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Abstract

Building up stocks of agricultural soil organic carbon (SOC) can improve soil con-
ditions as well as contribute to climate change mitigation. As a metric, the ratio of
SOC to clay offers a better predictor of soil condition than SOC alone, potentially
providing a benchmark for ecosystem service payments. We determined SOC:clay
ratios for 50 fields in the North Devon UNESCO World Biosphere Reserve using
30cm soil cores (divided into 0-10cm and 10-30cm depth samples), with soil
bulk density, soil moisture and land-use history recorded for each field. All the ar-
able soils exceeded the minimum desirable SOC:clay ratio threshold, and the ley
grassland soils generally exceeded it but were inconsistent at 10-30cm. Land use
was the primary factor driving SOC:clay ratios at 0-10cm, with permanent pas-
ture fields having the highest ratios followed by ley grass and then arable fields.
Approximately half of the fields sampled had potential for building up SOC stock
at 10-30cm. However, at this depth, the effect of land use is significantly reduced.
Within-field variability in SOC and clay was low (coefficient of variation was
~10%) at both 0-10cm and 10-30cm, suggesting that SOC:clay ratios precisely
characterized the fields. Due to the high SOC:clay ratios found, we conclude that
there is limited opportunity to market additional carbon sequestration as an asset
class in the North Devon Biosphere or similar areas. Instead, preserving existing
SOC stocks would be a more suitable ecosystem service payment basis.
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atmosphere (Friedlingstein et al., 2022). Globally, soils

Reducing carbon emissions to the atmosphere and se-
questering the excess carbon (C) already present is key
to limiting the extent of human-induced climate change.
Several potential global stores, including biota, oceans
and soils, have the potential to sequester carbon from the

are estimated to contain approximately 1500 Gt of soil or-
ganic carbon (SOC) in the top one metre of their profiles
which is more than in the earth's atmosphere and biota
combined (Batjes, 1996). SOC concentration (grams of
SOC per kg of soil dry mass) is also a key driver of soil
health (Lal, 2016) and is often strongly correlated with
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multiple soil properties and functions such as aggregate
stability (Abiven et al., 2009; Six et al., 2004), hydrolog-
ical properties, hydraulic conductivity (Jeffrey, 1970),
penetration resistance (Stock & Downes, 2008), nutrient
transformation and supply and the buffering of pollutants
(Baldock & Skjemstad, 1999). However, since the onset of
modern intensive agricultural practices, SOC has signifi-
cantly decreased by a cumulative amount exceeding 100
Gt (Lal, 2018; Sanderman et al., 2017). Most cropland min-
eral soils have lost 30%-50% of their SOC stocks (tonnes of
SOC per ha) in upper (0-30cm) soil layers relative to their
native condition (Davidson & Ackerman, 1993). Similarly,
overgrazed and poorly managed grasslands may be de-
pleted in SOC when compared to well managed or native
grasslands (Conant et al., 2016). At present, approximately
45% of global soils are utilized for some form of agriculture
(Paustian et al., 2019), highlighting the significant global
potential for continued losses or future C sequestration.

The concept of complexed organic carbon (COC) was
introduced by Dexter et al. (2008) and is carbon bound to
clay in aggregates within a soil which is protected from min-
eralization, thereby forming long-term stores. It was found
that the relative proportions of SOC and clay within a soil
were a better predictor of its physical properties (bulk den-
sity, water retention characteristics and clay dispersibility)
than SOC or clay content considered individually. Dexter
et al. (2008) showed that the SOC:clay ratio of 1:10 marked
an approximate capacity for SOC protection by clay as
COC; representing a possible upper limit on the amount of
SOC which is protected from decomposition within a soil.
Johannes et al. (2017) compared the SOC:clay ratio with
visible structural quality on Swiss Cambi-Luvisols and
found that an increased soil quality score was associated
with a higher ratio. Threshold values were proposed based
upon these observations of: >1:8 for ‘very good’ structure;
1:8-1:10 as ‘good’ structural quality which can be aimed
for even with tillage; 1:10-1:13 for soils requiring improve-
ment and <1:13 for soils likely to be in a ‘poor’ physical
condition (Johannes et al., 2017). Prout et al. (2021) com-
pared data retrieved for the initial sampling (1978-1983)
undertaken for the National Soil Inventory of England and
Wales, covering 3809 sites under arable land, grassland and
woodland, with these proposed thresholds. It was found
that 38.2%, 6.6% and 5.6% of arable, grassland and wood-
land sites, respectively, had ratios suggesting ‘degraded’
soil. This index therefore represents one pragmatic way of
benchmarking agricultural soils of different textures, given
that a soil with a high clay content is expected to have
higher potential to store C than a sandy soil.

