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SUMMARY

Soil organic carbon (C) plays a critical role in supporting the productive capacity of soils and their ability to
provide a wide range of ecologically important functions including the storage of atmospherically derived carbon
dioxide (CO2). The present paper collates available information on Scottish soil C stocks and C losses and reviews
the potential pressures on terrestrial C, which may threaten future C stocks. Past, present and possible future
land use, land management practices and land use changes (LUCs) including forestry, agriculture, nitrogen (N)
additions, elevated CO2 and climate change for Scotland are discussed and evaluated in relation to the
anthropogenic pressures on soil C.
The review deduces that current available data show little suggestion of significant changes in C stocks of

Scottish soils, although this may be due to a lack of long-term trend data. However, it can be concluded that
there are many pressures, such as climate change, intensity of land use practices, scale of LUC, soil erosion and
pollution, which may pose significant threats to the future of Scottish soil C if these factors are not taken into
consideration in future land management decisions. In particular, this is due to the land area covered by
vulnerable peats and highly organic soils in Scotland compared with other areas in the UK. It is therefore
imperative that soil C stocks for different land use, management practices and LUCs are monitored in more detail
to provide further insight into the potential changes in sequestered C and subsequent greenhouse gas emissions, as
advised by the United Nations Framework Convention on Climate Change (UNFCCC).

INTRODUCTION

Terrestrial carbon (C) sequestration is the process
whereby atmospheric carbon dioxide (CO2) can be
immobilized by the soil and held there in a relatively
permanent form, i.e. the term ‘sequestration’ implies a
combination of both capture and storage (Chapman
2010). Soils contain significantly more C than is
present as CO2 in the atmosphere so the stability of
this soil store, particularly under changing temperature
and other climatic factors, is a major source of un-
certainty under future climate change predictions
(Frogbrook et al. 2009). Globally, soils contain c.
1500 petagrams (Pg=1 billion tonnes) C in the top
metre (Smith et al. 2010), about three times the

amount of C in vegetation and twice the amount in
the atmosphere (IPCC 2000).

Carbon dioxide emissions increased by c. 80%
between 1970 and 2004, and made up 0·80 of total
global anthropogenic greenhouse gas (GHG) emis-
sions in 2004 (IPCC 2007). Scotland plans to reduce
emissions by 50% by 2030 and by 80% by 2050
(Glenk & Colombo 2011). In the UK, policies to
control the increase in atmospheric CO2 and conse-
quent climate change have been defined by the UK
Climate Change Bill (UK Government 2008) and
Scottish Climate Change Act (Scottish Government
2009). There is an urgent requirement to improve
our understanding of the processes contributing to C
storage in soils. This arises from the need to sequester
and/or conserve C tomitigate against emissions of CO2

and effects of global climate change (Paustian et al.
1997) as well as improving soil quality, as we develop

* To whom all correspondence should be addressed. Email: sarah.
buckingham@sruc.ac.uk

Journal of Agricultural Science (2014), 152, 699–715. © Cambridge University Press 2013
doi:10.1017/S0021859613000300

https://doi.org/10.1017/S0021859613000300 Published online by Cambridge University Press

https://doi.org/10.1017/S0021859613000300


more sustainable land management practices (Carter
2002).

Increasing populations place further demands on
the need to increase food production, conservation
of biodiversity and soil/water/ecosystem quality.
Maintaining and possibly enhancing soil organic
matter (SOM) is an important component spanning
local and global scales (Miller et al. 2009; Ostle
et al. 2009; Rounsevell & Reay 2009; Crute &
Muir 2011; Dobbie et al. 2011; Glenk & Colombo
2011). Soil organic matter plays a crucial role in
supporting the productive capacity of soil. It does this
by providing a store of nutrients, enhancing soil
structural properties, contributing to an increased
capacity to store water, and enhance soil microbial
processes that are critical to supporting plant growth
(Carter 2002).

In the present report, published data reporting
Scottish soil C stocks are collated to determine
whether evidence exists to support gains or losses of
C in Scotland. Current and future pressures relating
to C storage and soil C estimations are summarized.
The report infers evidence from local to worldwide
scale issues, with particular emphasis on Scotland.

SOIL CARBON STORES AND TRENDS

Carbon stocks reported for Scotland show some
variation in estimated values. Milne & Brown (1997)
reported soil C stocks for Great Britain (as opposed
to the UK) to be 9838Mt C with 2890Mt C for soils
in England and Wales, and 6948Mt C in Scotland, of
which 4523Mt C was estimated to be in peat soils.
These figures equate to 0·46 of soil C in Great Britain
being stored in Scottish peatlands alone. Following a
recalculation of peat C, Chapman et al. (2009)
approximated the total soil C store in Scotland to be
2872Mt C. This figure was compiled from C stocks
reported for organomineral (754Mt C) and mineral
(498Mt C) soils by Bradley et al. (2005) and peatland
soils (1620Mt C) from Chapman et al. (2009). Better
estimates of soil bulk density are keys to understanding
the differences in the soil C stock estimates. Chapman
et al. (2009) explained that in the original peat surveys
of Scotland, peat was defined as soil with a proportion
of <0·2 ash and a depth of organic horizon of >30 cm.
Later, the Soil Survey of Scotland (Soil Survey Staff
1984) defined peat as organic layer(s) exceeding
50 cm depth from the surface; however, in Scotland
there are considerable areas covered by organomin-
eral soils (surface organic horizon of <50 cm) as well as

areas comprising mixtures of peat and organomineral
soil. This makes soil classification and C store
estimation of broad areas difficult.

