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A B S T R A C T

Carbon stores in the terrestrial biosphere globally represent over 50 % of present-day organic carbon
reservoirs and have significantly altered over the last three centuries owing to anthropogenic
disturbances. Conversion of natural land to agricultural uses often results in a loss of soil carbon, whilst
atmospheric deposition of pollutants such as nitrogen has increased carbon storage in both soil and
biomass. Terrestrial carbon storage underpins a range of ecosystem services, including climate
regulation, food production, and water services. This storage is crucial for sustainable land management.
Quantification of terrestrial carbon cycling at regional and national scales, and understanding how
human-induced drivers have impacted present-day carbon stores is therefore required to inform
sustainable land use policy. This study applies the N14CP model, an integrated soil-plant biogeochem-
istry carbon-nitrogen-phosphorus model, across the United Kingdom to simulate changes in terrestrial
carbon storage from 1700 to 2020. The analysis shows that change in anthropogenic terrestrial carbon
storage is a complex picture comprising of gains in natural areas due to nitrogen deposition and
afforestation, and losses in arable areas. We observed an overall net increase in total terrestrial carbon
storage of 6.9 %. We note, however, that continued increases in carbon storage cannot be assumed due to
(i) reduced influence of future nitrogen deposition as these systems become limited by other nutrients,
(ii) the need to continue enhanced nitrogen inputs to maintain carbon sequestered, and (iii) carbon
declines in arable areas continuing alongside diminishing gains in other land use types. This research
provides a full picture of anthropogenic impacts on terrestrial organic carbon storage, accounting for
changing nutrient cycles at a national scale.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Carbon stored within the terrestrial biosphere plays a key role
in the global carbon cycle, representing over 50 % of global organic
carbon reservoirs, with relatively rapid turnover times of decades
to millennia (Ciais et al., 2013). Biogeochemical cycling has
significantly altered as a result of human activities due to the
combined effects of land use changes and atmospheric pollution.
Agricultural land use has been widely observed to deplete soil
organic carbon stores as a result of decreased plant matter inputs
and management practices such as tillage (Smith et al., 2016; Wei
et al., 2014). Since 1700, global agricultural land has expanded by
approximately 400 % and currently accounts for over a third of all

land use (FAO, 2017; Goldewijk et al., 2017). Conversely,
anthropogenically accelerated atmospheric deposition of nitrogen
has been noted to increase both soil and biomass carbon stores
(Phoenix et al., 2012; Thomas et al., 2009; Tipping et al., 2017). As a
result of these human-induced changes, the cycling and storage of
terrestrial carbon has significantly altered over the last three
centuries. Despite the extent of these changes, a fairly static
understanding of terrestrial carbon stores exists at regional and
national scales, since this knowledge is often underpinned by
survey evidence that is necessarily limited in spatial resolution and
in the length of time-series. Understanding how extensive human-
induced changes on Earth affect the current state of terrestrial
carbon storage is therefore limited.

Estimation of changes to carbon storage in the terrestrial
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lobal climate policy such as the ‘4 per mille’ initiative launched at
OP21 (21st Conference Of Parties to the United Nations
ramework Convention on Climate Change) (Lal, 2004; Minasny
t al., 2017). Understanding the dynamics of carbon between
egetation and soil pools is also crucial as soil carbon storage is
ntegral to a range of other ecosystem services (Adhikari and
artemink, 2016). The physical structure of soils is influenced by
oil carbon through aggregate formation, thereby affecting the
ater holding capacity of soils (Rawls et al., 2003) and flood and
rought resilience. Soil carbon also influences nutrient retention
apacity that is critical to food security (Lal, 2005). A need exists to
uantify terrestrial carbon cycling to understand and manage long-
erm carbon storage, and ensure the sustainable provision of these
ulti-sectoral benefits (Davies, 2017).
Biogeochemical models can be used to estimate how terrestrial

arbon stores have changed over time, in particular in a period of
ccelerating human influences on Earth. Yet, estimation is complex
ue to the coupled nature of carbon and other nutrient cycles, and
imultaneous changes in multiple drivers relating to climate,
utrient pollution, land use and management. The close coupling
etween the cycling of carbon with nitrogen and phosphorus and
he significant disturbances humans have made to nutrient cycles
hrough atmospheric pollution and the application of fertiliser
ean that integrated models of carbon-nitrogen-phosphorus

C-N-P) are required for accurate estimation of carbon change
Achat et al., 2016; Goll et al., 2012). Several process-based models
f integrated C-N-P cycling exist (CENTURY, Cong et al., 2014;
etherell et al., 1993; CLM-CNP, Yang et al., 2014; ECOSYS, Grant
t al., 2001; JSBACH, Goll et al., 2012; Roth-CNP, Muhammed et al.,
018). However, most of these models simulate either (semi-)
atural or agricultural environments, not both. The lack of models
ncluding representation of both natural and agricultural ecosys-
ems limits capabilities of estimating the impacts of land use
hanges, such as forest clearance for crop production. Furthermore,
nforming land use and climate policies requires national scale
stimates of terrestrial carbon stores, yet many biogeochemical
odels have a site-specific calibrated focus, making them
nsuitable for application at these scales. Whilst studies have
pplied some models at large spatial scales (Wang et al., 2010),
hese models are limited in their representation of detailed
gricultural management practices (such as crop rotation options
nd tillage) and significant drivers of biogeochemical change.
This study addresses this research gap by providing a first

ational-scale insight into changes in carbon stock, that considers
and use change between natural and agricultural land uses and
utrient interactions. Specifically, we focus on the following
esearch questions:

) To what extent can a biogeochemical model of integrated
carbon-nitrogen-phosphorus (C-N-P) cycling that incorporates
both semi-natural and agricultural land uses simulate present-
day terrestrial organic carbon stocks at a national scale?

) What is the magnitude of change in organic carbon storage in
the terrestrial biosphere across the United Kingdom (UK) since
the pre-industrial period (over the last 300 years), and how
does this vary spatially?

) What is the combined influence of key drivers, including land
use change, management and nutrient pollution during this
period?

require site-specific calibration, enabling application at large
spatial scales, and providing a baseline of change that contextual-
ises current organic carbon stores.

2. Methods

We applied the N14CP model (Davies et al., 2016a, 2016b; Janes-
Bassett et al., 2020) across the UK. The model simulates fluxes of C,
N and P and is driven by climate, atmospheric deposition of N,
sulphur (S), and base cations (BC), the weathering of BC and P, and
land use history. Phosphorus enters the system from an initial pool
of weatherable PWeath0, set as an initial condition based on a broad
soil classification as per Davies et al. (2016a, 2016b). The pool of
weatherable P declines over time through an annual release
determined by a temperature dependent first-order rate constant.
The model uses a quarterly timestep, and does not require site
specific calibration of parameters, meaning it is capable of
simulating long timescales (several centuries). The model N14CP
includes both natural/semi-natural and agricultural land uses, and
land use transitions. Natural/semi-natural Plant Functional Types
(PFTs) include broad-leaved trees, coniferous trees, herbs, and
shrubs. Agricultural PFTs include cereals, roots, oilseeds, legumes
and improved grasslands. Agricultural land management practices
including additions of N and P fertilisers, tillage and grazing are
also represented within the model. Nutrient demand is deter-
mined by stoichiometric requirements of PFTs, with plant growth
occurring in the second and third quarters of each year. The model
simulates net primary productivity (NPP) following Leibig’s law of
the minimum determined by one of four factors: temperature,
precipitation, N availability or P availability.

The non-site-specific N14CP model has been rigorously tested
against multi-variate C-N-P plant-soil data in natural and
agricultural location across Northern Europe. Davies et al.
(2016a, 2016b) calibrated and tested N14CP in across 88 sites in
Northern Europe, showing statistically significant results when
comparing observed and simulated soil C, N and P. The results also
showed enhanced model performance when allowing the initial
pool of weatherable phosphorus to vary on a site basis. The ability
of the model to simulate agricultural land uses and a range of
management options was explored by Janes-Bassett et al. (2020).
The model was applied to 62 long-term experimental plots, and
both spatial and temporal performance of the model was tested
against soil biogeochemistry and crop yield data. The model
indicated statistically significant correlation between observed
and simulated soil biogeochemical variables but indicated a slight
underestimation of crop yields, which was partly attributed to the
quarterly time-step of the model. In Tipping et al., (2019, 2017), the
model has also been blind-tested against 1000s of soil carbon and
NPP observations in natural land uses across the UK, indicating
comparable and statistically significant performance across semi-
natural land use types.