Given the vital need to increase and conserve SOC,
convincing farmers of the need to implement best man-
agement measures is a fundamental requirement. Mattila
et al. (2022) found that farmers in Finland were most
likely to implement measures which had high co-benefits
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for both soil structure and productivity, such as cover
crops, nutrient-rich amendments and grassland manage-
ment. Due to the significant economic costs associated
with some best management measures recommended by
current policies (Collins et al., 2016), financial incentives
may be required to achieve higher uptake rates (Crabtree
et al., 1999; Fish et al., 2003). Here, converting ‘intangible’
soil assets to new revenue streams could help financially
transform farming in some regions and provide signifi-
cant environmental co-benefits at the same time. Both
government programmes and voluntary schemes funded
by private companies can financially incentivize SOC se-
questration, with the latter source of funding being more
common in practice (Paustian et al., 2019; von Unger &
Emmer, 2018). Here, carbon credits or certificates are
sold for the implementation of farming practices aimed
at sequestering additional CO, (Amelung et al., 2020).
However, to tie payments to soil status properly, it is nec-
essary to benchmark the current C stored within a field
and its capacity for improvement. The national-scale eval-
uation of soils in England and Wales by Prout et al. (2021)
using the SOC:clay ratio provides a new opportunity to
benchmark soils using a method that accounts for natural
variability in achievable SOC values due to soil clay con-
tent as well as providing a national-scale data set to which
soils in individual fields can be compared. The study re-
ported herein applied the SOC:clay ratio in selected fields
with different land uses and management practices in the
North Devon Biosphere region in the UK. This ratio has
not been applied previously or intensively to fields within
alocal region in an attempt to benchmark SOC. The North
Devon Biosphere aims to implement the United Nations
Sustainable Development Goals in large part through en-
couraging good land management and ensuring a healthy
soil condition and high carbon storage. The specific ob-
jectives of the work reported here were to assess the SOC
concentrations in the context of clay and total SOC stocks
in representative fields covering both grassland and arable
land uses and a range of soil types and management prac-
tices; to assess factors controlling SOC; to explore the use
of the SOC:Clay ratio as a means of benchmarking fields
in the North Devon Biosphere. We also considered how
Devon soils fit into the national picture of SOC and clay.

2 | MATERIALS AND METHODS

21 | Study area

This study was conducted in the North Devon UNESCO
World Biosphere Reserve which covers over 30% of the
county of Devon in the southwest of the UK. As part of im-
plementing the United Nations Sustainable Development
Goals, a natural capital marketplace was launched in April
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2022 where farmers have a route to market for the sale of
C credits in return for beneficial actions such as tree plant-
ing, peatland restoration and habitat improvement in
the Biosphere (North Devon Biosphere, 2022). Over 90%
of farms in the biosphere currently depend on the Basic
Payment Scheme to remain financially solvent. Therefore,
by adding SOC as a marketable asset, a new revenue stream

can potentially be made available to farmers in return for
environmental goods and services provided.

North Devon experiences high mean annual rainfall
of 960mm at Chulmleigh in its centre (Climate-data.
org, 2022). The geology of the area is primarily shale and
sandstone Culm measures, laid down in the Carboniferous
period (Figure 1). Soils over the Culm measures are often

Legend
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High: 620 -
- Water
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FIGURE 1 North Devon Biosphere boundary: the geology of Devon, data produced using data from the British Geological Survey; its
land use, data from the Crop Map of England 2018; elevation from an Ordinance Survey 50 m DEM; the locations of fields sampled (Rural

Payments Agency, 2020).
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acidic, poorly drained and waterlogged. Over these soils,
Culm grasslands (Rhos pasture) form, which are import-
ant for biodiversity, and both water and C storage. Permian
volcanic outcrops are present in the east and in a narrow
horizontal strip through the centre of the area. Soils over
this geology are characteristic ‘redlands’ due to their deep
red colour. These soils of the Crediton association have
a coarser, medium sandy silt loam texture, compared
with clays or clay loams over other rock types (Table S1;
Cranfield University, 2023). Land use is predominantly
grassland for cattle and sheep grazing; however, cultivated
fields for crop production are also common in areas where
the topography is flatter such as on watersheds between
river valleys. Arable land use covers approximately 8.9% of
the biosphere and approximately two thirds of this is used
for cereal production, with one third used for fodder crop
production (Devon County Council, 2022).