Bellamy et al. (2005) reported an average C loss
rate of 0·6% per year for topsoils (to 150mm depth)
between 1978 and 2003, utilizing National Soil
Inventory data for England and Wales. A positive
relationship was reported between total C loss rate
and soil C content, with soils containing >100 g C/kg
having loss rates of up to 2% per year. This could
be a significant detrimental loss if applicable to
Scottish soils. As this relationship was found to be
irrespective of land use change (LUC), it was
speculated that climate change was a controlling
factor. However, subsequent analyses such as
Thomson et al. (2008) indicated that the actual loss
was much smaller at c. 160 g/m2 or 3% between 1978
and 2003 (Rounsevell & Reay 2009). Smith et al.
(2007a) noted that the results reported by Bellamy
et al. (2005) contradict evidence that the UK and
Europe, as a whole, are net CO2 sinks as reported by
Janssens et al. (2003). Recent estimates suggest that
the UK soil C pool is slowly accumulating C at a rate
of 0·22Mt/year in 2000, as reported to UNFCCC
(Dobbie et al. 2011).

More recently, Chamberlain et al. (2010) found
there to be no significant difference in topsoil C
concentrations between 1978 and 2007 using data
from the Countryside Survey of Scotland, England
and Wales. For Scotland, mean topsoil C concen-
trations were measured at 239, 258 and 242 g/kg in
1978, 1998 and 2007, respectively, and mean topsoil
C stocks at 619, 623 and 628Mt, again in 1978,
1998 and 2007. These data show little difference
in C stores for topsoils in Scotland between 1978
and 2007. Soil samples sent by farmers (so, primarily
agricultural topsoils) to the Scottish Agricultural
College (SAC) analytical laboratory between 1996
and 2006 show no discernible change in SOM
concentrations (12700 routine samples; SAC, unpub-
lished data); neither do data from the long-term
rotational experiment at Craibstone (Aberdeen),
which has occasional measurements of SOM dating
back to 1922 (Walker et al. 2007; Dobbie et al. 2011).
Smith et al. (2007a) discussed other environmental
and analytical possibilities to explain declining trends
in soil C reported by Bellamy et al. (2005). These
included changes in land management, recovery
from acidification, enhanced atmospheric nitrogen
(N) deposition, burning practices, fertilization and/or
liming in the uplands, the calculation of C stocks,

700 S. Buckingham, R. M. Rees and C. A. Watson

https://doi.org/10.1017/S0021859613000300 Published online by Cambridge University Press

https://doi.org/10.1017/S0021859613000300


depths chosen and bulk density measurement par-
ameters.
There is also evidence of an increase in C loss

by export of soluble C in UK drainage water, which
may be indicative of losses from within soil C stores.
Evans et al. (2005) stated that dissolved organic
carbon (DOC) concentrations in UK upland waters
have increased by an average of 91% during the
last 15 years. Yallop et al. (2010) investigated
fluvial export of the humic component of DOC
and found actual C export via this pathway has
doubled over the last three decades for three
South Pennine catchments. McCartney et al. (2003)
reported an increasing trend in concentrations of
stream DOC for Loch Ard, west-central Scotland
from 5mg/l in the 1980s to 16mg/l in 2003. Worrall
& Burt (2007) suggest similar trends for DOC through-
out the UK. A study of the C budget of a raised
bog in south-east Scotland showed that losses
of DOC represented 24% of net ecosystem exchange
of C (Dinsmore et al. 2010).
Observed seasonal variation and rising long-term

trends of DOC have been linked to temperature
and climate change (Lumsdon et al. 2005; Bonnett
et al. 2006), water fluxes (Buckingham et al. 2008)
and recovery from acidification (Evans et al. 2006;
Monteith et al. 2007; Clark et al. 2010). However,
Evans et al. (2005) stressed the difficulty in isolating
the driving factors contributing to increases in DOC
with variability between sites being heavily influenced
by the magnitude of spatial and temporal factors as
discussed by Clark et al. (2010).
Large terrestrial C stocks in Scotland (in relation

to other parts of the UK) and reports suggesting
significant losses of soil C in some parts of the UK
highlight Scotland as a crucial potential store or source
of C. Measuring and understanding soil C trends are of
vital importance in relation to Scottish soil quality and
soil resources, and more widely in relation to efforts
to reduce GHG emissions. Current and future anthro-
pogenic and environmental pressures will bear heavily
on attempts to conserve soil C in Scotland as well as on
a global scale.

Difficulties in determining soil carbon stocks
and trends

Variation in stock estimates for Scotland (and in other
areas) stem, in general, from difficulties in accurately
measuring and quantifying soil heterogeneity, soil
depths (particularly for deep peats), estimating bulk

densities and loss on ignition, which are discussed
below. Scottish soils are highly variable due to
gradients in climate, topography, parent material and
land use. Complex interrelated processes of primary
production, C inputs to the soil system, decomposition
and mineralization processes, the adsorption, physical
protection and stabilization of organic matter and
C losses, all operating on a continuum of timescales
and varying spatially, lead to considerable natural
heterogeneity.

Soil type and depth is an important parameter.
Depending on the objectives of a study, different
depths are often sampled. There is much spatial
variation of total soil depths over landscapes, and
biogeochemical processes can change with depth.
The amount of soil organic C below 100 cm is not
well known. However, by averaging across all deep
blanket peat soil in Scotland it can be suggested
that a maximum addition of 35Mt C can be added to
current Scottish peat soil estimates (Morison et al.
2010). Without knowing the total depth of soil, it is
difficult to know whether the whole-profile depth
has decreased due to destabilization and/or erosion
processes resulting in a loss of total (whole-profile)
C stocks. Owing to the dynamic nature of surface
peat, relying on ‘topsoil’ measurements of peat for
whole-profile assumptions of C content can be mis-
leading if no quantification of deeper (more stable)
peat C content is made.