In this study, we applied the model across the UK using a spatial
5 km x 5 km grid resolution. The model was run from the start of
the Holocene (10,000 BCE) to 2020. Quarterly mean temperature
and total precipitation were used as input data for the model. For
the period 1901–2016 this was calculated using monthly CRU
TS4.00 (Climatic Research Unit Time-series version 4.00) modelled
data (Harris et al., 2014; Harris and Jones, 2017). Prior to 1901,
mean annual temperature (MAT) was temporally varied using an
anomaly based on Davis et al., 2003. We held mean annual
To address these questions, we apply an integrated soil-plant
iogeochemistry C-N-P model, the N14CP model originally
eveloped by Davies et al. (2016a, 2016b) and Janes-Bassett
t al. (2020), that includes both semi-natural and agricultural land
ses, and represents a range of agricultural land management
ptions. The model uses readily available input data and does not
2

precipitation (MAP) constant at the 30-year average for
1901�1931. For 2016–2020, we applied a 30-year mean quarterly
data. We estimated inputs of N, S and BC deposition over the period
1800–2010, which accounted for vegetation type, similarly to
Tipping et al., 2017. In order to estimate the impacts of human-
induced changes on terrestrial carbon stores since the industrial
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revolution, in accordance with one definition of the “Anthro-
pocene” (Lewis and Maslin, 2015) as signifying accelerating human
interactions with the Earth system, we used model outputs from
the year 1700 as a pre-industrial benchmark.

Contemporary land uses were derived using UK Land Cover Map
2007 data (LCM2007, Morton et al., 2011). We processed these data
to provide a fraction of cover of each PFT within each grid cell.
Historical sources provided land use histories for the period 1600–
1931 (Stamp, 1931; Thirsk, 1989). Grid-cell fractions with a land
use type of shrubs in the year 1600 were assumed to have the same
vegetation prior to this date. Where grid-cell fraction land use was
either rough grassland or arable in the year 1600, we assumed
them as converted from broadleaf forest with a deforestation date
based on data from Roberts (2014). Whilst uncertainty exists in the
timing of forest clearance, Tipping et al. (2017) showed that model
outputs are more sensitive to variation in contemporary N
deposition than assumptions surrounding land use in the distant
past. For all fractions with forest before 1600, natural succession of
vegetation was assumed as herbaceous plant cover from 10,000
BCE to forest cover in 6000 BCE.

Literature sources provided information regarding typical
arable rotations and their variation through time. Initial rotations
included cereals legumes and ley grass, and root and oilseed crops
were included in later years (Allen, 2004; Crop Protection
Association, 1996; Paul et al., 1996; Turner et al., 2001, see
supplementary information tables S1 for further details). We
assumed harvesting to occur in the third quarter of each year, with
95 % of above-ground biomass removed, leaving the remainder as
stubble (as per Janes-Bassett et al., 2020). Tillage was implemented
in the third quarter (immediately after harvest) from 1850 onwards
reflecting the widespread use of plough machinery around this
time, and application rates of N and P fertilisers were estimated
based on literature sources (Defra, 2018, 2017, 2016; Grigg, 1989;
Muhammed et al., 2018; Turner et al., 2001; Wang et al., 2012, see
supplementary information S2). Fallow land was introduced as an
additional PFT and included within early arable rotations. No
fertilisers were applied to fallow land. After 1850, fallow land is
tilled and no plant growth was simulated. Where fallow land use
occured before 1850 grass was grown, which was then assumed to
be harvested and used for fodder. The model was then further
developed to include C addition from manuring based on a
conservative C:N estimate of 6 g g�1 for manures (Bhogal et al.,
2010), with C from manures entering the litter pool. Prior to 1940,
we assumed that additions of fertiliser were entirely from
manures. Between 1940 and 1975 this declined to 50 %, and after
1975, all fertiliser additions were assumed to derive from mineral
fertilisers (with no C addition). Grazing animals in improved
grassland (defined as grassland where fertilisers are added) were
assumed to consume 60 % of the above ground biomass, with 25 %
of C returning to the soil and 75 % of N and P returned (similarly to
Davies et al., 2016a, 2016b and Janes-Bassett et al., 2020). Improved
grasslands were grazed in seasons 2 and 3. Grass leys (within
arable rotations) were cut twice annually.

In this study, we also included a new module simulating peat.
Similarly to the natural and agricultural components of the model,
the peat module simulated a number of stoichiometrically linked
pools of carbon, nitrogen and phosphorus representing plant
biomass in coarse and fine tissues, plant litter, and soil organic
matter in two layers. Instead of a topsoil and subsoil component,
however, the two layers were conceptually compartmentalised

parameters used for the peat module were taken from (Wang
et al., 2014). The catotelm layer in the model was accumulated
from the burial of organic matter from the acrotelm. Once the
acrotelm layer reached a threshold mass, any further organic
matter became buried. In this way, the acrotelm remained a fixed
depth/mass in the model, and the catotelm grew, simulating the
development of peat depth. Similar to the agricultural and semi-
natural modules, carbon and nitrogen lost in gaseous form is
simulated. Further details of the peat module are found in the
supplementary information (S3).

To provide an additional blind test of model performance over
the region simulated, we compared the output against a national-
scale dataset of topsoil organic carbon storage, assessing the
accuracy of simulations in relation to magnitude and spatial
variation. To enable comparison with modelled data, we trans-
formed the datasets to provide total topsoil carbon at 15 cm depths
across the model grid cells (see supplementary information S4).
The LandIS NATMAP carbon product (Cranfield University, 2020),
providing data throughout England and Wales derived from the
National Soil Map, enabled validation of the model output.

3. Results

3.1. Model validation

The NATMAP carbon dataset indicated greater variability of soil
carbon concentration across grid cells compared to the model
output (see supplementary information S4 Fig. 1). Fig. 1A shows
the topsoil organic carbon (0�15 cm depth) from the validation
dataset and the model (simulated in the year 2000). Total topsoil
organic carbon simulated by the model over the area of the dataset
deviated by +12.5 % (see supplementary information S4 Table 6).
Agreement between the NATMAP data and model output were
highly significant (R2 = 0.435, p < 0.001, see Fig.1B). Noting that the
model has not undergone a calibration procedure in this
application, the performance supports a good level of confidence
in the results. The model outputs were also compared with
NATMAP data based on land use type to check for systematic error
or bias, and all four land use groups showed statistically significant
correlations between the NATMAP and simulated data; arable
R2 = 0.063 p < 0.001, improved grassland R2 = 0.357 p < 0.001,
Forested R2 = 0.439 p < 0.001, Non-forested semi-natural R2 = 0.029
p < 0.001 (see supplementary information S4 Fig. 2). Each land use
group shows greater variation of topsoil carbon in the NATMAP
dataset compared with model simulations (see supplementary
information S4 Fig. 3). With the exception of outliers, model
simulations and NATMAP data overlap for each land use. Given
uncertainty associated with NATMAP data and the blind testing in
this study, the results indicate a reasonable performance across all
land use groups

3.2. Carbon storage – spatial analysis

Model outputs indicate that the total terrestrial organic carbon
storage in the UK from 1700 has increased by 6.9 % to a present-day
value of 3617 Mt. In this same period, carbon storage in the
vegetation, topsoil, and subsoil pools increased by 13 %, 6%, and 3%
respectively (see supplementary information S5 Table 7). These
increases correspond to gains of 100, 95 and 38 Mt C respectively.

