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Abstract
Increasing ecosystem service provision is a key strategy of the UK’s ongoing agricultural and environmental policy 
reforms. Enhancing forest cover by 4%, particularly on the least productive agricultural land, aims to maximise 
carbon sequestration and achieve net zero by 2050. Multiple factors affect the sequestration potential of afforesta-
tion schemes and landowner participation in them, highlighting the need for spatially explicit research. We used the 
InVEST Carbon Model to investigate the Loddon Catchment, southeast England as a study area. We assessed the 
carbon sequestration potential and economic feasibility of three broadleaved woodland planting scenarios; arable, 
pasture, and stakeholder-approved (SA) scenario. We found that over a 50-year time horizon, woodland planting 
on arable land has the greatest sequestration potential (4.02 tC ha−1 yr−1), compared to planting on pasture land
(3.75 tC ha−1 yr−1). When monetising carbon sequestration at current market rates, woodland planting on agricul-
tural land incurs a loss across all farm types. However, when including the value of unpaid labour, lowland pasture 
farms presently incur a greater loss (−€285.14 ha−1 yr−1) than forestry (−€273.16 ha−1 yr−1), making forestry a more 
economical land use. Subsidising up to the social value of carbon (€342.23 tC−1) significantly reduces this loss and 
may make afforestation of pasture land more appealing to farmers. Woodland planting on lowland pasture land 
would increase forest cover by up to 3.62%. However, due to the influence of farmer attitudes on participation, it is 
more realistic for afforestation to occur on lowland pasture land in the SA scenario, equating to a 0.74% increase.
Key words: carbon sequestration; land use; afforestation; planting scenarios; ecosystem services; climate change 
mitigation

1. Introduction
The Climate Change Act 2008 legally requires Eng-
land to reach “net zero” greenhouse gas emissions by 
2050. Agricultural land covers around 63% of England 
and produces approximately 10% of territorial emis-
sions; significant management changes are required to 
meet the net zero target (MHCLG 2020; DBEIS 2021). 
Key agricultural and environmental strategies include 
the application of Environmental Land Management 
Schemes (ELMS); planting 11 million trees across 24 
million hectares, including woodland planting on the 
least productive agricultural land; and the introduction 
of a “Forest Carbon Guarantee Scheme” to strengthen 
the domestic market for carbon storage and sequestra-
tion (CSS) services.

Editor: Bohdan Konôpka

There is strong potential for CSS through woodland 
planting on agricultural land. Carbon storage is defined 
as the pool of carbon within an ecosystem, and carbon 
sequestration is the process where carbon dioxide is 
removed from the atmosphere by photosynthesis and 
stored in a terrestrial system (Evans 2013). For exam-
ple, a 4% increase in UK forest cover could abate 24% of 
annual agricultural greenhouse gas emissions by 2050 
(CCC 2020). However, the efficiency and scale of CSS, 
or the participation in afforestation schemes are vari-
able and depend on multiple environmental and socio-
economic factors, highlighting the need for research that 
considers the idiosyncrasies and spatially explicit differ-
ences (Morison et al. 2012; Howley et al. 2015; Hyland 
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et al. 2016; Gregg et al. 2021).
There are notable differences in the CSS potential 

between broadleaved and coniferous woodlands. Broad-
leaved woodlands tend to have a higher carbon storage 
capacity than coniferous woodlands, due to the longer 
lifespan and a greater wood density of broadleaved spe-
cies, therefore sequestering more long-term carbon per 
unit of land (Morison et al. 2012). In contrast, conifer-
ous species tend to be faster growing and initially have 
a higher annual sequestration rate, approximately 20% 
higher than broadleaved species, thus sequestering more 
carbon in the short-term (EftEC 2015). There are sig-
nificant regional variations in sequestration rates even 
within England; coniferous species sequester more car-
bon as the wetter climate and acidic soils provide a more 
suitable habitat for coniferous species in the north and 
west, whereas the drier climate in the south and east is 
more suited for broadleaved growth (Gregg et al. 2021).