There is some debate as towhich bulk density values
to use if not measured directly when estimating soil
C stocks, as it can vary both spatially and temporally
(Lee et al. 2009). Temporal variation is not taken into
account in inventory reporting (Schrumpf et al. 2011)
and can be related to land management, such as
animal stocking rates and use of machinery as
discussed in Sonneveld & van den Akker (2011). In a
study comparing two moorland sites, Glensaugh
(north-east Scotland) and Plynlimon (mid Wales),
comprising organomineral and peat soils, Frogbrook
et al. (2009) found bulk densities decreased with
average depth down the organic layer, which indicates
non-uniformity for soil bulk density. It may be argued
that the measurement of bulk density is even more
important in peat soils than in mineral soils because
organic soils are more vulnerable to compaction,
potentially resulting in high variation in bulk density.
However, the risk of compaction is less than on
more managed soils because peat is generally used
for extensively grazed systems and consequently less
exposed to compaction. Therefore soil management is
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a key factor to consider in the variability of soil bulk
density.

Smith et al. (2007a) showed that if the equations
used by Bellamy et al. (2005) to predict bulk density
were applied to Scottish and Irish peat, they consist-
ently over-predicted bulk density. Smith et al. (2007b)
and Milne & Brown (1997) also found that care needs
to be taken when selecting an assumed bulk density
(if not directly measured) as this can lead to large errors
in estimating C stocks. Estimates of Scottish soil C
pools in Smith et al. (2007b) increased by 30% when
including the combination of organic material below
1m depth and better estimates of bulk density.

An important consideration to be made when
assessing the impacts of LUC upon soil C storage is
time. Following changes to land use or management
practices it may take decades or centuries for soils to
reach a new equilibrium (if at all), resulting in long-
term consequences. Powlson et al. (2011) highlights
issues surrounding possible over- and underestimation
of C stocks and trends over time due to the lack of
long-term studies, i.e. misunderstanding the practices
that lead to genuine C increases, an ignorance of
the fundamental limitations of C sequestration and
that the impacts of land management practices, which
are beneficial for soil organic C, often overlook
other GHG fluxes. The time frame required for a state
of reasonable equilibrium to be achieved depends
inevitably on the extent to which land use has been
modified, the type of management practices applied
and the sensitivity of the environment. The importance

of these has been acknowledged by the IPCC with the
introduction of the Good Practice Guide for Land Use,
Land-use Change and Forestry (LULUCF) programme
(IPCC 2006). Guidance is provided for estimating,
monitoring and reporting C stocks through LULUCF,
although these are somewhat controversial due to
assumptions included (for example there being no
change in long-term grassland C). In relation to
Scottish soils, Table 1 suggests there have not been
any considerable changes in dominant Scottish land
cover for categories assessed by the Countryside
Survey (2007a). However, there are still concerns
regarding land management such as those relating to
agricultural and forestry practices and development of
windfarms (and any other soil-disturbing develop-
ments) as a result of increased demand for food and/or
energy.

The quantification of changes in soil organic C
stocks in grassland needs to take into account both
organic C content and bulk density (Sonneveld & van
den Akker 2011). Wellock et al. (2011) and Chapman
et al. (2009) highlight the need for exhaustive
data collection of bulk densities (and peat depths) to
improve current estimates of C stocks in Scotland.

PRESSURES ON SOIL CARBON STOCKS

Both environmental and anthropogenic drivers influ-
ence C cycling and sequestration in soils. All processes
relating to soil C dynamics are inextricably linked
but can include climate, climate change, land use

Table 1. Estimates of Scottish land cover area (000 ha) for Scotland (S) and Great Britain (GB) for 1990, 1998
and 2007 reported by Countryside Survey (2007a) summary data (www.countrysidesurvey.org.uk/data-
access). The proportion of GB land cover sited in Scotland is also presented

Land cover

Area (000 ha)

S-1990
GB-
1990

Scottish
proportion of
GB total 1990 S-1998

GB-
1998

Scottish
proportion of
GB total 1998 S-2007 GB-2007

Scottish
proportion of
GB total 2007

Bog 1922 2050 0·94 2039 2222 0·92 2044 2232 0·92
Coniferous woodland 913 1239 0·74 1030 1386 0·74 956 1219 0·78
Improved grassland 815 4619 0·18 831 4251 0·20 907 4494 0·20
Dwarf shrub and heath 1007 1436 0·70 912 1299 0·70 894 1343 0·67
Arable and horticultural 593 5025 0·12 618 5067 0·12 534 4608 0·12
Neutral grassland 429 1669 0·26 430 2007 0·21 461 2176 0·21
Mixed broadleaf and
yew woodland

284 1343 0·21 229 1328 0·17 251 1406 0·18

Fen, marsh, swamp 289 427 0·68 261 426 0·61 238 392 0·61
Built up and gardens 150 1266 0·12 153 1279 0·12 153 1323 0·12
Calcareous grassland 36 78 0·46 28 61 0·45 26 57 0·46
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management, LUC, pollution, soil erosion and exca-
vation (van Camp et al. 2004). Drivers of change
can range in intensity as well as being spatially and
temporally variable. Pressures upon Scottish soil C
stocks are not restricted to Scotland alone and can be
inferred from a variety of studies (Rees et al. 2011).