2.2 | Field sampling

Fifty fields spread over twenty-five farms were sampled
for this project. The farms were selected based on their
location in North Devon, with the overarching aim to
sample locations spread across the entirety of the study
area with different land uses, farm structures, manage-
ment practices and soil types (Figure 1). Each farmer ap-
proached was asked to identify two contrasting fields for
sampling based upon one being arable or temporary grass
ley and one being long-term permanent grassland. Where
both land uses were not available, the farmers were asked
to select either fields with contrasting management prac-
tices they viewed as being particularly relevant to this
study or their most and least productive fields. The farm-
ers were asked for a land-use history for each field, as well
as for details of any land management practice they are
undertaking, which may affect SOC (Table S2). In each
field, five sets of five cores were collected using a gauge
corer of 2cm internal diameter and 1 m length, according
to suggested best practice (Farm Net Zero, 2021). Each set
of five cores were collected in a cross pattern with a sam-
ple collected at each point of the cross and one in the cen-
tre, representing a 100 m? circular area. The crosses were
oriented to the north with the northern core 5.6 m from its
centre, the east 2.8 m, the south 4.9m and west 4m they
were oriented in this way so that future sampling could
locate the same points (Gashu et al., 2021). The cores were
retrieved to a depth of 30 cm and divided into two sections:
0-10cm and 10-30cm. A depth of 30cm was selected as
it is a typical depth of tillage in agricultural fields in the
UK. All five samples from each depth were bulked into
a single bag forming a composite sample with a total of
500 bulked samples collected across all farms (Farm Net
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Zero, 2021). This sampling method was used to ensure
that a representative sample from a particular area of a
field was obtained, and the sampling area was georefer-
enced. Five of these crosses were sampled in each field
distributed on the points of a W-shape which was posi-
tioned to sample as large an area of the field as possible
while avoiding land within 10m of the field margins or
any tracks, drinking troughs or visibly disturbed soil. This
sampling method aimed to replicate the conventional W
method for soils within a field (Farm Net Zero, 2021). At
the northern and southern points of the first cross, bulk
density samples were retrieved using a ring of 5cm inter-
nal diameter and 5cm length and soil depths of 2.5-7.5cm
and 17.5-22.5cm.

2.3 | Laboratory analysis
The bulked core samples collected were initially dried at
30°C in a fan-assisted oven and were subsequently gen-
tly disaggregated and homogenized by hand, using a pes-
tle and mortar, before being sieved to <2mm through
a stainless-steel mesh to remove any coarser soil par-
ticles and roots. The samples were sent to NRM labora-
tories for clay analysis using the pipette method (Gee &
Bauder, 1986). A subsample of each bulked sample was
also finely ground and homogenized using a pestle and
mortar for C analysis.

Total C and 8"°C concentrations were measured using
a Carlo Erba NA2000 analyser and a SerCon 20-22 iso-
tope ratio mass spectrometer. While a 8'°C measurement
is not strictly required for this research it is provided as a
by-product of the C analysis and can provide a useful in-
dicator of the presence of inorganic carbonates, which the
values of between —27 and — 32 indicated were not present
in the soils sampled (Leavitt et al., 2009). Between 10 and
60mg of the prepared samples was packed into pure tin
capsules and sealed for analysis. The mass analysed was
dependent upon the C content of the sample and need to
achieve values within the instruments range of detection.
Wheat flour (IA-R001 from Iso-Analytical, Crewe, UK;
40.2% C and —26.43 8"°C) calibrated against IAEA-CH6
for C by Iso-Analytical, Crewe, UK was used as a reference
standard. As an additional test for inorganic carbonates,
one sample from each field was washed using hydrochlo-
ric acid and re-analysed after any inorganic carbonates
had been destroyed. Here, a strong correlation between
the acid washed and unwashed samples indicated that no
significant quantities of mineral carbonates were present
and that the C measured was almost all SOC (Figure S1).