Temperate forest soils hold approximately 63% of 
the total forest carbon stock in this biome (Vlek et al. 
2017). Research on the relationship between CSS and 
soil type in forests is conflicting and limited, however, 
the consensus is that soil type does affect CSS potential. 
For instance, an assessment of British forest soils found 
that carbon storage was 13% higher in clayey gleysols 
compared to sandy cambisol soils (Vanguelova et al. 
2013). In contrast, Grunelberg’s (2014) study of climati-
cally similar soils in Germany found carbon storage to 
be 45% higher in cambisols compared to gleysols. Fur-
thermore, afforestation of high yield class agricultural 
land results in greater CSS potential than planting on low 
yield class land (Matthews et al. 2020; Gregg et al. 2021). 
To illustrate the difference, cumulative sequestration 
in a 200-year-old broadleaved woodland is on average 
1350 CO2 e ha−1 in yield class 12 land compared to
624 CO2 e ha−1 in yield class 4 land (Gregg et al. 2021). 
However, the high value of prime agricultural land cre-
ates a trade-off between farm income and climate regula-
tion services, often making woodland planting unfeasible 
(Nijnik et al. 2013).

There are mixed views towards afforestation within 
the farming community, with three distinct groups. The 
first see afforestation conflicting with their “productiv-
ist” values and cultural beliefs. This group, regardless 
of finances, is unlikely to participate in forest planting 
schemes (Watkins et al. 1996; Howley et al. 2015; Ryan 
et al. 2018). The second group, the “environmentalists”, 
are often in the younger age categories, have high levels 
of environmental awareness, and are positive about agri-
environmental schemes (Hamilton et al. 2015; Hyland et 
al. 2016). Finally, there are those that are motivated by 
practicalities, such as financial incentives, rather than 
cultural beliefs (Ryan et al. 2018; DEFRA 2021). Improv-
ing wildlife and providing conservation habitats are often 

the principal objectives, followed by the provision of 
other ecosystem services such as scenic quality (Lawer-
ence et al. 2010; Dunn et al. 2020; DEFRA 2021). CSS 
is typically a low priority for farmers (Reid et al. 2021). 
Because of this, the planting of broadleaved species over 
coniferous is advocated due to the benefits to biodiversity 
and perceived aesthetic quality (Gregg et al. 2021; Reid 
et al. 2021).

Finally, financial incentives are particularly relevant 
to those neutral or pro-planting. In a recent farm sur-
vey on the upcoming ELMS, financial motives were the 
strongest driver for participation in the scheme (DEFRA 
2021). The agricultural industry in England is heavily 
reliant on government subsidies, with an average 61% of 
farm profit coming from EU Direct Payments (DEFRA 
2018). There has been some research on the economic 
feasibility of woodland planting and the role of subsi-
dies (Hardaker 2018; O’Neill et al. 2020). O’Neill et 
al.’s (2020) study did not include timber production as 
a source of income and found that when discounting sub-
sidies and using the sale of carbon on the private market 
as the income source, a carbon price of €48.40 tCO2 eq−1 
was required to be comparable to sheep farming, making 
afforestation currently unfeasible without government 
subsidies.

This study aims to improve the research gap concern-
ing afforestation of farmland by evaluating the potential 
CSS and economic feasibility of broadleaved woodland 
planting on agricultural land in the Loddon Catchment, 
southeast England. Using the spatial Integrated Valu-
ation of Ecosystem Services and Tradeoffs (InVEST) 
Carbon Model, we considered three woodland planting 
scenarios: forest planting on (i) arable and (ii) pasture 
land as identified by land classification, and (iii) a “stake-
holder-approved” (SA) scenario. Using the Loddon 
Catchment as a case study, our primary research ques-
tion concerned the economic feasibility of a woodland 
planting scenario on agricultural land to provide CSS.

2. Materials and methods

2.1. Study site and modelling approach
The Loddon Catchment covers an area of 68,277 ha 
across three counties in southeast England, UK: Berk-
shire, Hampshire, and Surrey (Loddon Observatory 
2021). With a temperate oceanic climate, the mean 
annual temperature is 10 °C and mean annual rainfall 
is 650 mm (Met Office 2016; World Bank Group 2020). 
Carbon sequestration potential of the arable, improved 
grassland1, and SA scenarios (see below) was calculated 
with the InVEST Carbon Model (ICM), using carbon pool 
data, and 5 m resolution present-day2 and future land use 

1 In this paper the term “broadleaved” and “deciduous” woodland, and “improved grassland” and “pasture”, are used interchangeably, as they are in the 
UK BAP Broad Habitat and UKCEH Land Cover class definitions (UKCEH 2020).
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change (LUC) rasters (Natural Capital Project 2021; 
Stanford University 2021). We considered four biophysi-
cal carbon pools in the landscape: aboveground living 
biomass, belowground living biomass, soil, and dead 
matter (Natural Capital Project 2021). The carbon pool 
data to 1 m depth for the land classes of interest, arable, 
improved grassland, and deciduous woodland, were col-
lected from Natural England’s review “Carbon Storage 
and Sequestration by Habitat” (Gregg et al. 2021). A lit-
erature review was completed to source additional carbon 
data complementary to the main database (Table 1).