Land use and land use changes: implications for
carbon loss and/or storage

Land management practices are intricately linked to
soil processing and can determine whether soils
become net sources or sinks (or maintain an equili-
brium) of soil C and CO2 emissions to the atmosphere.
Effective management of forest and agricultural soils
can benefit CO2 removal and the sequestration of C to
soils, which are allowable activities under Article 3·4
of the Kyoto Protocol (Smith 2004a). However,
mechanisms currently reported to the Kyoto Protocol
by the UK include forest management and soil C under
bioenergy crops only (Smith 2004a), although this may
be amended in the future.
Changes in land use add CO2 to the atmosphere in

two principal ways: (a) the release of C from biomass
through burning or decomposition and (b) release of C
following cultivation due to enhanced mineralization
brought about by change in soil moisture, improved
oxygen supply and temperature regimes and low rate
of return of biomass to the soil (Lal et al. 1998). Under
some land use types (e.g. forest and grasslands)
SOM will tend to accumulate, but a significant
proportion of this SOM can be quickly lost in certain
circumstances such as cultivation (Foley et al. 2005) or
the occurrence of wildfire (González-Pérez et al.
2004). Schimel et al. (2001) estimated that LUC
emitted 1·6 Pg C/year globally during the 1990s. In a
meta-analysis study, Guo & Gifford (2002) estimated
the percentage loss of soil C through LUC on an
international scale. The largest losses (59%) were
calculated for the conversion of pasture to cropland
and least destructive was the conversion of pasture to
plantation (10%). Land use changes that result in gains
of soil C were also noted, the most prevalent being the
conversion of cropland to secondary forest (53%) and
the least through changing native forest to pasture.
Dawson & Smith (2007) show that the conversion of
arable land to a ley-arable rotation could lead to a gain
of 1·6 t C/ha/year, whereas cultivating peatlands could
result in a net loss of 2·2–5·4 t C/ha/year.
The Scottish Soil Framework (Anonymous 2009)

reports that an estimated 6·6Mt CO2-equivalents were

emitted from land converted to cropland in Scotland,
whereas the conversion of cropland to grassland
removed 2·8Mt CO2-equivalents for 2006. A
Countryside Survey (2007b) report on LUC in
Scotland between 1998 and 2007 showed an increase
in improved grassland (7%) and broadleaf/mixed
woodland (9%) and decreases of arable/horticultur-
al (14%) and conifer land area (7%). These changes
present both positive and negative consequences for
soil C stores.

The management of agricultural soils: pressure of
crop yield v. carbon sequestration and how this
relates to Scotland

In 2009, agriculture contributed 0·103 of GHG
emissions in Europe (Eurostat 2011). Towers et al.
(2006) reported that for Scotland, 0·12 of a total
64·7Mt CO2-eq originated from the agricultural sector
in 2003, excluding removals from land-use, LUC and
forestry (LULUCF) activities. This highlights agriculture
as a key sector for evaluation in order to minimize C
loss and increase C storage and sequestration of CO2.

In a recent assessment of the European C cycle,
Schulze et al. (2010) reported that forests, grasslands
and sediment C sinks are offset by GHG emissions
from croplands, peatlands and inland waters. Studies
have suggested that the rate of C loss from European
croplands is less than earlier reports suggest. A
European assessment of C loss from cropland systems
(Janssens et al. 2003) indicated that losses were
occurring at a rate of 90 g C/m2/year. However, more
recently, Ciais et al. (2010) inferred from a compilation
of inventories a mean loss of 17 g C/m2/year for
European soils. Within Europe (EU-15) it has been
estimated that the C storage potential of cropland is
c. 90–120Mt C/year (Smith 2004b). For croplands in
Great Britain, the mean GHG mitigation potentials for
all cropland management practices range from 17 to
39Mt CO2−eq per 20 years (Fitton et al. 2011). Towers
et al. (2006) reported that the National Soils Inventory
for England and Wales showed a small decrease in C
content in arable soils over recent years. This decrease,
however, was not considered to be at a level to cause
concern (Loveland & Webb 2003).

There are many reasons why arable systems may
lead to an overall loss of soil C. These include C input
limited mainly to growing seasons, and soil disturb-
ance through management practices such as harvest-
ing, residue removal and tillage (Smith 2008). There is
a distinction between arable and grassland in terms of
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management practices applied and biogeochemical
responses in terms of C gains and losses. Under similar
conditions, permanent grasslands typically have high-
er soil organic C contents than arable crop rotations,
because (i) they receive higher residue inputs,
(ii) relatively more C is deposited belowground and
(iii) decomposition is slower due to the absence of
tillage-induced aeration and due to stronger soil
aggregation (Paustian et al. 1997; Ammann et al.
2007). Also, grassland systems generally have perma-
nent vegetation cover compared to most arable
systems that have some windows of exposure. Rees
et al. (2005) and Soussana et al. (2004) also report
that soil respiration is increased in soils exposed
to cultivation as a consequence of the accelerated
oxidation of labile C.

It is widely reported that cultivation and tillage
of cropland leads to increased CO2 emissions and
reduced soil C content (Loveland &Webb 2003; Smith
2004b; Rees et al. 2005; Chapman 2010). The
disturbance of soil aggregates through tillage and
ploughing promotes aeration of soils and exposes
previously protected SOM to microbial breakdown,
oxidation and weathering, as well as influencing soil
structure, soil temperature and water regimes. Conant
et al. (2007) estimates that 0·11 of C can be lost
following a single tillage event, therefore having a
detrimental effect upon C pools in these soil systems
under annual tillage. In a recent review, Soane et al.
(2012) suggest that soils with no-till applied for c.
5 years have an increased organic matter content and
aggregate stability, especially near the surface. Smith
(2004b) reports a realistic soil C sequestration potential
for Europe (EU-15) of 2·4Mt C/year (zero till) and
<2·4Mt C/year (reduced till) by 2012. A similar
practice is conservation tillage, where plant residues
are left on the soil surface to conserve water and
reduce soil erosion (Chapman 2010). Piñeiro et al.
(2010) suggest three mechanisms through which
grazing can alter soil organic C: changes in net
primary production, changes in N stocks and changes
in organic matter decomposition rate. Reports of the
impact of increasing grazing pressure on soil organic C
varies, with Leifeld & Fuhrer (2010) reporting an
increase and Medina-Roldán et al. (2012) reporting no
change.

Intensive management and the enhancement of
machinery and technologies have resulted in more
efficient removal of agricultural residues from fields,
resulting in less potential C input to the soil system.
It has been estimated by Lal et al. (1999) that over

22million t C can potentially be sequestered in
US soils from crop residues. Set aside land and
field margin management (grass margins, hedgerows,
tree strips) can increase vegetative biomass by
2·8×103 t C/ha (Falloon et al. 2004). Smith (2004b)
summarizes C sequestration potential estimates for
various agricultural practices (Table 2).