Whilst carbon storage increased overall throughout the UK

into an acrotelm and a catotelm layer, similar to Clymo (1984). We
defined the acrotelm as the plant accessible layer that is
experiencing relatively aerobic conditions. Our conceptualisation
of the catotelm, in contrast, is that it consists of buried material,
inaccessible to plants, and experiencing constant anaerobic
conditions due to persistent saturation. Literature-derived
3

since 1700, significant spatial variation existed in the magnitude
and direction of total carbon changes (Fig. 2; see also supplemen-
tary information S6 Fig. 4). Changes in total carbon storage per grid
cell varied between -0.59 to +0.40 Mt C (equivalent to -236 to +160
t C ha�1). The largest absolute gains in total carbon storage
simulated across south and western Scotland and central Wales are



Fig. 1. Topsoil (0-15 cm) t C ha�1 per grid cell derived from the NATMAP carbon dataset, and model output for the year 2000. NATMAP carbon data © Cranfield University
(NSRI) and for the Controller of HMSO (2020).
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largely due to the expansion of forest during the 1900s. The largest
losses are confined to the east of England, notably the East Anglia
region owing to forest clearance and the expansion of agriculture
(as shown in the land use component of Fig. 2, see supplementary
information S6). Changes in topsoil carbon between 1700 and 2020
varied from -0.08 to +0.06 Mt C per grid cell (equivalent to -32 to
+24 t C ha�1) with the highest gains in Wales and western England,
and greatest losses in the east and north-east of England.
Vegetation carbon changes varied from -0.56 to +0.38 Mt C (with
largest decreases due to forest clearance and increases due to
forest expansion). This variation shows a similar spatial pattern to
total C change. Change in subsoil carbon throughout the studied
time period varied from -0.41 to +0.03 Mt per grid cell.

3.3. Carbon storage – analysis by land use

Arable and improved grassland area has increased by 181 % and
53 % accounting for a present-day land area of 6.3 � 106 ha and 6.5
� 106 ha (25 % and 26 % of the total UK land area, see Fig. 3A)
respectively. Fig. 3B shows simulated total organic carbon storage
within each land use classification, again illustrating the overall
increase in total carbon storage from 1700 to 2020. Overall forested
area in the UK increased throughout the studied time period by 24
% (accounting for a present-day land area of 2.8 � 106 ha; 12 % of
total UK land area) due to expansion of coniferous plantations. Due

to the 50 % reduction of non-forested semi-natural land
(incorporating rough grassland, marsh, heath and bog), total
carbon stored within these land use types has decreased by 35 %
throughout the studied time period, whereas carbon stored (and
proportion of UK land area) for other land use groups increased by
37 %, 45 % and 911 % in forest, improved grassland and arable land
uses, respectively (see supplementary information S7 Table 8).

Fig. 4 shows the average carbon stored per unit area by each
land use group across the UK, and the proportion of carbon storage
in topsoil, subsoil and vegetation pools. Both forested and non-
forested semi-natural land use groups show increasing total
carbon stored per unit area (+11 % and +30 % respectively)
throughout the studied time period. This increase coincides with
inputs of N from atmospheric deposition since 1800. The total
increase in carbon throughout the studied time period is consistent
across the topsoil, subsoil and vegetation pools with the exception
of forest biomass which shows a slight overall decrease (-1%). This
decrease is due to young vegetation becoming established during
forest expansion in the 1900s. Topsoil carbon storage per unit area
by land use group also shows considerable spatial variation, shown
in Fig. 5. Non-forested semi-natural land use shows a slight drop in
the median values of carbon stored per unit area around 1800,
resulting from the conversion of carbon rich areas of this non-
forested semi-natural land to arable use (see the east of England in
Fig. 2). Conversely, forested land shows increases in both the
Fig. 2. Land use model input (showing majority land use per grid cell) and simulated magnitude of terrestrial carbon pools (t C ha�1) across the UK from 1700 to present day.
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edian and upper range of topsoil carbon values, due to the
ombination of atmospheric N deposition and the expansion of
oniferous forest to carbon rich areas such as peatlands during the
900s.
Arable land shows an overall increase in carbon stored per unit

f land area throughout the studied time period. This increase was
ue to an expansion in both topsoil and subsoil pools over this
eriod. Carbon stored per unit area of arable land increased in 1800

and 1950 (see Fig. 5 and supplementary information S7 Table 8),
corresponding with a conversion of carbon rich land (previously
forest or non-forested semi-natural) to arable use. Once converted
to arable usage, however, topsoil carbon storage rapidly decreased.
Fig. 5 shows the range of topsoil carbon per unit area for all arable
land with notable increases in upper values corresponding to land
use conversion. These areas of carbon rich soil show an initial rapid
decline in soil carbon after conversion, with the rate of carbon loss

ig. 3. A - Total area of each land use group throughout the model simulation. Forest includes both coniferous and broadleaf forest PFTs. B - Total simulated carbon storage
topsoil, subsoil and vegetation) by land use throughout the studied time period. Non-forested semi-natural land includes rough grassland, heath, bog and fen marsh PFTs.
Fig. 4. Simulated average carbon stored per unit area (t ha�1) for each land use group.
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decreasing over time. This decline indicates that present-day
values of topsoil carbon stored per unit area in arable land are very
dependent on the length of time since conversion to arable usage
(see supplementary information S7 Fig. 4). Topsoil carbon per unit
area in land converted to arable use in 1800 and 1950 decreased
between 35–58 % and 24–40 % respectively. This decrease
represents a total loss of 74 and 47 Mt of topsoil carbon in these
land areas since conversion to arable use.

Improved grassland shows a slight overall decrease in carbon
stored per unit area throughout the studied time period, due to a
decrease in both topsoil and subsoil carbon storage and an increase

in biomass storage. Fig. 5 illustrates that land converted to
improved grassland in both 1800 and 1950 had a lower topsoil
carbon content than existing improved grassland (converse to
agricultural conversions during this period), and over time
grassland management has resulted in carbon sequestration
within these areas (see Fig. 2 and supplementary information
S6 Fig. 4). The topsoil carbon pool of land converted to improved
grassland in 1800 and 1950 has increased to present day levels by
2.9 and 27 Mt respectively.

The model simulated a total loss of carbon from arable land in
the UK of 326 Mt throughout the studied time period, whereas for

Fig. 5. Range of topsoil carbon stored per unit area by land use type across the UK throughout the studied time period. Coloured area shows the interquartile range, solid line
shows the median, and dotted lines show 5th and 95th percentiles.
Fig. 6. A: UK land use change and B: Simulated change in total (topsoil, subsoil and vegetation) carbon stores throughout from 1700 to 2020. Carbon values are
in t per 5 � 5 km grid cell.
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mproved grassland, forest, and non-forested semi-natural land
ncreases of 96 Mt, 345 Mt and 119 Mt respectively are found. Fig. 6
hows the total carbon change across the UK throughout the
tudied time period and the simultaneous land use changes. The
argest carbon losses are located in areas of arable expansion,
articularly where this land was previously forested (see Fig. 2, and
upplementary information S6 Fig. 4) and the largest carbon gains
re found in areas of forest expansion.

. Discussion

The N14CP model was applied at a national scale, simulating
ntegrated C-N-P cycling, enabling estimation of change in
errestrial carbon stocks (across topsoil, subsoil and vegetation
ools) throughout the studied time period. Validation with
vailable national-scale data indicates that the model performs
ell in relation to the magnitude of topsoil carbon stocks. As the
odel was not initialised with measured soil C data, nor was it
alibrated before application, the results are a strong validation of
he model accuracy, and that assumptions for parameterisation are
easonable. Spatial performance of the model when compared to
he NATMAP dataset shows a statistically significant correlation.
here previous studies have applied process-based integrated
-N-P models at national to global scales (Muhammed et al., 2018;
ang et al., 2010), this study is the first such model, to our
nowledge, that incorporates representation of both semi-natural
nd agricultural land uses and agricultural management practices
such as tillage, fertiliser application and crop rotations) at these
cales. This study is novel as it enables simulation of the impacts of
and use changes on soil carbon stocks over timescales of several
enturies, and assessment of the impacts of land management
hroughout the studied time period, without prior model
nitialisation.