Traditional agricultural practices, such as tillage and 

crop removal at harvest, are presumed to dominate in the 
arable land use in this study, hence we assumed that there 
is no permanent aboveground, belowground, or dead bio-
mass carbon stock in arable land (Natural Capital Project 
2021). Similar to arable, we assumed that there is a neg-
ligible amount of dead biomass in improved grassland 
land types (Natural Capital Project 2021). Mean carbon 
content in belowground biomass in forests was estimated 
using data from Patenaude et al. (2003), and calculated 
from aboveground biomass using the root to shoot ratio 
for broadleaved woodlands in temperate oceanic cli-
mates (IPCC 2019). Mean deadwood and litter data are 
from Patenaude et al. (2003) and the IPCC (2006). The 
woodland carbon pools were age-adjusted assuming lin-
ear growth over a time horizon of 50 years (2021–2071). 
Carbon pools for improved grassland and arable land 
use were assumed to be in a steady state, hence were not 
adjusted in the LUC scenarios.

2.2. Land use change scenarios
Three LUC scenarios were created using ArcGIS. An 
arable planting scenario was created by selecting first by 
land class and then by agricultural land grade (ALG)3. All 
arable land within the poorest grade, ALG 4, was selected 
for afforestation. The Loddon Catchment has 14,800 ha 
of arable land, of which, just 2.60% (385 ha) qualified 
as suitable for afforestation in this scenario, primarily 
in central and northern areas. The selection criteria for 
the pasture planting scenario were similar to the arable 
scenario, all land classified as improved grassland with 
ALG 4 was selected. The Loddon Catchment currently 

Table 1. The average, minimum, and maximum carbon values used for each land class in the InVEST model.

Land Class
Aboveground Biomass Belowground Biomass Soil Dead Matter

[tC ha−1] Source [tC ha−1] Source [tC ha−1] Source [tC ha−1] SourceX Min Max X Min Max X Min Max X Min Max
Arable 0.00 0.00 0.00 a 0.00 0.00 0.00 a 120.00 51.09 173.17 b 0.00 0.00 0.00 a
Improved Grassland 2.26 1.47 4.03 c 1.18 0.71 1.67 c, d 130.00 72.00 204.00 b 0.00 0.00 0.00 a
Planted Deciduous 
Woodland (50 years) 139.43 27.43 244.00 b 25.24 5.27 34.00 e, f 151.00 108.00 173.00 b 5.33 2.30 9.38 e, f

aNatural Capital Project 2021; bGregg et al. 2021; cDe Long et al. 2019; dLange et al. 2015; ePatenaude et al. 2003; fIPCC 2019.

2 Data Sources: UKCEH (2019) Land Cover Map 2019 – Great Britain (Vector) – Geodatabase. License: Edina Environment Digimap and Environment 
Agency (2020) WFD River Catchments Cycle 2 – ESRI shapefile (polygons). License: Open Government License.

3 Data source: Natural England (2020) 1: 250 000 Provisional Agricultural Land Classification (ALC). License: Open Government License.
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contains 20,000 ha of pasture; 17.42% (3564 ha) was 
selected as suitable for woodland planting. The qualify-
ing land was more evenly spread than in the arable sce-
nario, however, there was a distinct lack of grade 4 land 
in the west of the catchment. The SA scenario was based 
on the results of a workshop organised by the LAND-
WISE project (Elwin et al. 2020). The Lower Loddon 
sub-catchment was the only area identified as suitable 
for woodland planting. Using a shapefile outlining the 
areas in the Lower Loddon approved for woodland plant-
ing by stakeholders, the same land class and ALG filter 
was applied as in the other scenarios. From the total area 

approved for woodland planting by stakeholders in the 
catchment (11,300 ha), 8.42% was identified as suitable, 
of which, 85% was pasture (809 ha) and 15% was arable 
(141 ha) (Fig. 1).

Fig. 1. Three scenarios for woodland planting on agricultural 
land in the Loddon Catchment, England. The catchment cov-
ers approximately 70,000 ha. 