Fertilization of cropland can lead to increased yields
and therefore potential C input through residues. In a
global-scale meta-analysis of 257 studies, Lu et al.
(2011) showed that an increase in N addition
increased fresh organic C input (the litter pool) by
20·9%. Results by Lu et al. (2011) indicated that soil C
did not change significantly in non-agricultural eco-
systems in response to N addition, but increased by
3·5% in agriculture.

The rate of C accumulation is often higher in
fertilized fields, but this carries a C ‘cost’ that is seldom
assessed in the form of CO2 emissions during the
production and application of inorganic fertilizer
(Schlesinger 2000). However, Khan et al. (2007)
reported that long-term use of synthetic N fertilizer to
promote yields has resulted in a hidden cost to soil
resources in the form of net losses in SOC and residue
C inputs. In a similar study, Mulvaney et al. (2009)
found that fertilizer N depletes SOM by promoting
microbial C utilization and N mineralization, and
stressed that there is an immediate need for scientific
and technological advances in input efficiencies. Khan
et al. (2007) calls for a substantial reduction in
fertilization beyond crop N requirements by shifting
from yield- to soil-based N management, ideally
implemented on a site-specific basis to limit or reverse
organic matter loss in arable soils. As discussed by
Mulvaney et al. (2009) options for reducing C loss may
include matching the fertilizer input to crop require-
ments (quantity and synchronizing time when input is
required), reducing reactive-fertilizer input and diver-
sification through the use of legume-based crop
rotations. Nevertheless, several reviews and meta-
analyses (Hyvönen et al. 2007; Nave et al. 2009;
Janssens et al. 2010) showed that N fertilization
increased soil C storage slightly in forests with limited
sample sizes (Lu et al. 2011).

Establishing a balance between optimal yield and
minimal C loss is difficult and varies temporally
and spatially. In a grassland study, Jones et al. (2006)
applied three organic (sewage sludge, cattle slurry and
poultry manure) and two mineral (NH4NO3 and urea)
fertilizers for 2 years (south of Edinburgh, Scotland)
and showed that organic fertilizers were able to
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increase C storage and soil respiration after a 6-year
period. When considering the global warming poten-
tials it was concluded that C sequestration outweighed
N2O emissions in the study (Jones et al. 2006). Other
aspects of management such as the use of rotational
grass, effects of tillage and application of organic
manures and slurries further obscure relationships
between C sequestration and nutrient input that are
observed in non-managed soil systems. It is worth
noting that N inputs through fertilizer additions induce
localized effects that are dependent on farm type and
management applied, whereas atmospheric N depo-
sition effects are more spatially widespread.
Organic farming is often considered to actively

promote the natural build up of SOM through
appropriate management strategies in order to main-
tain and maximize soil quality and crop growth.
However, there are limited robust data on the impacts
of organic farming on GHG emissions or C sequestra-
tion (and in connection to CO2 reduction, non-C GHG
emissions and C-sequestration simultaneously). A
review by Watson et al. (2008) highlights that there
is increasing recognition of the value of trans-
disciplinary approaches in agricultural science which
means that research in organic and conventional
systems may become more similar in the future.
A recent analysis of 68 published data sets comparing

organic and conventional farming by Leifeld & Fuhrer
(2010) suggests that there is not sufficient evidence to
support claims that organic farming increases soil
organic C. Results showed no consistent differences
between organic and conventional farming in com-
parative experiments. It is vital that future comparative
research is grounded in an improved understanding of
the nature of farming systems themselves, allowing
more valid comparisons to be made (Watson et al.
2008).

The Scottish Government (2011) June Agricultural
Census shows 5·63million ha of land on agricultural
holdings, a large area of which is rough grazing (0·55)
and grassland (0·24) with the remaining land consti-
tuting crop and fallow land (0·11) and land taken up
by woodland (0·08) or ‘other’ (0·02 relating to roads,
yards, scree, buildings, etc.). In Scotland there has
been little annual variation in land area occupied by
agricultural holdings over the last 10 years (Scottish
Government (2011). However, of vital importance to
Scotland’s soil C store is the type of land cover and type
of agriculture. Scottish Government (2011) and
Countryside Survey (2007a) data (Table 1) show that
in relation to Great Britain, Scotland has a large
proportion of sensitive land areas such as peat and
bog land under low intensity management. These land
areas can potentially be soil C stores as opposed to

Table 2. Estimated carbon (C) sequestration potentials for 2012, limited only by availability of land, biological
resources and land-suitability. Data taken from Smith (2004b)

Agricultural practice
Soil C sequestration
potential (t C/ha/year)

Total soil C sequestration
potential for EU15
(Mt C/year)

Realistic soil C sequestration
potential for EU15
(Mt C/year) by 2012

Zero tillage 0·4 24·4 2·4
Reduced tillage <0·4 <24·4 <2·4
Set-aside <0·4 2·4 0
Permanent crops 0·6 0* 0*
Deep root crops 0·6 0* 0*
Animal manure 0·4 23·7 *
Cereal straw 0·7 5·5 *
Sewage sludge 0·3 2·1 *
Composting 0·4 3 3*
Improved rotations >0 0* 0*
Fertilization 0 0 0
Irrigation 0 0 0
Bioenergy crops 0·6 4·5 0·9
Extensification 0·5 11 *
Organic farming 0–0·5 3·9 3·9
Convert cropland to grassland 1·2–1·7 8·7–12·3 0
Convert cropland to woodland 0·6 4·5 4·5

* Refers to high uncertainty.
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sources. However, this critically depends on future
management practices and whether current soil C
stores can be effectively conservedwhile minimising C
loss (predominantly as CO2) and maintaining the
socio-economic value of the land.