The 6.9 % increase in simulated terrestrial C storage of the UK
hroughout the studied time period results from an increase in
arbon stored within semi-natural land (both forested and non-
orested) as a result of atmospheric N deposition being greater than
he decrease within arable land. Since 1700, the model simulated
n increase in both soil and vegetation carbon stored in semi-
atural land of 111 Mt and 352 Mt respectively. Studies considering
emi-natural land over similar time periods have estimated an
ncrease of NPP of up to 90 % (Tipping et al., 2019). This increase is
ue to these systems being predominantly N limited, meaning that
he increased input of N into the system since 1800 (around the
tart of the industrial revolution) enabled greater biomass
ccumulation of C, which also resulted in increased litter inputs
nd increased soil C (Tipping et al., 2017). Similar increases in NPP
nd C storage as a result of atmospheric N deposition have been
bserved previously (Field et al., 2017; Fleischer et al., 2019;
aaroufi et al., 2015; Schulte-Uebbing, 2018; Wang et al., 2019;
ue et al., 2016). We improved on these earlier studies by providing
stimation of the combined effects of agricultural expansion,
fforestation and atmospheric N deposition at a national scale,
ndicating that increases to date in terrestrial C storage throughout
he UK as a result of N deposition, expansion of forest, and
onversion of land to improved grassland are 234 Mt greater than C
osses from the expansion of arable land.

The simulated C losses of 86 Mt in the model from arable lands
re due to removal of biomass vegetation C stores (on conversion
rom semi-natural land, and when harvesting), and greater C

have been observed in the Countryside Survey of England and
Wales (Reynolds et al., 2013), and more widely loss of soil C as a
result of land conversion from semi-natural to arable use has been
observed (Deng et al., 2016; Guo and Gifford, 2002; Murty et al.,
2002; Smith et al., 2016). As shown in Fig. 5, the model simulated
an initial rapid decrease of topsoil C after conversion of land to
arable, consistent with previous observations of the majority of C
losses occurring in the first years following conversion (Wei et al.,
2014).

Improved grasslands show a net C gain with slight losses to the
biomass C pool but an increase of 108 Mt in soil C throughout the
studied time period. Within the model representation, improved
grasslands are fertilised, and N fixation due to the presence of
leguminous species within grassland mixes is also represented.
This resulted in greater NPP and litter/grazing returns, meaning
that inputs of C from both plant and animal sources simulated are
greater than losses through decomposition and offtake, resulting
in a net C gain. Similar values of soil C gain were estimated by
Muhammed et al. (2018); land from 1800 to 1950, 1950–1970 and
1970–2010 as +0.20, +0.47 and +0.25 t C ha�1 yr�1 respectively
which is comparable to estimates from this study (+0.01, +0.04 and
+0.14 t C ha�1 yr�1). The soil C gains simulated in improved
grasslands are consistent with observations from previous studies
(Conant et al., 2017; Deng et al., 2016; Guo and Gifford, 2002).

Whilst this research suggests that current levels of increased C
sequestration as a result of N deposition are greater than C losses
from agricultural expansion at this national level, continued
increase of terrestrial C stocks cannot be assumed for several
reasons. Firstly, the increase of C stocks in response to N deposition
to date is due to widespread N limitation of semi-natural UK
ecosystems, yet other factors may limit future responses to N
inputs. Productivity of ecosystems shows a non-linear response to
N deposition, with lesser/no growth response at higher levels of N
deposition (Flechard et al., 2020). With increasing N availability,
the NPP of ecosystems is likely to become limited by other factors,
such as temperature, water and availability of other nutrients,
predominantly phosphorus. As noted by Tipping et al. (2019),
N14CP is rarely limited by P in semi-natural soils across the UK, due
to the relatively young age of these soils, and therefore the
significant weatherable P is still available. However, during the
study period of 1700–2020, the model indicated increases of 0–3 %
and 9–16 %, respectively, for the proportion of forested and non-
forested semi-natural land where NPP is limited by phosphorus.
Arable and improved grasslands were not limited by P (or N)
throughout the study period due to fertiliser additions. Fleischer
et al. (2019) simulated decreased future global C uptake per unit N
deposition as a result of P limitation, and in areas of the UK with
high rates of N deposition P and N/P co-limitation has been
observed (Taylor et al., 2020). Secondly, to maintain C sequestered
as a result of N deposition, enhanced N inputs would need to be
maintained. Tipping et al. (2017) also noted the majority of soil
organic carbon sequestered in semi-natural land resulting from N
deposition is predicted to have a decadal turnover time, making it
sensitive to future decreases in N deposition. Thirdly, the model
outputs indicated that arable soil C per unit area has not reached an
equilibrium and is still decreasing (see Fig. 5), whilst C sequestra-
tion in semi-natural land uses in response to N deposition is
slowing. Non-forested semi-natural land total C storage increased
on average by 0.49 t C ha�1yr�1 from 1900 to 1950 compared to
0.18 and 0.07 t C ha�1yr�1 from 1950 to 2000 and 2000–2020
fftake than inputs from plant residues and/or manures.
uhammed et al., 2018 estimated a change in net topsoil C in

he UK arable land from 1800 to 1950, 1950–1970 and 1970–2010
s -0.18, -0.25 and -0.08 t C ha�1yr�1 respectively, which is
omparable to estimates in this study (�0.12, �0.29 and �0.01 t C
a�1yr�1). Similar losses from topsoil C in arable land across the UK
8

respectively. If these trends continue, the small gains seen in
terrestrial C storage at the UK scale could be reversed. Therefore,
future land use and management strategies should be considered
carefully to ensure long-term sustainability of C storage. This study
further highlights the need for models of integrated C-N-P cycling
for such evaluations (Achat et al., 2016; Goll et al., 2012).
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Currently, as the N14CP model does not simulate urban
environments, it did not account for land use classified as urban
at present-day. Previous studies have observed loss of C from
topsoil after urban sealing (Pereira et al., 2021; Vasenev and
Kuzyakov, 2018) whereas Edmondson et al. (2012) noted signifi-
cant SOC stores in both urban greenspace and sealed soils. Given
the uncertainty associated with soil processes and C change in
urban environments, we are not aware of any biogeochemical
models (of C-N-P cycling) that include representation of urban
areas, indicating a key research gap.

Inherent uncertainties exist in relation to simulating a 300-year
time period, associated with the climate input data, land use
history, land management history, and atmospheric deposition.
Throughout the time period studied, the model indicates that NPP
is predominantly limited by N, meaning that uncertainty
associated with mean quarterly temperature and precipitation
will unlikely affect the accumulation of biomass significantly.
Whilst compiling land use history over such long periods
inevitably includes errors, Tipping et al. (2017) noted that the
model is more sensitive to contemporary N deposition than
historical land use. The management history represented in the
model assumes spatially consistent management of agricultural
land (with separate practices for arable and grassland) throughout
the UK, which is unrealistic. Due to limited information in the
literature, however, insufficient evidence is available to support
spatial variation of management throughout the historical time
period.

The model results simulates NPP is predominately limited by N
availability, indicating that future increases in temperature may
not result in significant increased biomass or topsoil C accumula-
tion. Conversely, increasing temperatures will likely enhance rates
of microbial decomposition and release of C from soil organic
matter, resulting in a decline of topsoil C stores (Koven et al., 2017;
Wiesmeier et al., 2019). The N14CP model applied in this study
does not currently include concentrations of carbon dioxide (CO2)
as a limiting factor on NPP. Recent studies, however, suggest that
the effects of elevated CO2 may now be declining as systems are
limited by other factors such as N and P availability (Wang et al.,
2020).

This research indicates that key mechanisms for increasing C
sequestration at a national scale are to avoid and/or reverse the
conversion of land to arable usage. This suggestion follows findings
by Sanderman et al. (2018) that the global C debt in the top 2 m of
soil of 133 Pg C results from agricultural expansion over the last
12,000 years. Given projected increasing population over the next
century, and hence demand for food and competition for urban
land, afforestation of significant areas of arable land in the UK is
unlikely to be a viable option. Therefore, improved management of
arable soils to reduce soil C declines and promote sequestration
should be a priority, whilst acknowledging limitations to long-
term sequestration over large areas (Poulton et al., 2018).