 



2.3. Carbon valuation
We used the ICM to calculate the market and social net 
present value (NPV) of carbon sequestration in all three 
scenarios. The valuation required three inputs; the “price 
per metric ton of carbon”, “market discount in the price 
of carbon”, and the “annual rate of change in the price 
of carbon (ROC)” (Natural Capital Project 2021). The 
UK Emission Trading Scheme (UKETS) market price of 
€97.78 tC−1, and historical ROC between 2010–2021 of 
4.37%, were used to estimate the market value of seques-
tration (DBEIS 2021). Current and historical prices used 
by the Woodland Carbon Code (WCC) are not publicly 
available, hence we used the UKETS prices even though 
they do not presently include the use of offset purchases 
(including forestry) (Maguire et al. 2021). Non-traded 
carbon price, €342.29 tC−1, and predicted ROC between 
2021–2071 of 7.93%, was used to calculate the social 
value (DBEIS 2021). A standard UK discount rate of 
3.5% was used (HM Treasury 2020).

2.4. Economic feasibility of woodland 
planting
The economic analysis considered three main factors: the 
business-as-usual (BAU) gross margin for typical farm 
types, the gross margin for woodland planting using the 
market equivalent annual value (EAV) of carbon seques-
tration as the income source, and the difference between 
these two values. The BAU whole-farm gross margins 
for combinable crop, dairy, and lowland grazing beef 
and sheep (LGBS) farms were taken from the John Nix 
Pocketbook (Redman 2020) (Table 2).

The gross margins for woodland planting were cal-
culated using the ICM’s market EAV of carbon seques-
tration output for arable and pasture land, minus the 
Pocketbook values for farm woodland establishment 
and maintenance, general overhead expenses, and farm 
rent (Table 3). The average field size of areas suitable for 
afforestation in the arable and pasture scenarios was 5 ha 
and 2 ha, respectively, and the costs of woodland estab-
lishment were adjusted to account for economies of scale. 

Table 2. Business-as-usual (BAU) whole farm costings, as listed by the John Nix Pocketbook (Redman 2020).
Farm Type Combinable Crop Farm Dairy Lowland Grazing Beef and Sheep
Average Farm Size [ha)] 375 119 110

Income [€ ha−1 yr−1]

Details 150 ha winter feed wheat, 75 ha spring 
malting barley, 75 ha spring beans 86 ha all-year dairy, 33 ha dairy youngstock 45 ha autumn sucklers, 69 heads 

beef finishing, 65 ha lowland ewes
Product income 827.63 2,293.20 508.49
Basic payment 232.96 252.00 252.00
Diversification 48.00 50.42 109.09
Agri-environmental income 0.00 0.00 87.28
Total Income 1,108.58 2,595.62 956.86

Outgoings [€ ha−1 yr−1]
Paid labour 84.00 228.00 36.00
Unpaid labour 120.00 420.00 468.00
Casual labour 18.00 36.00 24.00
Total labour 222.00 684.00 528.00
Machinery depreciation 144.00 246.00 144.00
Machinery running 132.00 252.00 138.00
Contract 102.00 204.00 78.00
Total Power and Machinery 378.00 702.00 360.00
Farm maintenance 30.00 114.00 54.00
Water and electricity 72.00 228.00 96.00
General overhead expenses 108.00 90.00 84.00
Total Overheads 210.00 432.00 234.00
rent and Interest 174.00 258.00 120.00
Fixed costs* 810.00 1,818.00 1,122.00
Total BAU Gross Margin [€ ha−1 yr−1] 124.58 519.62 285.14

* fixed costs are not included in the total BAU gross margin calculation. 

Table 3. Gross margins for woodland planting. Annual average values over 50 years of woodland growth, derived from InVEST 
Carbon Model (ICM) outputs and John Nix Pocketbook (Redman 2020).
Farm Type Details Combinable Crop Farm Dairy Lowland Grazing Beef and Sheep

Income [€ ha−1 yr−1]
Carbon sale at market price (equivalent annual 
value)

Sourced from ICM land use change 
scenario outputs 103.61 96.68 96.68

Total Income 103.61 96.68 96.68
Outgoings [€ ha−1 yr−1]

Woodland establishment <3 ha €8,160 and 3–10 ha €6,600 
over the first 3 years 163.20 132.00 132.00

Woodland maintenance €36 yr−1 after woodland establishment 33.84 33.84 33.84
Total Woodland Costs 197.04 165.84 165.84
General overhead expenses 108.00 90.00 90.00
Total Overheads 108.00 90.00 90.00
rent and Interest 174.00 258.00 120.00
Fixed costs* 810.00 1,818.00 1,122.00
Woodland Planting Gross Margin [€ ha−1 yr−1] −375.43 −417.16 −273.16

* fixed costs are not included in the total woodland planting gross margin calculation.
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All other farm costs were excluded because they were 
either accounted for within woodland establishment (e.g. 
labour), or no longer applicable (e.g. machinery running 
and depreciation). Notably, for consistency of calcula-
tions, the value of “unpaid labour” was included in the 
costings for productive farming and woodland planting 
income. A maximum subsidy equal to the ICM social EAV 
of carbon sequestered, less the ICM market EAV, was 
used to consider the effect of government subsidies.