Peatland restoration

The majority of the UK’s peatland resource is damaged
or deteriorating, through drainage, peat cutting, fire
and the effect of livestock, releasing C as a result.
Climate change is likely to cause further deterioration
of damaged peatlands with increased erosion, C loss,
floods and risk of wildfires (Bain et al. 2011). The
restoration of degraded peat soils through afforestation,
managed burning, drainage, drain-blocking, grazing
removal and revegetation are options to consider.
Worrall et al. (2009) estimated that afforestation, drain-
blocking, revegetation, grazing removal and cessation
of managed burning would bring a C benefit, whereas
deforestation, managed burning and drainage would
bring a disbenefit. However, as discussed previously,
data availability for C content and losses in peatlands is
limited. Under Kyoto Protocol reporting (IPCC 2006),
unmanaged peat soils are not included. However, the
second Kyoto Protocol commitment phase in GHG
reporting from 2013 will potentially allow accounting
of peatland rewetting and conservation (Joosten 2011).

In Scotland, peat restoration programmes already
exist, for example in The Flow Country (Caithness and
Sutherland, Scotland), an area that holds >0·10 of the
UK’s blanket peatland bog, storing >400million t C
(Cris et al. 2011). A peat restoration scheme has been
implemented by the RSPB, the Nature Conservatory
council and the UK Peatland Restoration Programme
to address peatland damage and destruction due to
drainage and forest plantation over the last 30 years

(Cris et al. 2011). In addition, The Scottish Government
(2012) recently announced (October 2012) that it will
be supporting peatland restoration programmes in
Scotlandwith plans to contribute £1·7million funding.
This may encourage future research and monitoring of
peatlands that are vulnerable to C loss and assist in soil
C conservation.

Forests: carbon sequestration of established
woodlands and the implications for future plantations

In recent years, one of the most prominent LUCs
in Britain has been the increase in afforestation,
the majority of which has occurred in Scotland, as
discussed by Mather & Murray (1988) and Forestry
Commission (2010a). Scotland has the largest area of
woodland (1343 000 ha) in the UK, occupying a
greater relative proportion of the land area than in
England, Wales or Northern Ireland (Table 3) (Forestry
Commission 2010a). Cannell et al. (1999) describe
UK forest trees and litter to be a C sink at a rate of
2·1 Mt C/year, forest products 0·5Mt C/year and forest
soils to sequester 0·1 Mt C/year. There are native
woodland expansion schemes under way in Scotland
(Chapman et al. 2003) with the Scottish Government
planning to create 100 000 ha of new woodland
over the period 2012–22 (McRobbie et al. 2012). It is
estimated that this increase within the forestry sector
will deliver annual C savings of 0·8 Mt C by 2015 and
1Mt C by 2020.

Although growing trees sequester atmospheric
CO2, new afforestation necessitates a change of land
use, which can impact upon soil and biomass C and
may negate the rationale for afforestation. It has been
shown that afforestation causes an initial loss of soil C,
therefore impacting on GHG fluxes and DOC release
(Zerva & Mencuccini 2005). Hargreaves et al. (2003)

Table 3. Area (thousands of hectares) occupied by woodland area in Scotland, England, Wales, Northern
Ireland and UK combined as reported by Forestry Commission statistics (2010). The calculated proportion of
UK woodland situated in Scotland between 1921 and 2010 is also shown

Year Total land area
(1000000 ha)

Scotland
7·8

England
13·0

Wales
2·0

Northern
Ireland 1·4

UK
24·3

Scottish proportion
of UK total

1924 435 660 103 13 1211 0·36
1947 513 755 128 23 1419 0·36
1965 656 886 201 42 1784 0·37
1980 920 948 241 67 2175 0·42
1995–1999 1281 1097 287 81 2746 0·47
2010 1343 1130 284 88 2846 0·47
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found that newly drained peatland (2–4 years after
ploughing) emitted 2–4 t C ha/year, but when ground
vegetation re-colonized the peatland became a sink
again, absorbing c. 3 t C ha/year 4–8 years after tree
planting.
Grieve (2001) showed that significant decreases in

pH and the quality and turnover of OM occurred in
Scottish uplands following conifer afforestation of first
generation plantations of the mid- to late 20th century.
Wilson & Puri (2001) investigated soil properties of
an ancient (8000 year old), semi-natural Scots pine
woodland and a moorland site at Abernethy Forest,
Scotland. Results showed thicker organic horizons and
more C accumulation in the forest soils, with these
soils havingmore capacity to sequester C and therefore
potentially operating as C sinks. Conversely, Chapman
et al. (2003) examined soil parameters, along three
parallel transects across a moorland forest boundary at
the southern edge of Abernethy Forest, Scotland. It was
found that the soil C pool was lower (and more
decomposed) under Scots pine forest plots in com-
parison to moorland. Chapman et al. (2003) con-
cluded that at the Abernethy site, forest expansion may
have resulted in some loss of soil C that would have
been partly offset by increases in above ground C.
There is a distinct difference between woodlands

managed for timber and those receiving little/no
management. Felling for timber production is a direct
loss of C in the form of above ground biomass and may
result in soil disturbance and erosion, causing further
loss of C. However, modern forestry practice standards
aim to minimize soil disturbance, maintaining tree
cover (as opposed to patch clear fell) and where
possible the use of natural regeneration for successor
tree crops, with the purpose of conserving above and
below ground C stocks during plantation periods.
The Scottish Forestry Strategy (Scottish Executive

2006) describes actions undertaken in Scotland to
support the minimizing effects of the timber industry
whilemaximizing the economic potential of Scotland’s
timber resources through promoting the use of timber
as a renewable, versatile raw material. The Land Use
Strategy for Scotland (2011) notes that without
additional plantings by 2020 the net amount of C
sequestration by forestry will fall and that to sustain the
contribution from forestry an increase of woodland
creation is required at a rate of at least 10000 ha/year.
In addition, the Scottish Government has set a target of
creating 100000 ha of new woodland cover between
2012 and 2022 (McRobbie et al. 2012). The forestry
sector of Scotland is committed to assisting soil

C sequestration through delivering on a series of tar-
gets outlined by the Forestry Commission (2010b). This
includes the creation of C sinks (through woodland
creation and improved controls on permanent wood-
land removal), restoring and expanding lost habitats
(native woodland) and helping to facilitate ecological
adaptation.