As the model results indicate significant spatial variation of
changes to terrestrial C stores throughout the UK, with a mixture of
both net losses and gains, the impacts of these changes to C stocks
will therefore also be highly variable. Loss of C is linked to negative
impacts such as decreased drought resilience and crop yields
(Ankenbauer and Loheide, 2017; Lal, 2005; Oldfield et al., 2019).
Conversely, terrestrial C gains, such as those simulated in areas of
afforestation and improved grassland, have been linked to flood
resilience (Li and Shao, 2006). Increases in biomass and

change. The 233 Mt of C gain simulated is equivalent to 855 Mt of
CO2, making up just 1.1 % of the estimated total UK emissions from
1751�2017. This study, however, only considered changes to C
storage. Several studies have indicated the impact of N deposition
enhancing N losses as N2O to the atmosphere through denitrifica-
tion (Flechard et al., 2020; Zaehle, 2013) offsetting climate
mitigating effects of C sequestration. Therefore, climate-related
benefits simulated here should be interpreted with caution. This
study, however, shows the relevance of considering long-term and
large-scale effects when considering intensification, rewilding,
afforestation and other strategic approaches to land use.

5. Conclusions

In conclusion, this modelling study has provided a first
national-scale insight into changes in human-induced terrestrial
carbon stock since the onset of industrialisation. It takes into
account manipulation of nutrient cycles and changes in land use
and management. Answers to the research questions addressed in
this paper are as follows:

1) When compared with a national topsoil carbon dataset
(NATMAP), the N14CP model indicated a slight over-estimation
across the area covered by the dataset (+12.5 %), and statistically
significant spatial performance. This result indicates a good
level of confidence in the ability of the model to simulate
present-day organic carbon stocks.

2) Terrestrial organic carbon storage throughout the UK has
increased by 6.9 % since 1700, to a present-day value of 3617 Mt.

3) The significant spatial variation in the magnitude and direction
of total carbon changes is indicative of the variation in drivers
associated with change. In arable areas, and areas of arable
expansion, terrestrial carbon storage has decreased due to land
clearance and management practices. Semi-natural land,
however, increased in carbon storage due to atmospheric
deposition of nitrogen.

This analysis has shown that change in terrestrial carbon
storage over the studied time period across the UK is a complex
picture driven by widespread changes in land use and addition of
nutrients. To date, losses of terrestrial C from agriculture
throughout the studied time period have been offset by increased
C in semi-natural land as a result of increased atmospheric N
deposition from human activities. Since 1700, combined soil and
vegetation carbon stores across natural land have increased by 464
Mt due to N deposition and forest planting. This study provides an
estimation of the combined effects of agricultural expansion,
afforestation and N deposition at a national scale, indicating an
overall increase in total C of 6.9 % occurs which is made up of
greater gains in natural land and losses of C in arable settings.
Changes in terrestrial soil C stocks throughout the UK during the
studied time period show significant spatial variation, largely
matching simultaneous changes in land use. Semi-natural and
improved grassland show increases in C whilst arable areas
decrease.

It is important to note that continued increase of terrestrial C
stocks cannot be assumed for three key reasons; the potential for
future atmospheric N deposition to have a reduced influence on
NPP in natural areas; the need to maintain current levels of N
deposition to retain carbon that has been sequestered as a result of
productivity in natural areas in response to N pollution, however,
are a key driver of losses in biodiversity (Hautier et al., 2009;
Stevens et al., 2004) and increased N loss to waterways resulting in
damage to water quality and aquatic ecosystems. The overall net C
gain simulated in the UK throughout the studied time period
indicates only a minor contribution to mitigation of climate
9

this nutrient input; and the observation that areas where land use
has changed have not reached an equilibrium. The rate of recent
carbon gains in semi-natural and improved grasslands is slowing,
whilst losses from arable land continue. Therefore, the relatively
small gains in terrestrial C storage observed over the last three
centuries could be reversed, highlighting the need for future land
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se strategies that enable long-term sustainability of C storage. The
esearch has implications for future C sequestration targets,
ndicating land use change is a key mechanism for C sequestration,
nd that policies to increase C sequestration at a national scale
hould avoid and/or reverse the conversion of land to arable usage.
iven the limited feasibility of this option future studies should
herefore evaluate arable land management options and strategies
o reduce and reverse the decline of C in arable soils.

eclaration of Competing Interest

The authors declare that they have no known competing
nancial interests or personal relationships that could have
ppeared to influence the work reported in this paper.

cknowledgements

Model simulations for this study were conducted using The
igh End Computing facility at Lancaster University. This work
as funded by the UK Engineering and Physical Sciences
esearch Council, Living With Environmental Change Programme
EP/N030532/1). The associated data presented in this research can
e accessed using the following DOI: https://doi.org/10.17635/
ancaster/researchdata/435.

ppendix A. Supplementary data

Supplementary material related to this article can be
ound, in the online version, at doi:https://doi.org/10.1016/j.
ncene.2021.100289.

eferences

chat, D.L., Augusto, L., Gallet-Budynek, A., Loustau, D., 2016. Future challenges in
coupled C-N-P cycle models for terrestrial ecosystems under global change: a
review. Biogeochemistry 131, 173–202. doi:http://dx.doi.org/10.1007/s10533-
016-0274-9.

dhikari, K., Hartemink, A.E., 2016. Linking soils to ecosystem services - A global
review. Geoderma 262, 101–111. doi:http://dx.doi.org/10.1016/j.
geoderma.2015.08.009.

llen, R., 2004. Agriculture during the industrial revolution, 1700–1850. In: Floud,
R., Johnson, P. (Eds.), The Cambridge Economic History of Modern Britain..
Cambridge University Press, pp. 96–116. doi:http://dx.doi.org/10.1017/
CHOL9780521820363.005.

nkenbauer, K.J., Loheide, S.P., 2017. The effects of soil organic matter on soil water
retention and plant water use in a meadow of the Sierra Nevada. CA. Hydrol.
Process. 31, 891–901. doi:http://dx.doi.org/10.1002/hyp.11070.

hogal, A., Chmbers, B.J., Whitmore, A.P., Young, I., 2010. Organic Manure and Crop
Organic Carbon Returns - Effects on Soil Quality: SOIL-QC. Final Report for Defra
Project SP0530. .

iais, P., Sabine, C., Bala, G., Bopp, L., Brovkin, V., Canadell, J., Chhabra, A., DeFries, R.,
Galloway, J., Heimann, M., Jones, C., Quéré, C., Le Myneni, R.B., Piao, S., Thornton,
P., 2013. Carbon and other biogeochemical cycles. Clim. Chang. 2013. Phys. Sci.
Basis 465–570. doi:http://dx.doi.org/10.1017/CBO9781107415324.015.

lymo, R.S., 1984. The limits to peat bog growth. Philos. Trans. Ser. B, Biol. Sci. 303,
605–654.

onant, R.T., Cerri, C.E.P., Osborne, B.B., Paustian, K., 2017. Grassland management
impacts on soil carbon stocks: a new synthesis: A. Ecol. Appl. 27, 662–668. doi:
http://dx.doi.org/10.1002/eap.1473.

ong, R., Wang, X., Xu, M., Ogle, S.M., Parton, W.J., 2014. Evaluation of the CENTURY
model using long-term fertilization trials under corn-wheat cropping systems
in the typical croplands of China. PLoS One 9 doi:http://dx.doi.org/10.1371/
journal.pone.0095142.

ranfield University, 2020. LandIS - Land Information System. .
rop Protection Association, 1996. Integrated Crop Management [WWW

Document]. URL http://adlib.everysite.co.uk/adlib/defra/content.aspx?
id=000IL3890W.17USY7GPSF4QP.

avies, J., 2017. The business case for soil. Nature 309–311. doi:http://dx.doi.org/

Davis, B.A.S., Brewer, S., Stevenson, A.C., Guiot, J., Contributors, D., 2003. The
Temperature of Europe During the Holocene Reconstructed From Pollen Data
22. , pp. 1701–1716. doi:http://dx.doi.org/10.1016/S0277-3791(03)00173-2.