The bulk density samples were initially weighed wet
before being oven dried at 60°C until they reached a con-
stant weight. The dry weight was subtracted from the wet
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weight to calculate the percentage soil moisture. The dry
mass was divided by the volume of the sampling cylinder
to calculate the dry bulk density of the sample. Where any
stones (> approximately 5mm diameter) were found in
the samples, their mass and volume were subtracted from
the final bulk density value.

2.4 | Data analysis

SOC stocks were calculated using Equation 1 and were
and compared between land uses. Any outlying results
for a land use were examined in the context of the land
management history of the field. The mean proportion
of the total 0-30cm SOC stock distributed in the 0-10cm
and 10-30cm depths was then calculated. SOC concen-
tration was then plotted against clay content for the two
depths along with the thresholds established by Johannes
et al. (2017). Fields failing to achieve or significantly ex-
ceeding the thresholds were examined in the context of
soil moisture and land management history.

SOCs = SDD x SOCc* depth * 100

where: SOCs=SOC stocks (tha™'), SDD=Soil dry density
(kgm™?), SOCc =soil carbon content (gkg™"), depth=depth
of sampling (m).

For SOC:clay to act as a metric for benchmarking soils
in the biosphere a reasonably low within-field variability
is necessary. Therefore, the standard deviation and coeffi-
cient of variation of the five bulked samples in each field
were calculated. All graphs were created using R version
4.1.1 and ggplot2 version 3.4.0.

2.5 | National soil inventory of
England and Wales

Data from the National Soil Inventory of England and
Wales (NSI) were received from Cranfield University
(www.landis.org.uk; Proctor et al., 1998). The NSI was
sampled on a 5km grid of the land area at a depth of
0-15cm, with analysis of soil chemistry, as well as

records of some site characteristics (including broad
land-use class). Data from the first sampling for the
NSI (sampled in years 1978-1983) were selected using
the following criteria: land use (arable, ley grassland or
permanent grassland) and clay (>0gkg™"). Data were
excluded if classed as peat in the major soil group clas-
sification or if peat was recorded in the description of
soil texture. Soils located in Devon from this subset of
the NSI were identified for comparison with the North
Devon study area samples. Prout et al. (2021) excluded
statistical outliers in SOC/clay, but they have been in-
cluded in this analysis to provide a more complete com-
parison of soils within Devon.

3 | RESULTS

3.1 | Total SOC stocks

The total SOC stocks in the top 30cm of the soil pro-
file were significantly affected by land use (p<.05,
Kruskal-Wallis H-Test; Table 1; Table S2). Mean SOC
stocks for fields under each land use were in the order:
arable < ley < permanent pasture (PP). Overall, there
was no consistent link between land management prac-
tices other than land use and C stocks. There was also
no significant correlation (p > .05) between the number
of years that a field has been used as PP and its total
SOC stock.

The mean percentage of the SOC stock in the 0-10cm
depth relative to the total 0-30cm stock of the sampled
profiles was 34.5% for arable (2.5% standard deviation),
36.7% for ley (2.6% standard deviation) and 39.5% for PP
(5.8% standard deviation). This indicates a fairly homog-
enous SOC distribution throughout the soil profile with
some enrichment in the top 10cm in ley and greater en-
richment in PP. Most of the total SOC stock was stored at
the 10-30cm depth where more of the soils mass was lo-
cated (mean bulk density for all land uses 0.96 at 0-10cm
and 1.19gcm™ at 10-30cm).

