at a poorer level. The fields under ley-arable rotation 
were either in grass at the time of sampling or had been 
ploughed out of grass between 0 and 3 years ago, with most 
farmers using 3–5-year ley periods prior to 2–5 years of ar-
able cropping. Regular ploughing even at extended times-
cales prevented SOC from reaching its maximum potential 
storage capacity. This observation is similar to the outputs 
of long-term experiments where management type has been 
changed and SOC dynamics monitored over time (Bhogal 
et al., 2009). It is well known that the potential to increase 
SOC depends on soil type (e.g. it is more difficult to increase 
and maintain SOC in very sandy soils) and its current SOC 

content; SOC cannot be increased in soils that have reached 
their maximum SOC content or ‘sink saturation’ (Stewart 
et al., 2007). Experimental 3-year grass or grass-clover pe-
riods in 5-year rotations increased the %SOC of sandy-loam 
topsoil (0–25  cm) by only 0.25% over 28  years in eastern 
England (Johnston et  al.,  2017). Although the size of our 
data set did not allow us to confidently model the threshold 
of maximum carbon storage on the farms in this study, we 
tentatively conclude that a period of more than 30 years is 
required without tillage for SOC to build in topsoils from the 
equilibrium maintained by annual, arable tillage to that of 
permanent pasture and woodland (Figure  3). Farmers who 
have land with optimum SOC, for the soil type and climate 
conditions, that is have reached soil sink saturation, should 
therefore be rewarded for its maintenance.

4.3 | Aggregate stability in water can be 
used as a proxy for SOC

The relationship between the stability of aggregates in water 
(or the ‘slake test’) and SOC is particularly pertinent in man-
aged soils with large clay contents because the dispersion 
of clays is associated with reduced infiltration and run-off, 
sediment load and crust formation (Watts & Dexter, 1997). 
However, the soil-binding qualities of clay also serve to sta-
bilize aggregates and may therefore confound an observable 
and measurable effect of SOC. Clay acts as a direct bind-
ing agent (Martens, 2000) and subsequently soils with more 
than 15%–20% clay usually demonstrate moderate-to-strong 
aggregate structure (Jarvis,  2007). Clay is also an indirect 
binding agent because it supports the function of the soil 
biological community by providing a large and moist sur-
face area in water films around clay particles that are often 
protected within aggregates (Dungait et  al.,  2018). Indeed, 
Johannes et  al.  (2017) recently developed an index of soil 
structural quality using the ratio of SOC:clay applied to Swiss 
arable soils intended to support on-farm decision-making, 
which has been successfully applied by Soinne et al. (2020) 
and Prout et al. (2020) to farmed soils in Finland and the UK, 
respectively; the latter used the SOC data provided by the 
Countryside Survey of England and Wales in 1987.

Despite the large clay contents of the soils sampled in this 
study, significant differences between the stability of aggre-
gates in water could be observed and scored using the method 
developed from Herrick et al. (2001). The results were used 
to explore relationships with SOC and time since tillage. The 
results of linear regression indicated that time since tillage 
was a strong driver of both SOC and WSA, and that SOC and 
WSA were closely related. Like SOC stocks, the stability of 
soil aggregates in water in arable and arable-ley rotation soils 
was typically less than in grassland and woodland (Table 2). 
The relationship between SOC content and improved physical 
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quality of soil, and the subsequent benefits for the quality of 
farmed soils are widely acknowledged (Dungait et al., 2012; 
Paustian et al., 2019). In a long-term experiment in northern 
Sweden, Jarvis et  al.  (2007) observed that treatments with 
longer ley periods (<5 years) in a 6-year rotation had soils 
with smaller bulk densities and larger porosities coincident 
with larger organic carbon contents.

It is well understood that organic carbon improves soil ag-
gregation resulting in increased soil porosity, improving me-
chanical resilience to compression and the rebound or resilience 
to compressive stress (Zhang et al., 2005). Soil aggregate sta-
bility is partially derived from SOC because of the cohesive 
effects of organic molecules, and because SOC sustains soil or-
ganisms that are agents of aggregation; thus, SOC lost by min-
eralization must be replaced by new organic carbon to maintain 
stable aggregates (Dungait et al., 2018). In this respect, soil ag-
gregates are a good proxy for the combined physical, chemical 
and biological functioning of the soil. In this paper, the potential 
to use an existing test of the stability of soil aggregates in water, 
used widely in the USA for many years, was tested and adapted 
to the specific conditions of the clay-rich soils of the Tamar 
Valley. The scoring protocol, with more time intervals than the 
existing USDA version, appeared to satisfactorily improve the 
sensitivity of the test without compromising the feasibility of 
its application by land managers. The strong relationships be-
tween WSA, SOC, land management and time since tillage in 
this study in Devon and Cornwall (and in the subsequent study 
in the South Cotswolds; Smale et al., 2017) suggest that where 
soil and climate on farms is similar within a defined region, the 
rapid assessment of WSA using this approach provides a rapid 
and inexpensive means of assessing and providing a numeri-
cal score of ‘soil health’, and potentially as a proxy for direct 
measurement of SOC used to detect changes imposed by man-
agement. The prospect of using WSA as a rapid proxy for SOC 
change by farmers when its formal measurement is not possible 
or practical would provide farmers with a new tool for moni-
toring soil health. Further investigation is required to establish 
its potential in different soil types in a range of management 
scenarios.