Defra, 2016. The British Survey of Fertiliser Practice - Fertiliser Use on Farm Crops for
Crop Year 2015. .

Defra, 2017. The British Survey of Fertiliser Practice Fertiliser Use on Farm for the
2016 Crop Year. .

Defra, 2018. British Survey of Fertiliser Practice Fertiliser Use on Farm for the 2017
Crop Year - Statistical Note. .

Deng, L., Zhu, Gyu, Tang, Zsheng, Shangguan, Zping, 2016. Global patterns of the
effects of land-use changes on soil carbon stocks. Glob. Ecol. Conserv. 5, 127–
138. doi:http://dx.doi.org/10.1016/j.gecco.2015.12.004.

Edmondson, J.L., Davies, Z.G., McHugh, N., Gaston, K.J., Leake, J.R., 2012. Organic
carbon hidden in urban ecosystems. Sci. Rep. 2, 1–7. doi:http://dx.doi.org/
10.1038/srep00963.

FAO, 2017. The Global Land Outlook - Convention to Combat Desertification, first
edit. ed. Bonn, Germany.

Field, C.D., Evans, C.D., Dise, N.B., Hall, J.R., Caporn, S.J.M., 2017. Science of the Total
Environment Long-term nitrogen deposition increases heathland carbon
sequestration. Sci. Total Environ. 592, 426–435. doi:http://dx.doi.org/10.1016/j.
scitotenv.2017.03.059.

Flechard, C.R., Oijen, M., Van Cameron, D.R., Vries, W.De, Ibrom, A., Buchmann, N.,
Dise, N.B., Janssens, I.A., Neirynck, J., Montagnani, L., Varlagin, A., Loustau, D.,
2020. Carbon – Nitrogen Interactions in European Forests and Semi-natural
Vegetation – Part 2: Untangling Climatic, Edaphic, Management and Nitrogen
Deposition Effects on Carbon Sequestration Potentials. , pp. 1621–1654.

Fleischer, K., Dolman, A.J., Molen, M.K., Der, Van, Rebel, K.T., Wang, Y.P., 2019.
Nitrogen Deposition Maintains a Positive Effect on Terrestrial Carbon
Sequestration in the 21st Century Despite Growing Phosphorus Limitation at
Regional Scales Global Biogeochemical Cycles. doi:http://dx.doi.org/10.1029/
2018GB005952.

Goldewijk, K.K., Beusen, A., Doelman, J., Stehfest, E., Hague, T., 2017. Anthropogenic
Land Use Estimates for the Holocene. , pp. 927–953.

Goll, D.S., Brovkin, V., Parida, B.R., Reick, C.H., Kattge, J., Reich, P.B., Van Bodegom, P.
M., Niinemets, U., 2012. Nutrient limitation reduces land carbon uptake in
simulations with a model of combined carbon, nitrogen and phosphorus
cycling. Biogeosciences 9, 3547–3569. doi:http://dx.doi.org/10.5194/bg-9-
3547-2012.

Grant, R.F., Jarvis, P.G., Massheder, J.M., Hale, S.E., Moncrieff, J.B., Rayment, M., Scott,
S.L., Berry, J.A., 2001. Controls on carbon and energy exchange by a black spruce-
moss ecosystem: testing the mathematical model Ecosys with data from the
BOREAS Experiment. Global Biogeochem. Cycles 15, 129–147. doi:http://dx.doi.
org/10.1029/2000GB001306.

Grigg, D.,1989. English Agriculture - an Historical Perspective. Basil Blackwell, Oxford.
Guo, L.B., Gifford, R.M., 2002. Soil carbon stocks and land use change: a meta

analysis. Glob. Chang. Biol. 8, 345–360. doi:http://dx.doi.org/10.1046/j.1354-
1013.2002.00486.x.

Harris, I.C., Jones, P.D., 2017. CRU TS4.00: Climatic Research Unit (CRU) Time-series
(TS) Version 4.00 of High-resolution Gridded Data of Month-by-month
Variation in Climate (Jan. 1901- Dec. 2015). doi:http://dx.doi.org/10.5285/
edf8febfdaad48abb2cbaf7d7e846a86.

Harris, I., Jones, P.D., Osborn, T.J., Lister, D.H., 2014. Updated high-resolution grids of
monthly climatic observations - the CRU TS3.10 Dataset. Int. J. Climatol. 34, 623–
642. doi:http://dx.doi.org/10.1002/joc.3711.

Hautier, Y., Niklaus, P.A., Hector, A., 2009. Competition for light causes plant
biodiversity loss after eutrophication. Science 324 (80-) doi:http://dx.doi.org/
10.1126/science.1169640 636 LP – 638.

Janes-Bassett, V., Davies, J., Rowe, E.C.E.C., Tipping, E., 2020. Simulating long-term
carbon nitrogen and phosphorus biogeochemical cycling in agricultural
environments. Sci. Total Environ. 714, 136599 doi:http://dx.doi.org/10.1016/j.
scitotenv.2020.136599.

Koven, C.D., Hugelius, G., Lawrence, D.M., Wieder, W.R., 2017. Higher climatological
temperature sensitivity of soil carbon in cold than warm climates. Nat. Clim.
Chang. 7, 817–822. doi:http://dx.doi.org/10.1038/nclimate3421.

Lal, R., 2004. Soil carbon sequestration impacts on global climate change and food
security. Science 304 (80-), 1624–1627.

Lal, R., 2005. Enhancing crop yields in the developing countries through restoration
of the soil organic carbon pool in agricultural lands. L. Degrad. Dev. 17, 197–209.
doi:http://dx.doi.org/10.1002/ldr.696.

Lewis, S.L., Maslin, M.A., 2015. Defining the anthropocene. Nature 519, 171–180. doi:
http://dx.doi.org/10.1038/nature14258.

Li, Y.Y., Shao, M.A., 2006. Change of Soil Physical Properties under Long-term Natural
Vegetation Restoration in the Loess Plateau of China. 64. , pp. 77–96. doi:http://
dx.doi.org/10.1016/j.jaridenv.2005.04.005.

Maaroufi, N.I., Nordin, A., Hasselquist, N.J., Bach, L.H., 2015. Anthropogenic Nitrogen
Deposition Enhances Carbon Sequestration in Boreal Soils. , pp. 3169–3180. doi:
http://dx.doi.org/10.1111/gcb.12904.

Metherell, A.K., Harding, L.A., Cole, C.V., P.W, 1993. CENTURY Soil Organic Matter
M

M

10.1038/543309a.
avies, J.A.C., Tipping, E., Rowe, E.C., Boyle, J.F., Pannatier, E.G., Martinsen, V., 2016a.

Long-term P weathering and recent N deposition control contemporary plant-
soil C, N, and P. Global biogeochem. Cycles 231–249. doi:http://dx.doi.org/
10.1002/2015GB005167.

avies, J.A.C., Tipping, E., Whitmore, A.P., 2016b. 150 years of macronutrient change
in unfertilized UK ecosystems: observations vs simulations. Sci. Total Environ.
572, 1485–1495. doi:http://dx.doi.org/10.1016/j.scitotenv.2016.03.055.
10
Model Environment. Technical Documentation. Agroecosystem Version 4.0.
Great Plains System Research Unit. .

inasny, B., Malone, B.P., McBratney, A.B., Angers, D.A., Arrouays, D., Chambers, A.,
et al., 2017. Soil carbon 4 per mille. Geoderma 292, 59–86. doi:http://dx.doi.org/
10.1016/j.geoderma.2017.01.002.

orton, D., Rowland, C., Wood, C., Meek, L., Marston, C., Smith, G., Wadsowrth, R.,
Simpson, I.C., 2011. Countryside Survey: Final Report for LCM2007 – the New UK
Land Cover Map. .