While mean SOC concentrations at 0-10cm and 10-
30cm depths were correlated with each other, this was
only with a low * of 0.29 (p <.05), suggesting that there
were different environmental factors controlling SOC at

TABLE 1 Total SOC stocks (tha™)

Percentiles within the top 30cm of the sampled soil
n Median 5th 25th 75th 95th profiles.
Arable 6 91.71 80.52 83.36 100.27 80.52
Ley 10 113.41 85.12 96.2 139.01 85.12
Permanent 34 119.81 84.63 106.46 136.47 84.63

pasture

85U8017 SUOLIIOD BAIE8ID 3|geotjdde aup Aq peusenobare ssoiLe O ‘@SN JO SNl 1oy Ariqi8uljuO /8|1 UO (SUORIPUOD-pUR-SWB)W0D A8 | imAre1q Ul |uo//SdNL) SUORIPUOD pUe sws 1 8y} 88S *[£202/20/92] Uo ARidi8uluo A8|IM ‘581 Aq 0Z62T WNS/TTTT OT/I0p/Wo0™AS| 1M Alelq Ul U0'S puINo Bssy/:sdny Wwolj pepeojumod ‘€ ‘€202 ‘ev/2SL YT


http://www.landis.org.uk

PULLEY ET AL.

SoilUse

the two depths. Clay contents at 0-10cm and 10-30cm
were significantly linearly correlated with an r* of .77.

3.2 | SOC:Clay ratio

3.2.1 | 0-10cm depth

When benchmarking the sampled fields against the
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etal. (2017), all PP fields apart from two, had a ratio exceed-
ing the maximum 1:8 threshold (Figure 2). The two fields
which failed to reach this ratio were still within the good
category with a ratio above 1:10, which means they were
not atypical of PP fields nationally (Prout et al., 2021). The
arable soils exceeded the 1:13 threshold and were mostly
close to the 1:10 threshold (above and below) which rep-
resents an approximate maximum for SOC protection
by mineral interaction. The ley soils mostly exceeded

SOC:clay ratio thresholds proposed by Johannes the 1:10 threshold except for two points which were still
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above the 1:13 threshold. For context, 38.2% of arable
fields in England and Wales, 15.0% of ley fields and 6.6%
of PP fields had soils which were below the 1:13 thresh-
old (Prout et al., 2021), emphasizing the good condition
of soils in the North Devon Biosphere. Most non-wetland
PP fields had a SOC concentration between approximately
40 and 70 gkg ™" (mean 58.54gkg™"). Concentrations in ar-
able and ley fields were lower with means of 27.09gkg™
and 37.40gkg™", respectively.

A correlation was found between SOC concentration
and clay content (+* of .30). However, this may have been
confounded by land use due to arable fields being posi-
tioned on lighter texture soils, perhaps by choice for freer
drainage (Figure 2). Taking each land use separately, cor-
relations of SOC and clay were variable with r* values for
arable, ley and PP (once wetlands were removed) of 0.68,
0.21 and 0.28, respectively. Fields under PP management
generally had SOC:clay values above the 1:8 threshold
and therefore were likely to have SOC in excess of min-
eral interaction. Soil water content was a possible con-
trolling factor of SOC, rather than clay content, for these
fields as the four fields containing vegetation indicative of
wetlands (e.g. rushes) identified in blue in Figure 2 had
significantly higher SOC concentrations than other fields.
There did not appear to be a particularly strong grouping
or trend for redland soils with possible confounding ef-
fects from land use and soil texture.

3.2.2 | 10-30cm depth

The threshold values used by Prout et al. (2021) to bench-
mark soils in England and Wales were tested at a shal-
lower depth of 0-15cm but, the interactions between SOC
and clay are expected to still apply at a range of topsoil
depths (Getahun et al., 2016). The thresholds are pre-
sented to determine whether the SOC concentrations
have surpassed the 1:10 threshold relating to soil struc-
ture and physical protection of SOC (Figure 3). Only 7 of
the 50 fields sampled were below the lowest 1:13 thresh-
old suggesting that most of the soils were not structurally
degraded. All arable fields, however, were below the 1:10
threshold, indicating that increased SOC storage would be
possible at this depth. Half of the ten grass ley fields had
SOC:clay above the 1:10 ratio indicating an improvement
over arable land; however, 17 of the 34 PP fields failed to
reach the threshold.

The three land uses did not have such a strong trend in
differences of SOC concentration at 10-30cm depth when
compared to 0-10cm depth, but there was still an effect
of land use (p<.05, Kruskal-Wallis H-Test; Figure 3).
Arable fields had the lowest median concentrations at
both depths, but at 10-30cm, the SOC concentrations of

PP fields had dropped to a similar range as ley fields com-
pared with the shallower depth. Of note is that three of
the four wetland-type fields which had high SOC concen-
trations at 0-10cm depth did not at 10-30cm.