4.4 | Relevance of this study to policy

Like most businesses, farming is based on maximizing net 
economic returns and requires incentivization to change 
practice. The direct economic benefits of increasing SOC in 
farmland in the UK for the award of rural payments seem 
clear. The current EU Good Agricultural and Environmental 
Conditions (GAEC) standards set cross-compliance baseline 
requirements for farmers to safeguard soils, habitats and land-
scape features. GAEC 6 directly specifies ‘Maintaining the 
level of organic matter in soil’ by avoiding practices that re-
duce SOM (DEFRA, 2018a), indirectly ensuring the delivery 

of GAEC 4 (Providing minimal soil cover) and GAEC 5 
(Minimizing soil erosion). Soil policy documents over the 
past decade for the UK have emphasized the need to protect 
and enhance soil carbon stocks (Minasny et al., 2017). The 
recent Government 25-Year Environment Plan for England 
and Wales (DEFRA,  2018b) placed the promotion of soil 
health at the heart of its ‘Green Brexit’ strategy to ‘ensure 
healthier soils by addressing factors in soil degradation such 
as erosion, compaction and the decline in organic matter’ and 
‘protecting and improving the quality of soil’. Yet, despite 
the central role of managing SOC in these fundamental and 
enforced requirements, guidance on the appropriate methods 
to measure SOC is not explicit. As ‘protecting and improv-
ing the quality of soil’ is now overtly mentioned in the new 
Agriculture Bill for England (https://servi ces.parli ament.uk/
bills/ 2019-20/agric ulture.html), we assume that good soil 
management must form the foundation of the anticipated 
Environmental Land Management (ELM) scheme that will 
pay farmers and land managers for providing environmental 
benefits: clean air, clean water, reductions in environmental 
hazards and pollution, thriving plants and wildlife, enhanced 
landscapes, and mitigation and adaptation measures to mini-
mize the impact of climate change (DEFRA,  2019). The 
findings of this study suggest that the use of simple and well-
established technologies to, directly and indirectly, quantify 
SOC as a primary soil health indicator and mechanism for 
carbon sequestration are both possible and deliverable within 
the UK farming industry.

5 |  CONCLUSION

The dearth of relevant studies of SOC stocks in working 
agricultural soils, to draw on for robust data comparison to 
inspire confidence in farmers and land managers to change 
practice, creates a fundamental problem that can be only ad-
dressed by appropriate research and investment in partnership 
with farmers. This study was designed to begin to address the 
need for good quality data from working farms related to the 
measurement of SOC using similar protocols to those used 
in the UK Countryside Survey, and its relationship with a 
recognized soil health indicator used widely in the USA (the 
‘slake test’) by comparing topsoils from different manage-
ment on the same soil type. We measured SOC contents in 
arable, ley-arable rotation, permanent pasture and woodland 
soils, and these bore close comparison to published values 
for similar land-use types in the region. Recently tilled soils 
(arable and ley-arable rotation) were significantly poorer in 
SOC than those tilled more than 3 years ago, and SOC tended 
to increase with time since tillage to equilibrium after at least 
30  years. Although the relationship between TST and raw 
%SOM data was strong, correcting for clay content and bulk 
density improved the relationship further. Our first major 

https://services.parliament.uk/bills/2019-20/agriculture.html
https://services.parliament.uk/bills/2019-20/agriculture.html
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conclusion is that SOC can be reliably measured in farmed 
soils using accepted protocols and related to land manage-
ment, and that the database of on-farm measurements should 
be rapidly augmented to reward farmers for sustainable soil 
management (and carbon sequestration should a reliable car-
bon market emerge).

The soils selected by this study had large clay contents, 
and the tendency for clay minerals to form soil aggregates 
may have reduced the sensitivity of the ‘slake test’. The sta-
bility of aggregates in water scored using a slightly adapted 
version of the USDA protocol with more time intervals was 
used satisfactorily to separate aggregates from different man-
agement types. Furthermore, the WSA scores were directly 
related to SOC content and TST, indicating that the stability 
of aggregates from topsoil in water could be used as a simple 
test by farmers to monitor changes in their soils after manage-
ment changes, and to tentatively assess SOC and soil health, 
because maintaining SOC is necessary for the stability of ag-
gregates since it supports the biological agents of soil aggre-
gation. Therefore, our second conclusion is that WSA scores 
can be rapidly measured in clay soils and related to SOC 
stocks and soil management by land managers and should be 
included in the development of soil health toolkits for farmers 
currently under discussion by policymakers and industry.
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