https://doi.org/10.17635/lancaster/researchdata/435
https://doi.org/10.17635/lancaster/researchdata/435
https://doi.org/10.1016/j.ancene.2021.100289
https://doi.org/10.1016/j.ancene.2021.100289
http://dx.doi.org/10.1007/s10533-016-0274-9
http://dx.doi.org/10.1007/s10533-016-0274-9
http://dx.doi.org/10.1016/j.geoderma.2015.08.009
http://dx.doi.org/10.1016/j.geoderma.2015.08.009
http://dx.doi.org/10.1017/CHOL9780521820363.005
http://dx.doi.org/10.1017/CHOL9780521820363.005
http://dx.doi.org/10.1002/hyp.11070
http://dx.doi.org/10.1017/CBO9781107415324.015
http://dx.doi.org/10.1002/eap.1473
http://dx.doi.org/10.1371/journal.pone.0095142
http://dx.doi.org/10.1371/journal.pone.0095142
http://adlib.everysite.co.uk/adlib/defra/content.aspx?id=000IL3890W.17USY7GPSF4QP
http://adlib.everysite.co.uk/adlib/defra/content.aspx?id=000IL3890W.17USY7GPSF4QP
http://dx.doi.org/10.1038/543309a
http://dx.doi.org/10.1038/543309a
http://dx.doi.org/10.1002/2015GB005167
http://dx.doi.org/10.1002/2015GB005167
http://dx.doi.org/10.1016/j.scitotenv.2016.03.055
http://dx.doi.org/10.1016/S0277-3791(03)00173-2
http://dx.doi.org/10.1016/j.gecco.2015.12.004
http://dx.doi.org/10.1038/srep00963
http://dx.doi.org/10.1038/srep00963
http://dx.doi.org/10.1016/j.scitotenv.2017.03.059
http://dx.doi.org/10.1016/j.scitotenv.2017.03.059
http://dx.doi.org/10.1029/2018GB005952
http://dx.doi.org/10.1029/2018GB005952
http://dx.doi.org/10.5194/bg-9-3547-2012
http://dx.doi.org/10.5194/bg-9-3547-2012
http://dx.doi.org/10.1029/2000GB001306
http://dx.doi.org/10.1029/2000GB001306
http://dx.doi.org/10.1046/j.1354-1013.2002.00486.x
http://dx.doi.org/10.1046/j.1354-1013.2002.00486.x
http://dx.doi.org/10.5285/edf8febfdaad48abb2cbaf7d7e846a86
http://dx.doi.org/10.5285/edf8febfdaad48abb2cbaf7d7e846a86
http://dx.doi.org/10.1002/joc.3711
http://dx.doi.org/10.1126/science.1169640
http://dx.doi.org/10.1126/science.1169640
http://dx.doi.org/10.1016/j.scitotenv.2020.136599
http://dx.doi.org/10.1016/j.scitotenv.2020.136599
http://dx.doi.org/10.1038/nclimate3421
http://dx.doi.org/10.1002/ldr.696
http://dx.doi.org/10.1038/nature14258
http://dx.doi.org/10.1016/j.jaridenv.2005.04.005
http://dx.doi.org/10.1016/j.jaridenv.2005.04.005
http://dx.doi.org/10.1111/gcb.12904
http://dx.doi.org/10.1016/j.geoderma.2017.01.002
http://dx.doi.org/10.1016/j.geoderma.2017.01.002


V. Janes-Bassett, R. Bassett, E.C. Rowe et al. Anthropocene 34 (2021) 100289
Muhammed, S.E., Coleman, K., Wu, L., Bell, V.A., Davies, J.A.C., Quinton, J.N., Carnell,
E.J., Tomlinson, S.J., Dore, A.J., Dragosits, U., Naden, P.S., Glendining, M.J., Tipping,
E., Whitmore, A.P., 2018. Impact of two centuries of intensive agriculture on soil
carbon, nitrogen and phosphorus cycling in the UK. Sci. Total Environ. 634,
1486–1504. doi:http://dx.doi.org/10.1016/j.scitotenv.2018.03.378.

Murty, D., Kirschbaum, M.U.F., Mcmurtrie, R.E., Mcgilvray, H., 2002. Does conversion
of forest to agricultural land change soil carbon and nitrogen? A review of the
literature. Glob. Chang. Biol. 8, 105–123. doi:http://dx.doi.org/10.1046/j.1354-
1013.2001.00459.x.

Oldfield, E.E., Bradford, M.A., Wood, S.A., 2019. Global Meta-analysis of the
Relationship between Soil Organic Matter and Crop Yields. , pp. 15–32.

Paul, E.A., Paustian, K.H., Elliott, E.T., Cole, C., 1996. Soil Organic Matter in Temperate
Agroecosystems - Long Term Experiments in North America. CRC Press, New
York.

Pereira, M.C., O’Riordan, R., Stevens, C., 2021. Urban soil microbial community and
microbial-related carbon storage are severely limited by sealing. J. Soils
Sediments doi:http://dx.doi.org/10.1007/s11368-021-02881-7.

Phoenix, G.K., Emmett, B.A., Britton, A.J., Simon, J.M., Dise, N.B., Helliwell, R., Jones,
L., Jonathan, R., Leith, I.A.N.D., Sheppard, L.J., Sowerby, A., Michael, G., 2012.
Impacts of Atmospheric Nitrogen Deposition: Responses of Multiple Plant and
Soil Parameters Across Contrasting Ecosystems in Long-term Field Experiments.
, pp. 1197–1215. doi:http://dx.doi.org/10.1111/j.1365-2486.2011.02590.x.

Poulton, P., Johnston, J., Macdonald, A., White, R., Powlson, D., 2018. Major
limitations to achieving “4 per 1000” increases in soil organic carbon stock in
temperate regions: evidence from long-term experiments at Rothamsted
Research, United Kingdom. Glob. Chang. Biol. 24, 2563–2584. doi:http://dx.doi.
org/10.1111/gcb.14066.

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

Reynolds, B., Chamberlain, P.M., Poskit, J., Woods, C., Scot, W.A., Rowe, E.C.,
Robinson, D.A., Frogbrook, Z.L., Keith, A.M., Henrys, P.A., Black, H.I.J., Emmet, B.
A., 2013. Countryside Survey: Naional “Soil Change” 1978–2007 for Topsoils in
Great Britain — Acidity, Carbon, and Total Nitrogen Status. doi:http://dx.doi.
org/10.2136/vzj2012.0114.

Roberts, N., 2014. The Holocene: an Environmental History. Blackwell, Oxford.
Sanderman, J., Hengl, T., Fiske, G.J., 2018. Sustainability Science. 115. , pp. 9575–

9580. doi:http://dx.doi.org/10.1073/pnas.1800925115.
Schulte-uebbing, L., 2018. Global-scale Impacts of Nitrogen Deposition on Tree

Carbon Sequestration in Tropical, Temperate, and Boreal Forests : a 416–431.
doi:http://dx.doi.org/10.1111/gcb.13862.

Smith, P., House, J.I., Bustamante, M., Sobocká, J., Harper, R., Pan, G., West, P.C., Clark,
J.M., Adhya, T., Rumpel, C., Paustian, K., Kuikman, P., Cotrufo, M.F., Elliott, J.A.,
Mcdowell, R., Griffiths, R.I., Asakawa, S., Bondeau, A., Jain, A.K., Meersmans, J.,
Pugh, T.A.M., 2016. Global change pressures on soils from land use and
management. Glob. Chang. Biol. 22, 1008–1028. doi:http://dx.doi.org/10.1111/
gcb.13068.

Stamp, L., 1931. The Land of Britain. The Report of the Land Utilisation Survey of
Britain. .

Stevens, C.J., Dise, N.B., Mountford, J.O., Gowing, D.J., 2004. Impact of nitrogen
deposition on the species richness of grasslands. Science 303 (80-) doi:http://
dx.doi.org/10.1126/science.1094678 1876 LP – 1879.