3.3 | Within-field variability
To establish the variability in SOC and clay concentrations
within the individual fields, the concentrations recorded
for the five crosses sampled were examined (Figure 4).
At 0-10cm depth, the mean standard deviation of SOC
for the five crosses sampled was 6.0gkg™" which was a
mean coefficient of variation (COV) of 10.7% of the mean.
Two outlying fields with the highest variability were both
wetland-type fields. When these were removed, the mean
standard deviation decreased to 4.8gkg™" and mean COV
t0 9.60%. At 10-30cm depth, the mean standard deviation
was lower at 4.2gkg™" although this equated to a higher
mean COV of 13.2%. With the two outlying wetland sites
removed, the standard deviation decreased to 3.7gkg™
and COV to 11.82%. At this depth three additional outli-
ers with a COV above 20% were found. The high variabil-
ity here can be attributed to a shallow soil profile and the
boundary of two different geological units within a field.
For clay content at 0-10cm depth, variability was
lower than that measured for SOC, with a mean stan-
dard deviation of 2.6% equating to a COV of 7.8%.
Variability was similar at 10-30cm depth, with a mean
standard deviation of 2.36% and COV of 7.7%. Overall,
the within-field variability in both SOC and clay content
was low when compared to the differences observed be-
tween different fields. Variability in the SOC:clay ratio
was found to be slightly higher than SOC considered
alone at a mean COV of 11.1% at 0-10cm depth and
15.23% at 10-30 cm depth.

3.4 | Devon soils in a national context

Soils sampled in Devon as part of the national sampling
of the NSI had SOC and clay concentrations which were
relatively central in the distribution of the data for each
land use in the UK as a whole (Figure 5). Proportions of
the sites with respect to SOC:clay thresholds (Table 2)
showed that Devon soils under permanent grass were con-
sistent with the full national results, soils under ley grass
showed relatively fewer soils with SOC:clay >1/8, and
more with SOC:clay between 1:13 and 1:10. Devon soils
under arable management had a lower proportion of sites
with SOC:clay <1:13 than the full national data set, but
this was still higher than for grasslands. Therefore soils in
North Devon might be expected to have a reduced risk of
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SOC:clay being <1:13 whether through farming practices
or climatic effects.

The comparison of the North Devon Biosphere sam-
pling with the NSI data was limited by the difference
in sampling depth (0-10cm vs 0-15cm); however, the
shallower data did not look out of place when overlayed
(Figure 6). For the arable and ley soils, the data did not
show a strong dilution effect with this difference in depth
(considering the difference at 10-30cm, Figure 3). While
this sampling depth difference might have had a stronger

impact for PP fields, the new data points fell in a similar
range of SOC and clay to the NSI points.

4 | DISCUSSION

4.1 | Controls on SOC

It was evident from the results generated that, as found
in previously published literature, land use was a major
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FIGURE 4 Mean coefficient of
variation in SOC concentration between
the five replicate bulked samples retrieved
at 0-10cm and 10-30cm depths in each
sampled field; field numbers refer to those
described in Tables S1 and S2.
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FIGURE 5 Data from the National Arable Ley grass Permanent grass
Soil Inventory of England and Wales
under specified land uses coloured by
relation to the borders of Devon: within 1501
(black) or elsewhere (grey). Lines
represent SOC:clay ratios of 1:8 (gold), —
1:10 (orange), and 1:13 (purple). !
2 1004 6
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o) % X X
D504 Fax SR X
X
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-1
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TABLE 2 Summary of the .
o ) % of n in SOC:clay range
distribution of data with respect to
SOC:clay thresholds for each land use in Dataset Land use n >1:8 <1:8, >1:10 <1:10, >1:13 <1:13
the National Soil Inventory of England NSI
and Wales (NSI), Devon sites from the
NSI, and fields sampled in the North Arable 1744 31 13.4 18.8 368
Devon Biosphere. NSI data were from Ley grass 638 52.5 19.1 14.3 14.1
samples collected at 0-15cm depth. Data Permanent 1422 69.8 13.6 10.7 5.9
for North Devon Biosphere is for samples grass
at 0-10cm depth. NSI Devon
Arable 29 31 20.7 20.7 27.6
Ley grass 52 36.5 19.2 38.5 5.8
Permanent 94 61.7 234 8.5 6.4
grass
North Devon Biosphere
Arable 6 0 33.3 66.6
Ley grass 10 30 50 20 0
Permanent 34 91.2 5.9 2.9 0
grass