3. results

3.1. Carbon sequestration potential
The ICM showed that the highest annual carbon 
sequestration from woodland planting could reach  
4.02 tC ha−1 yr−1 on arable land over 50 years of growth 
(Fig. 2). Carbon sequestration in pasture land was 6.8% 
lower, at 3.75 tC ha−1 yr−1, due to the higher initial car-
bon storage in grasslands compared to arable land. The 
largest gains in both land types were in aboveground 
biomass, representing on average 71% of the sequestra-
tion. At the catchment scale, the pasture scenario had 
the greatest total sequestration potential of 668,540 tC. 
The total sequestration in the SA and arable scenarios 
was much less, at 180,256 tC and 77,402 tC, respectively. 

Additionally, there was high variability in the range of 
carbon sequestration, particularly in the aboveground 
biomass. This is in line with the minimum/maximum 
ranges of the values used in the ICM (Table 1).

3.2. Economic value of carbon sequestration
Using a market carbon price of €97.78 tC−1, a discount 
rate of 3.5%, and a ROC of 4.37% (HM Treasury 2020; 
DBEIS 2021), the highest market NPV over the 50-year 
time horizon was planting on arable land in the arable 
and SA scenario, at €5,180.64 ha−1. The NPV was
slightly less when planting on improved grass-
land, at €4,834.08 ha−1. This equates to an EAV of
€103.61 ha−1 yr−1 and €96.68 ha−1 yr−1 in arable and pas-
ture land, respectively. The highest total NPV of carbon 
sequestration in the Loddon Catchment was valued at 
€17.23 million in the pasture scenario. The social NPV 
of carbon sequestration was considerably higher than 
the market value when raising the carbon price to the 
social value of €342.29 tC−1 and corresponding ROC to 
7.93% (HM Treasury 2020; DBEIS 2021). Similar to the 
market valuation, the highest EAV was in arable land at 
€261.50 ha−1 yr−1. The highest total social NPV in the 
Loddon Catchment was in the pasture scenario, valued 
at €43.48 million (Table 4).

 

Fig. 2. Mean annual carbon sequestration by woodland planting on arable and pasture land, shown as totals and divided to 
individual carbon pools, error bars represent the minimum/maximum range. Carbon sequestration by land type rather than by 
LUC scenario is shown.

Table 4. The market and social net present value (NPV) per hectare, total NPV, and equivalent annual value (EAV) of carbon 
sequestration in the land use change scenarios.

Planting Scenario Area 
[ha]

Market Social
NPV 

[€ ha−1]
Total NPV 

[€]
EAV 

[€ ha−1 yr−1]
NPV 

[€ ha−1]
Total NPV 

[€]
EAV 

[€ ha−1 yr−1]
Arable 385.5 5,180.64 1,996,981 103.61 13,075.20 5,040,096 261.50
Pasture 3563.6 4,834.08 17,226,954 96.68 12,200.64 43,478,773 244.01

SA
* Arable 141.4 5,180.64 732,751 103.61 13,075.20 1,849,362 261.50

Pasture 809.5 4,834.08 3,912,997 96.68 12,200.64 9,875,938 244.01
Combined 950.9 5,007.36 4,645,750 100.15 12,637.92 11,725,298 252.76

*Stakeholder Approved.
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3.3. Economic feasibility of forest planting
The final part of the study considered the economic fea-
sibility of woodland planting. Out of the three BAU farm 
types, dairy farming is the most profitable with a gross 
margin of €519.62 ha−1 yr−1, followed by combinable crop 
farming earning €124.58 ha−1 yr−1. Importantly, due to 
accounting for the value of unpaid labour, LGBS farm-
ing operates at a loss of −€285.14 ha−1 yr−1. Our evalu-
ation showed that, without government subsidies, the 
woodland planting gross margins were at a loss across 
all farm types. The greatest loss was in dairy farming, at 
−€417.16 ha−1 yr−1, while the smallest in LGBS farming, 
at −€273.16 ha−1 yr−1. Comparing the BAU and wood-
land planting gross margins, we found that conversion 
to woodland would leave combinable crop and dairy 
farmers financially worse off compared to BAU. Inter-
estingly, planting on pasture land in LGBS farms would 
earn €11.99 ha−1 yr−1 more. Therefore, even though 
LGBS farms would still be working at a loss, this would 
be less of a loss than continuing with traditional farming 
practices (Table 5).