Taylor, C.R., Janes-Bassett, V., Phoenix, G., Keane, B., Hartley, I.P., Davies, J.A.C.,
2020. Carbon storage in phosphorus limited grasslands may decline in
response to elevated nitrogen deposition: a long-term field manipulation and
modelling study. Biogeosci. Discuss. 2020, 1–37. doi:http://dx.doi.org/10.5194/
bg-2020-392.

Thirsk, J., 1989. The Agrarian History of England and Wales Vol 4. Cambridge
University Press, Cambridge.

Thomas, R.Q., Canham, C.D., Weathers, K.C., Goodale, C.L., 2009. Increased tree
carbon storage in response to nitrogen deposition in the US. Nat. Geosci. 3, 13–
17. doi:http://dx.doi.org/10.1038/ngeo721.

Tipping, E., Davies, J.A.C., Henrys, P.A., Kirk, G.J.D., Lilly, A., Dragosits, U., Carnell, E.J.,
Dore, A.J., Sutton, M.A., Tomlinson, S.J., 2017. Long-term increases in soil carbon
due to ecosystem fertilization by atmospheric nitrogen deposition
demonstrated by regional-scale modelling and observations. Sci. Rep. 7, 1–11.
doi:http://dx.doi.org/10.1038/s41598-017-02002-w.

Tipping, E., Davies, J.A.C., Henrys, P.A., Jarvis, S.G., Rowe, E.C., Smart, S.M., Le, M.G.,
Robert, D., Pakeman, R.J., 2019. Measured estimates of semi-natural terrestrial
NPP in Great Britain : comparison with modelled values, and dependence on
atmospheric nitrogen deposition. Biogeochemistry 144, 215–227. doi:http://dx.
doi.org/10.1007/s10533-019-00582-5.

Turner, M.E., Beckett, J.V., Afton, B., 2001. Farm Production in England, 1700-1914.
Oxford University Press, Oxford; New York.

Vasenev, V., Kuzyakov, Y., 2018. Urban soils as hot spots of anthropogenic carbon
accumulation: review of stocks, mechanisms and driving factors. L. Degrad. Dev.
29, 1607–1622. doi:http://dx.doi.org/10.1002/ldr.2944.

Wang, Y.P., Law, R.M., Pak, B., 2010. A global model of carbon, nitrogen and
phosphorus cycles for the terrestrial biosphere. Biogeosciences 7, 2261–2282.
doi:http://dx.doi.org/10.5194/bg-7-2261-2010.

Wang, L., Stuart, M.E., Bloomfield, J.P., Butcher, A.S., Gooddy, D.C., Mckenzie, A.A.,
Lewis, M.A., Williams, A.T., 2012. Prediction of the Arrival of Peak Nitrate
Concentrations at the Water Table at the Regional Scale in Great Britain. 239. ,
pp. 226–239. doi:http://dx.doi.org/10.1002/hyp.8164.

Wang, M., Moore, T.R., Talbot, J., Riley, J.L., 2014. Global biogeochemical cycles in peat
formation. Global Biogeochem. Cycles 113–121. doi:http://dx.doi.org/10.1002/
2014GB005000.Received.

Wang, J., Bowden, R., Lajtha, K., Washko, S.E., Wurzbacher, S.J., Simpson, M., 2019.
Long-term nitrogen addition suppresses microbial degradation, enhances soil
carbon storage, and alters the molecular composition of soil organic matter.
Biogeochemistry 142, 299–313. doi:http://dx.doi.org/10.1007/s10533-018-
00535-4.

Wang, S., Zhang, Y., Ju, W., Chen, J.M., Ciais, P., Cescatti, A., Sardans, J., Janssens, I.A.,
Wu, M., Berry, J.A., Campbell, E., Fernández-Martínez, M., Alkama, R., Sitch, S.,
Friedlingstein, P., Smith, W.K., Yuan, W., He, W., Lombardozzi, D., Kautz, M., Zhu,
D., Lienert, S., Kato, E., Poulter, B., Sanders, T.G.M., Krüger, I., Wang, R., Zeng, N.,
Tian, H., Vuichard, N., Jain, A.K., Wiltshire, A., Haverd, V., Goll, D.S., Peñuelas, J.,
2020. Recent global decline of CO2 fertilization effects on vegetation
photosynthesis. Science 370 (80-), 1295–1300. doi:http://dx.doi.org/10.1126/
science.abb7772.

Wei, X., Shao, M., Gale, W., Li, L., 2014. Global pattern of soil carbon losses due to the
conversion of forests to agricultural land. Sci. Rep. 4, 6–11. doi:http://dx.doi.org/
10.1038/srep04062.

Wiesmeier, M., Urbanski, L., Hobley, E., Lang, B., von Lützow, M., Marin-Spiotta, E., et
al., 2019. Soil organic carbon storage as a key function of soils - A review of
drivers and indicators at various scales. Geoderma 333, 149–162. doi:http://dx.
doi.org/10.1016/j.geoderma.2018.07.026.

Yang, X., Thornton, P.E., Ricciuto, D.M., Post, W.M., 2014. The role of phosphorus
dynamics in tropical forests - A modeling study using CLM-CNP. Biogeosciences
11, 1667–1681. doi:http://dx.doi.org/10.5194/bg-11-1667-2014.

Yue, K., Peng, Y., Peng, C., Yang, W., Peng, X., Wu, F., 2016. Stimulation of terrestrial
ecosystem carbon storage by nitrogen addition: a meta-analysis. Nat. Publ. Gr.
1–10. doi:http://dx.doi.org/10.1038/srep19895.

Zaehle, S., 2013. Terrestrial Nitrogen – Carbon Cycle Interactions at the Global Scale. .
11

http://dx.doi.org/10.1016/j.scitotenv.2018.03.378
http://dx.doi.org/10.1046/j.1354-1013.2001.00459.x
http://dx.doi.org/10.1046/j.1354-1013.2001.00459.x
http://dx.doi.org/10.1007/s11368-021-02881-7
http://dx.doi.org/10.1111/j.1365-2486.2011.02590.x
http://dx.doi.org/10.1111/gcb.14066
http://dx.doi.org/10.1111/gcb.14066
http://dx.doi.org/10.1016/S0016-7061(03)00094-6
http://dx.doi.org/10.1016/S0016-7061(03)00094-6
http://dx.doi.org/10.2136/vzj2012.0114
http://dx.doi.org/10.2136/vzj2012.0114
http://dx.doi.org/10.1073/pnas.1800925115
http://dx.doi.org/10.1111/gcb.13862
http://dx.doi.org/10.1111/gcb.13068
http://dx.doi.org/10.1111/gcb.13068
http://dx.doi.org/10.1126/science.1094678
http://dx.doi.org/10.1126/science.1094678
http://dx.doi.org/10.5194/bg-2020-392
http://dx.doi.org/10.5194/bg-2020-392
http://dx.doi.org/10.1038/ngeo721
http://dx.doi.org/10.1038/s41598-017-02002-w
http://dx.doi.org/10.1007/s10533-019-00582-5
http://dx.doi.org/10.1007/s10533-019-00582-5
http://dx.doi.org/10.1002/ldr.2944
http://dx.doi.org/10.5194/bg-7-2261-2010
http://dx.doi.org/10.1002/hyp.8164
http://dx.doi.org/10.1002/2014GB005000.Received
http://dx.doi.org/10.1002/2014GB005000.Received
http://dx.doi.org/10.1007/s10533-018-00535-4
http://dx.doi.org/10.1007/s10533-018-00535-4
http://dx.doi.org/10.1126/science.abb7772
http://dx.doi.org/10.1126/science.abb7772
http://dx.doi.org/10.1038/srep04062
http://dx.doi.org/10.1038/srep04062
http://dx.doi.org/10.1016/j.geoderma.2018.07.026
http://dx.doi.org/10.1016/j.geoderma.2018.07.026
http://dx.doi.org/10.5194/bg-11-1667-2014
http://dx.doi.org/10.1038/srep19895

	Changes in carbon storage since the pre-industrial era: A national scale analysis
	1 Introduction
	2 Methods
	3 Results
	3.1 Model validation
	3.2 Carbon storage  spatial analysis
	3.3 Carbon storage  analysis by land use

	4 Discussion
	5 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