control on SOC (Lal, 2004; Pabst et al., 2016; Wright &
Wimberly, 2013). Arable fields when ploughed conven-
tionally will typically lose about 40%-60% of their SOC
(Guo & Gifford, 2002). There was a 54% difference be-
tween the sampled arable field mean SOC concentration
and that found in PP, falling within this published range
of SOC losses. There was, however, little indication that
land management practices, other than land-use change,
were having a significant effect on SOC. While manure
applications took place in many of the studied arable and
ley fields, there was no clear trend in such applications
causing higher SOC stocks. Maintaining two fields as
grassland rather than as an arable rotation and the mix-
ing of SOC deeper through the soil profile during regular
ploughing and reseeding operations may, however, have

driven the two highest SOC stocks in the 0-30cm depth
range. van Eekeren et al. (2008) found SOC 1.7 times
higher after 3years of arable cultivation when preceded
by 3years of grassland than without. It was also not pos-
sible to observe a clear impact of cover cropping within
the collected dataset. However, Zhang et al. (2022) found
a greater accumulation of microbial-derived C in mineral-
associated SOC in fields containing mixed legume, grass
and brassica compared with monocultures of grass and
brassica indicating the significant potential of cover crops
to increases SOC in arable systems. Therefore, a lack of
effect of many of the possible land management measures
within the dataset may be linked to legacy carbon stocks
from when the fields were last grassland, or the effects of
soil moisture driven by local topography.
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This study suggested that SOC in the 10-30cm depth
range was much less affected by land use than at 0-10cm
depth. It has been found in other studies that there is lim-
ited evidence of a significant change in SOC stocks under
30cm depth associated with long-term arable or grassland
land uses (Hopkins et al., 2009; Jenkinson, 1971; Poulton
et al., 2003). Three fields with outlying high SOC concen-
trations at 10-30cm depth were, however, found. Each of
these fields had been ploughed or paraploughed (com-
pacted layers are loosened at ~300 mm depth without sig-
nificant soil inversion), possibly moving some SOC deeper
through the soil profile. However, many other fields which
had been ploughed did not show the same effect.

4.2 | The SOC: Clay ratio

A generally low variability in SOC and clay was found
within the individual fields sampled indicating that
SOC:clay is likely to be practical to characterize at field
scale in landscapes similar to North Devon. The SOC:clay
ratio thresholds proposed by Johannes et al. (2017) were
of assistance in determining that most fields had a good
amount of SOC in relation to their clay contents and that
these soils had ‘free’ organic matter beyond that stored in
clay aggregates as they exceeded the threshold of 1:10 iden-
tified by Dexter et al. (2008). The mean SOC:clay ratios of

soils with good or bad soil structure were established at
5-10cm depth by Johannes et al. (2017). The soil cores
collected in this study were collected at 0-10cm and 10-
30cm and therefore the mean SOC:clay ratio for soil with
‘good’ and ‘bad’ structure are likely to be slightly different
here than in the work of Johannes et al. (2017). However,
there is still likely to be a positive relationship between
SOC:clay ratio and soil structure. Therefore, strictly
speaking it is the core that is classified as having ‘good’
or ‘bad’ structure rather than the soil, the location or the
profile. Prout et al. (2022) suggested that the thresholds of
>1:13,>1:10 and >1:8 can be used as targets for arable, ley
grass and permanent grass, respectively, in England and
Wales. In our new dataset at 0-10cm depth, higher ratios
were found in almost all fields. This may suggest that soils
in similar climate and landscape settings may more eas-
ily reach these targets without major changes to agricul-
tural practices than soils in other settings. But, as Prout
et al. (2022) showed, there could be declines in SOC:clay
for all the land uses sampled here, especially at SOC:clay
ratios greater than 1:8, which should warn against com-
placency. For example, many arable fields may not have
been continuously cropped for decades allowing for some
legacy carbon stores from their time as ley grassland to
remain maintaining the 1:10 ratio. The ratio indicated
some potential for greater SOC accumulation at 10-30cm
depth. However, as land use was not a major controlling
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factor on SOC at this depth, it may be difficult to achieve
this increase in practice. The relatively strong concentra-
tion gradient for PP soils between 0-10cm and 10-30cm
depths compared with arable and ley grass may be in part
due to few, if any, disturbances to redistribute the SOC
deeper under PP. However, rooting depth and grassland
management may also promote deeper inputs of carbon.