We infer that the arable scenario and arable areas 
within the SA scenario are currently economically not 
suitable for woodland creation. The picture is more 
complex in the pasture scenario. Whilst afforestation is 
not currently feasible on dairy farms, the areas practic-
ing LGBS farming could be more suited to woodland 
creation, given the existing losses in BAU practice. Fur-
thermore, a government subsidy up to the social value 
of carbon, a maximum of €157.90 ha−1 yr−1 on arable 
land and €147.32 ha−1 yr−1 on pasture land is unlikely 
to change the outcome for areas operating combinable 
crop or dairy farms. However, this may make woodland 
planting more appealing to LGBS farmers as there is a 
greater difference (€159.31 ha−1 yr−1) between the BAU 
and woodland planting margins.

4. Discussion

4.1. Carbon sequestration
The findings complement existing research, decidu-
ous afforestation on arable land results in an increase 

in carbon sequestration, however, the rates of seques-
tration vary. A UK modelling study by Garcia de Jalon 
et al. (2018) observed significantly higher sequestra-
tion in aboveground biomass at 20.42 tC ha−1 yr−1, 
compared to our result of 2.79 tC ha−1 yr−1. Poulton´s
(2003) research on natural regeneration found a 
2.24 tC ha−1 yr−1 increase in aboveground and below-
ground biomass over 120 years. The same variation 
occurs in research reporting on afforestation of pasture 
land; Ostle et al.’s (2009) review reports modest soil 
carbon sequestration of 0.1 tC ha−1 yr−1 over 90 years, 
whereas Upson et al. (2016) complemented our obser-
vation of a 0.3 tC ha−1 yr−1 increase in soil carbon. This 
variation may be explained by environmental factors, 
such as differences in soil and vegetation type, manage-
ment practices (Senapati et al. 2014; England et al. 2016; 
Gregg et al. 2021), or the carbon pool data sources and 
modelling packages used in desk-based research (Tupek 
et al. 2010; Sharps et al. 2017; Bartholomee et al. 2018). 

The large differences between the total sequestra-
tion potential in our scenarios are mostly due to the 
size of suitable areas for afforestation in each scenario. 
Using the selection criteria, areas with a low ALG were 
approximately nine times greater in pasture land than 
arable land, in the SA scenario, 85.1% of the indicated 
land was improved grassland. Grassland is often con-
sidered the“most suitable” for afforestation due to the 
widespread focus of planting on low quality, yet acces-
sible, land (Burke et al. 2020; Wilkes et al. 2020). This 
inevitably incurs a trade-off with livestock production, 
however, a shift in consumption patterns towards more 
sustainable low-meat diets could reduce the need for 
pasture land in the future (Willett et al. 2019; Wilkes et 
al. 2020). Furthermore, to meet the net zero targets, the 
UK’s land use strategy is to increase forest cover from 
13% to 17% by 2050, largely on low-grade agricultural 
land (HM Government 2018; CCC 2020). The pasture 
planting scenario is the only scenario to meet this tar-
get, increasing forest cover in the Loddon Catchment by 
5.22%. In comparison, the arable and SA scenario would 
increase cover by 0.56%, and 1.39%, respectively.

Table 5. A summary of the economic analysis comparing afforestation to business-as-usual (BAU) farming.
Farm Type Combinable Crop Farm Dairy Lowland Grazing Beef and Sheep

Income [€ ha−1 yr−1]
Carbon sale at market price 
(equivalent annual value) 103.61 96.68 96.68

Total Income 103.61 96.68 96.68
Outgoings [€ ha−1 yr−1]

Woodland establishment 163.20 132.00 132.00
Woodland maintenance 33.84 33.84 33.84
General overhead expenses 108.00 90.00 84.00
Rent and interest 174.00 258.00 120.00
Total Outgoings 479.04 513.84 369.84
Woodland Planting Gross Margin [€ ha−1 yr−1] −375.43 −417.16 −273.16
BAU gross margin [€ ha−1 yr−1] 124.58 519.62 −285.14
Woodland Planting Vs. BAU [€ ha−1 yr−1] −500.02 −936.78 11.99

Effect of government subsidy
Maximum government subsidy [€ ha−1 yr−1] 157.90 147.32 147.32
Woodland Planting Gross Margin [€ ha−1 yr−1] (including the maximum subsidy) −217.54 −269.83 −125.83
Woodland Planting Vs. BAU [€ ha−1 yr−1] (including the maximum subsidy) −342.12 −789.46 159.31
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4.2. Value of carbon sequestration
Very few European studies consider carbon sequestra-
tion as a source of income to landowners through emis-
sion offset schemes, such as the WCC, instead of timber 
production (Hall 2018; Ovando et al. 2019; O’Neill et al. 
2020). O’Neill et al.’s (2020) report on afforestation of 
UK pasture land is the only study that provides com-
parable data. They found a much lower market NPV of 
€148.19 ha−1 over 25 years, however, this is likely because 
they only provided NPV data for natural regeneration, 
which typically takes longer to establish than active plant-
ing, therefore sequestering less carbon over the same 
period (O’Neill et al. 2020). 