Nitrogen additions and carbon storage

Additions of reactive N to soils have risen sharply
over the past century (Erisman et al. 2008), principally
as a result of N use to support intensive agriculture
(Eggleston & Irwin 1995). Across Europe a potential
relationship betweenN deposition and C sequestration
can be seen (de Vries et al. 2006, 2009). Where N
deposition is low in Northern Europe, the C sequestra-
tion is also small, whereas in Central and Eastern
Europe both C sequestration and N deposition are
high, reported by Jandl et al. (2007).

Recent studies have shown that increases in N
addition to terrestrial environments are associatedwith
increases in C sequestration, since biomass production
is closely linked to N availability (Chiti et al. 2007;
Jandl et al. 2007; Magnani et al. 2007; de Vries et al.
2009). Michel & Matzner (2002) and Magill & Aber
(2000) showed that higher N contents (lower C:N
ratios) slowed decomposition in the later stages,
leading to OM stabilization. Hagedorn et al. (2003)
reported that preservation of old and humified SOM
under elevated N deposition might be a process that
could lead to an increase in C storage in the long-term.
Ameta-analysis by Janssens et al. (2010) suggested that
N deposition can impede OM decomposition, thus
stimulating C sequestration in temperate forest soils
(where N is not limiting microbial growth).

Elevated carbon dioxide, climate change and
carbon storage

Elevated CO2 has been shown to increase the ability
of ecosystems to sequester C in some European
forests and forested wetlands (Dawson & Smith 2007)
and Canadian wetlands (Turunen et al. 2004). The
evidence for elevated CO2 effects is still ambiguous as
an increased net primary productivity response may be
offset by stimulated decomposition and soil respiration.

Temperature was determined as a controlling factor
of soil C mineralization rates in a study by Dalias et al.
(2001), with material produced from decomposition at
higher temperatures being more recalcitrant than that
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at lower temperatures. The temperature sensitivity of
SOM fractions was reviewed by von Lutzow & Kögel-
Knabner (2009) and found conflicting relationships
were found. For example, Trumbore et al. (1996)
showed the decay rate of labile SOM to be very
temperature-sensitive but this was not the case for
stable SOM. In contrast, Fang et al. (2005) revealed
similar responses to temperature changes for both
labile and resistant pools of SOM. Plante et al. (2010)
concluded that despite there being a general con-
sensus that a warming climate will accelerate soil C
mineralization, the debate over the relative tempera-
ture sensitivity of labile v. recalcitrant SOM has not
been fully resolved.

Temperature and rainfall influences C input (photo-
synthesis), decomposition (microbial activity) and C
loss (GHG emissions and DOC export). In areas of
cool, moist climates, soil decomposition is retarded
and typically promotes soil C accumulation. Scottish
soil C is heavily influenced by east–west rainfall and
north–south gradients in temperature, resulting in the
highly organic soils (such as peats) found in the west
and north regions of Scotland. Therefore climate is an
important factor to consider when determining the
soil’s C equilibrium at present and in the future.

The pressure on soils as socio-economic resources
and as carbon pools

Other land management practices that occur in
Scotland and the UK in general and cause direct loss
of above and/or below ground C stores are the
excavation of peat resources and vegetation burning.
Dawson & Smith (2007) state that localized manage-
ment practices associated with peatlands show the
export of CO2, methane and DOC are usually higher
from both peats and associated surface waters follow-
ing disturbance from peat extraction or moorland
burning. The use of soils as a raw material represents a
loss of resource, which can be considered permanent
in the timeframe of human life spans (Haygarth &
Ritz 2009). Wind farm projects have also raised
concerns for soil C stocks in Scotland where LUC
and disturbance or drainage of peatland occurs (Nayak
et al. 2008).

The conservation of peatland and productive arable
land in Scotland is currently a challenge and will
remain so in the future due to increased pressure on
Scottish resources. This will encompass the protection
of food security, the agricultural economy, energy
resources and natural assets in future years through a

changing environment and economic market. In terms
of food security the management and productivity of
arable soils is a primary topic outlined in current
strategies such as the Scottish Soil Framework
(Anonymous 2009) and the Scottish Forest Strategy
(2006) and will no doubt continue to be in the future.
Crute & Muir (2011) concluded that there is no simple
overarching solution to the challenge of delivering
increased productivity from terrestrial (or aquatic) food
production systems. In particular, this is overlaid by the
absolute necessity to deliver improved efficiency, both
in terms of resource use and environmental impact.

Attaining a balance between GHG emissions,
conserving C pools and maintaining economically
viable agricultural output is a complicated but
necessary objective for the future. However, there is
some support from the Common Agricultural Policy
(CAP), the new Rural Development Regulation for
the programme period 2007–2013. Also, the ‘Good
Agricultural and Environmental Condition’ (GAEC)
operates within cross-compliance requirements and
good practice guidance outlined by the ECOSSE
project Smith et al. (2007b).

FUTURE OF SCOTTISH SOIL CARBON

Miller et al. (2009) highlighted potential issues to
consider in relation to Scottish terrestrial resources.
These include the possible conflict between biofuels
and renewable energy proposals (such as the con-
struction of windfarms) and agriculture as a result of
the growing emphasis on both energy and food
security. As Miller et al. (2009) discussed, biofuel
policies provide incentives such as bioenergy con-
sumption quotas and tax reductions for the conversion
of agricultural land from food to bioenergy production.
However, coinciding with these incentives are recent
changes in agricultural policy such as the abolition of
set-aside, which aims to increase land availability
for food production, resulting in potential land use
competition.