4.3 | SOC as a marketable asset class

Two possible avenues can be considered for converting
SOC to a marketable asset class. These are by increasing
SOC concentrations or maintaining existing SOC. Linking
payments to an action or change made by farmers may
be more appealing to potential customers. However,
within the new data set reported herein, there was lim-
ited evidence of a clear link between SOC and land man-
agement practices. Soil moisture, as the major control is
mostly an intrinsic factor of the field which cannot be
easily increased. However, allowing historically installed
field drains, which are widespread in the UK, to degrade,
may achieve an increase in soil moisture. As this action
is site-specific, as field drains are only present in particu-
lar fields, land-use change is instead considered here as
a more widely applied measure. An additional drawback
to field re-wetting is that it may also increase nitrous
oxide losses to the atmosphere (Banerjee et al., 2016). The
new results from this study suggest that, in general, land
use only has a small impact on SOC below 10cm depth.
Therefore, land-use practices are only likely to deliver sig-
nificant benefits to the between 34.5% (arable) and 39.5%
(PP) of 0-30cm depth SOC stored in the top 10cm of the
soil. For context, over 50% of the total SOC stored in UK
soils is in the top 30 cm of the soil (Natural England, 2015).
However, a comparison to the wider national data set sug-
gests that fields in North Devon are largely achieving and
exceeding SOC concentrations which can be expected for
their land uses at this 0-10cm depth. The SOC:clay ratio
indicated that there was greater potential for increasing
long-term stores of SOC at the 10-30cm depth; however,
a reduced difference between SOC concentrations in dif-
ferent land uses at this depth suggested that achieving this
outcome may be challenging.

Taking the differences between mean SOC stocks for
the fields sampled, converting an arable field to PP would
increase soil C stock by 28.42tha™ and converting a ley
field to PP would increase stock by 6.51tha™". Gains may,
however, be smaller than this, given the lower clay content
of the arable fields and their positioning on hilltops with
lower soil moisture. The potential for gaining additional
soil C is low when compared to the amount of SOC already
stored in the fields of 94.87tha™"' for arable, 116.78tha™!
for grass ley and 123.29tha™"! for PP. Therefore, basing

and Management

payments upon maintaining existing grassland may there-
fore deliver greater environmental benefits than land-use
change given increasing climate change and food security
pressures. This may be less appealing to potential custom-
ers; however, as it does not require any substantial addi-
tional actions to be taken by farmers and does not sequester
substantial amounts of new atmospheric C. An alternative
option may be the implementation of silvo-pasture due to
the increased root-biomass associated with trees and its
eventual contribution to SOC (Lopez-Santiago et al., 2019).
However, further research is required to quantify the po-
tential increases to SOC associated with this farming sys-
tem in landscapes such as North Devon.

5 | CONCLUSIONS

Within North Devon and possibly other areas with a
similarly wet climate, long-term PP is clearly capable of
supporting SOC concentrations greater than the limits im-
posed by clay content and the soils potential to complex
organic C into aggregates. Arable land and ley grassland in
the study area also generally had high SOC concentrations
close to approximate limits for SOC-mineral interaction.

However, there is no clear pathway to achieving in-
creases through land management given the limited
impacts of most actions other than differences between
land-use classes which were observed in the collected
data set. Instead, there is greater potential for the loss of
C through land-use change and marketing the preserva-
tion of existing SOC stores is likely to be of most benefit
in the North Devon Biosphere. Therefore, as suggested in
other research, policy goals to preserve C already stored in
ecosystems deserve at least as much attention as efforts to
sequester additional C using existing or new stores. This
is especially important given the significant projected ex-
pansion of the global cropland area.

Overall, the SOC:clay ratio provides a pragmatic means
to identify if soils are storing sufficient SOC that can be
marketed as an asset to be preserved, or if they have poten-
tial to increase SOC stocks which can be monitored and
then sold.
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