Much of the research valuing carbon sequestration 
concentrates on monetising the positive environmen-
tal externalities gained from it, i.e. social value. Results 
from similar afforestation modelling studies are var-
ied. Garcia de Jalon et al. (2018) show that woodland 
growth on arable land in Bedfordshire, England, has a far 
lower social EAV of €35.79 ha−1 yr−1 over a 30-year time 
horizon. In contrast, Giannitsopoulos et al. (2020) esti-
mated the social EAV from afforestation on arable land of 
€231.82 ha−1 yr−1. The variation can be explained by the 
price of carbon and the discount rates used in valuation 
calculations. They have a significant and nonlinear effect 
on NPV, sometimes greater than the amount of carbon 
sequestered (Bateman & Lovett 2000). For example, 
Giannitsopoulos (2020) demonstrated that due to dis-
count rates, raising the carbon price by 66.50% resulted 
in a 98.43% increase in NPV. Moreover, a GIS analysis 
showed that a 40% and 50% increase in discount rates 
resulted in a 40% and 63% increase in NPV (Bateman 
& Lovett 2000). This highlights the need for clarity in 
both the carbon price and discount rates used in the 
assessment of carbon sequestration to avoid under or 
over-valuation.

4.3. Economic feasibility
The results of the economic analysis generally agree 
with the trends described in existing literature. The 
overarching theme is that the high production value of 
arable land prevents woodland planting, and in some 
circumstances, the comparatively low value of pasture 
land makes afforestation an economically viable option 
(Nijnik et al. 2013; O’Neill et al. 2020; Kaske et al. 2021). 
Similar patterns have been found in studies using tim-
ber production as the income source rather than carbon 
sequestration (Garcia de Jalon et al. 2018; Giannitsopou-
los et al. 2020). O’Neill et al. (2020) found that for active 
woodland planting on sheep pastures, a government sub-
sidy of €244.01 tC−1 is necessary to break even, which 
is lower than the social carbon price used in this paper 
(€342.23 tC−1). In comparison, we calculated a subsidy
of €273.16 ha−1 yr−1 required to break even when afforest-
ing pasture, which is slightly greater than the estimated 

social value of €244.04 ha−1 yr−1. This is likely because 
O’Neill et al. focused solely on sheep farming, whereas 
the general pasture values used in this study include more 
profitable beef production (Redman 2020).

An important finding of this study is that afforesta-
tion of pasture land may have better financial prospects 
than continuing with agriculture. However, in practice, 
farmers may not want, or be able to, convert to forestry. 
When excluding the value of unpaid labour and assuming 
that the land is owner-occupied, the BAU gross margins 
no longer show a loss, explaining why most farms con-
tinue to be viable (Redman 2020). The skill set needed 
for grazing operations is often provided by unpaid family 
workers. In contrast, the skills required for conversion 
to carbon forestry may not be available for free, thus 
tipping the balance against economic attractiveness of 
afforestation, particularly for farming households fit-
ting the “cash-poor, asset-rich” stereotype (Lawrence 
& Edwards 2013; Wynne-Jones 2013; Redman 2020). 
Furthermore, financial incentives are not the only driver 
of change in farming communities; cultural beliefs, 
“productivist” values, and previous poor experiences 
of agri-environmental schemes may stop farmers from 
participating in woodland planting, particularly in older 
generations (Watkins et al. 1996; Howley et al. 2015; 
Ryan et al. 2018; DEFRA 2021). Hence, it is important 
to consider afforestation scenarios in areas accepted by 
potential participants, as done here in the SA scenario. 