Pressures exerted on production in countries such
as Asia, Latin America and Africa due to population
growth and the effects of climate change have
increased the demand for UK agricultural goods
(Rounsevell & Reay 2009). This outlines potential
pressures on future food security not just in Scotland
but across the UK. As discussed, the proposed increase
in afforestation, land for biofuel, agroforestry, biochar,
windfarm projects and urbanization may result in high
competition for land use in Scotland. Other mitigation
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options suggested as suitable for the agricultural sector
in the UK include the development and use of more
drought-resistant crop varieties, improved water sto-
rage and use efficiency, changes in soil management
and behavioural changes such as altered sowing
and harvest dates, double cropping and the avoidance
of mechanized cultivation on waterlogged soils
(Rounsevell & Reay 2009).
The Agriculture and Climate Change Stakeholder

Group (ACCSG) (Scottish Government 2008) note in
their recommendations that there is a need to pursue
‘better integration between currently separate policy
themes such as agriculture, forestry, deer manage-
ment, flooding and biodiversity, all of which are linked
to land use and require some degree of spatial co-
ordination and co-operation across different parcels of
land and therefore different farms’ (Miller et al. 2009).
The integration of hypotheses is also addressed by
Foresight (2011) and Killham (2011) which introduce
the main concepts behind integrated soil manage-
ment, which aims to address the challenge of meeting
the demands of the increasing world population,
while maintaining sustainable agricultural systems, as
judged from long-term soil fertility, environmental and
socio-economic perspectives. These reports encom-
pass many aspects of sustainable agriculture including
scope for future technological development and the
need for changes within current policies, governance
and funding worldwide to conserve and manage
the soil resource, with Killham (2011) focusing on
integrated soil management and Foresight (2011)
centred primarily on future food security, farming
and global sustainability.

DISCUSSION AND CONCLUSION

Despite the evidence of existing pressures facing soil C
stocks outlined in the present paper, the collated data
indicates that there is little temporal change in Scottish
soil C content. The potential for Scottish soils to be
losing soil C may be inferred from increased DOC
concentrations seen in McCartney et al. (2003) and
other studies such as Evans et al. (2005) andWorrall &
Burt (2007). If the soil is considered in terms of mass
balance of C, then increased DOC concentrations
in surface waters may be indicative of either (a) soil C
loss through increased C input to the soil system or
(b) loss of older, more stabilized C located deeper in
the soil profile. Recent evidence from outside Scotland
(Bellamy et al. 2005) suggests that loss of C from peaty
soils could represent the most serious risk to Scottish

soil C stocks (Dobbie et al. 2011). However, it is
important to consider the depth to which soil C
monitoring is conducted. As outlined by Dobbie et al.
(2011), it is not known whether the total amount of
organic C present in soil is changing because most
previous studies do not consider the whole soil profile.

There is currently a reasonable understanding of the
time scale over which flux terms might be expected to
vary, and the environmental factors that influence
these, but knowledge of the magnitude of these
changes is still incomplete (Billett et al. 2010).
Unfortunately there is insufficient temporal and spatial
data to determine C stock trends with confidence and
to relate these trends to C losses such as the source of
DOC loss and to GHG emissions. Therefore C data
available for Scottish soils may be somewhat mislead-
ing in terms of present and past total C stocks
calculated and temporal trends that may be inferred
from them.

It is evident that the knowledge gap requires
addressing future monitoring and research as stated
in the report by Dobbie et al. (2011). Monitoring is
required in Scotland for two different objectives: (1) a
surveillance soil monitoring network is required that
can provide a general overview of the condition of
Scotland’s soil and (2) how it is changing through time.
This should allow monitoring of existing threats on a
national scale and potentially identify as yet unknown
threats. This will also provide data for trend analysis
(Dobbie et al. 2011).

The Scottish Soil Framework (Anonymous 2009)
briefly outlines the importance of protecting and
enhancing soil C stores where possible and optimising
reductions in GHG emissions. Despite a significant
body of policy relating to soils both directly and
indirectly, the Scottish Soil Framework (Anonymous
2009) reports that no one legislative or policy tool has
been developed specifically with the protection of soil
in mind. The European Commission has adopted the
Thematic Strategy for Soil Protection and a Framework
Directive for the Protection of European Soil has been
proposed, which aims to preserve soil function and to
prevent and restore degraded areas.

How C stocks will be impacted in Scotland and the
extent to which they may be affected in the future due
to pressures such as climate change, pollution, erosion
and alterations in land use will require new knowledge
of biogeochemical processes, continuous long-term
monitoring and predicting future changes through
modelling. It is essential to improve understanding
of soil processes, monitoring spatial and temporal
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changes, develop accurate audits of soil resources and
to determine, with confidence, future pressures and
threats, as discussed by Haygarth & Ritz (2009). It has
been argued that land systems have to be viewed
as coupled, multi-scale socio-ecological systems.
This is to encompass different types of feedback
that may exist between the different environmental,
social and economic components, and the fact that
policy interventions may havemultiple and sometimes
unpredictable results (Potschin 2009).

Scottish soils are in general more organic, more
leached and wetter than most other European
countries containing greater proportion of podzols,
peats and gleys than Europe as a whole (Anon 2009).
It is evident that Scottish soils are of national im-
portance and a key contributor to UK terrestrial C
stores. It is therefore essential to conserve these
terrestrial systems for the purpose of maintaining soil
quality and participating in mitigating climate change
through terrestrial C sequestration.

Financial support for this review was provided by
the Scottish Government, we are also grateful to
colleagues at SAC for helpful comments.
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