The reliance on government subsidies is a common 
economic agricultural issue. In England, EU Direct Pay-
ments represented 61% of farm profits (DEFRA 2018), 
making it difficult for domestic forestry markets to com-
pete without similar government support. However, the 
EU Direct Payments will be phased out by 2025 in Eng-
land and replaced with ELMS, which is a natural capital 
scheme (HM Government 2018; Coe & Finlay 2020). If 
ELMS reduces the overall amount of payments and ties 
these to the delivery of specific environmental goods such 
as carbon sequestration, conversion to forestry could 
become far more attractive, if not the default option on 
marginal land due to the economic unfeasibility of agri-
culture (Manzoor et al. 2021). Considering the social 
value of carbon sequestration is a common method used 
to evaluate the trade-offs between climate regulation 
services and food production. However, by only focusing 
on carbon sequestration, there is a risk of underrepre-
senting the value of concurrent services (Giannitsopou-
los et al. 2020). For example, a valuation of air quality 
regulation, biodiversity, and recreational co-benefits 
provided by afforested areas in the WCC estimated an 
additional social value of €413–€945 tC−1 sequestered 
(EftEC 2015). Conversely, trade-off analyses including 
the multiple ecosystem services provided by woodlands 
often fail to account for the social value of food produc-
tion on agricultural land and only include the production 
value to farmers as an income source (Garcia de Jalon 
et al. 2018; Giannitsopoulos et al. 2020), thus, underes-
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timating the true societal value by excluding the health 
and nutritional benefits provided by food consumption.

It is unrealistic that all suitable land in the pasture 
scenario will be planted, farmer attitudes to participa-
tion in afforestation schemes do play a role (Howley et al. 
2015; Ryan et al. 2018; DEFRA 2021). It is more probable 
for woodland planting to occur on the pasture farmland 
within the SA scenario. This equates to a smaller expan-
sion in forest cover of 0.74%, far below the 4% target 
(CCC 2020). The focal area of this study represents 
relatively productive land, however, it is likely that a far 
more significant amount of afforestation may happen 
on marginal land in hilly areas of Wales and Northern 
England as a result of changes in the subsidy or the trad-
ing environment (Manzoor et al. 2021). Abandonment of 
marginal farmland all over Europe has been taking place 
for decades (Ruskule et al. 2016), significant tracts of 
Eastern Europe are reverting back to forest (Vinogradovs 
et al. 2018; Slawski et al. 2020). Clearly, the challenge 
for the new Common Agricultural Policy is to provide 
targeted incentives to support purposeful afforestation 
of marginal land without spending resources on speeding 
up natural secondary succession on land already under-
going or prone to abandonment. 

4.4. Limitations and further research
The CSS estimates in this study may be conservative as 
the ICM assumes a linear trend of carbon sequestration 
over time. Sequestration typically follows a nonlinear 
path, leading to an underestimation of carbon uptake 
in the initial stages of ecosystem development (Natural 
Capital Project 2021). Similarly, although the ICM valu-
ation accounted for discount rates and ROC, it was out-
side the scope of this study to include the same variables 
when calculating the BAU gross margins used in the eco-
nomic analysis, overestimating the value of future food 
production. Finally, we were able to partially account for 
farmer preferences and prevailing farm types within the 
Loddon Catchment. However, the lack of data prevented 
this study from being spatially explicit with some envi-
ronmental factors, such as soil type, which are known to 
influence CSS (Vanguelova et al. 2013; Grunelberg et al. 
2014). Future studies on CSS would greatly benefit from 
a wider, more certain, knowledge base on terrestrial car-
bon storage, particularly by soil type within agricultural 
land cover. Additionally, further work to understand the 
local and regional variances in farmer attitudes towards 
woodland planting would improve the understanding of 
the barriers to participation and identify potential actions 
to improve stakeholder approval.

5. Conclusions
A key strategy of the ongoing environmental and agri-
cultural UK policy reforms is to increase forest cover, 
and associated carbon sequestration, particularly on 
low quality agricultural land. We found that when using 
income from the market sale of carbon sequestration, 
woodland planting on agricultural land results in a gross 
margin loss across all considered farm types. Subsidising 
up to the social value of carbon significantly reduces this 
loss and may make afforestation of LGBS pasture land 
more appealing to farmers.

Woodland planting on LGBS pasture land would 
increase the forest cover in the Loddon Catchment by 
up to 3.62%, achieving close to the 4% target required 
to reach net zero by 2050. However, farmer attitudes have 
major influence on participation in woodland planting 
schemes. Therefore, it is more realistic for afforestation to 
occur on lowland pasture land in the SA scenario, equat-
ing to a much smaller expansion in forest cover of 0.74%. 

Before moving forward with afforestation schemes, 
more consideration must be given to the food system 
implications, and the techniques used to assess the 
amount and value of ecosystem services provided in 
both agricultural and wooded landscapes. Finally, future 
research should concentrate on expanding the terrestrial 
carbon storage knowledge base to provide evidence for 
carbon-based finance.
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