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A B S T R A C T   

Ecological Footprint and biocapacity accounting is a widely-used ecological accounting framework which tracks 
human demand against the biosphere’s rate of regeneration. However, current national assessments do not yet 
include carbon-dense peatlands, hindering the evaluation of peatland biocapacity contributions. Also, the eco-
nomic efficiency of peatland restoration is understudied and needed to inform land use decisions. We provide the 
first assessment of Scotland’s biocapacity and add peatlands as a novel land type. We then project the biocapacity 
impacts in 2050 of current peatland restoration targets and various alternative management scenarios. Finally, 
we estimate the cost per tonne of greenhouse gas abated of various peatland restoration scenarios, and compare 
this with estimates of afforestation mitigation costs from the literature. Our results show that Scotland’s per- 
person biocapacity exceeds the UK average by a factor of three. However, despite covering 25% of land area, 
peatland biocapacity increases Scotland’s biocapacity total by only 2%, while the Carbon Footprint of degraded 
peatlands increases Scotland’s ecological deficit by 40%. Current peatland restoration targets of the Scottish 
Government are estimated to reduce the national ecological deficit by only 9% in 2050. The cost-effectiveness of 
peatland restoration is context-dependent, and extremely cost-effective methods are applicable to peatland areas 
far exceeding current government restoration targets. Our findings provide land managers with evidence in 
favour of increased peatland restoration, both in terms of boosting biocapacity, and economic cost-effectiveness.   

1. Introduction 

A growing global population and the impacts of climate change is 
putting increasing pressure on the world’s ecosystems (Costanza and 
Daly, 1992; CBD, 2005; Rockström et al., 2009; IPCC, 2014; IPBES, 
2019; Wackernagel et al., 2019). Resulting resource scarcity threatens 
countries in the global North and South, but poses a particular risk to 
countries with below-average income (Wackernagel et al., 2021). To 
progress towards the United Nations Sustainable Development Goals for 
2030, it is therefore important for countries to understand their demand 
for natural resources, and put that into the context of what is available 
globally. The Ecological Footprint and biocapacity provides an ecolog-
ical accounting framework which compares our demand for natural 
resources and waste absorption (Ecological Footprint) with the bio-
sphere’s ability to provide these services (biocapacity) (Wackernagel 
and Rees, 1997). Results are reported in the National Footprint and 
Biocapacity Accounts (NFA) which calculate the Ecological Footprint 

and biocapacity for much of the world’s countries annually. While the 
United Kingdom is included in the NFA, Scotland does not feature 
separately from the UK, leaving its relative resource intensity poorly 
understood. As per-person energy consumption in Scotland is compa-
rable to the UK (UK Government, 2020b), we approximated Scotland’s 
Ecological Footprint as the UK average of 4.2 global hectares per person 
[gha person− 1] (York University Ecological Footprint Initiative & Global 
Footprint Network, 2021). But, with abundant natural capital and a low 
population density, we hypothesised that Scotland may have more 
per-person biocapacity than the UK average of 1.1 gha person− 1, and 
hence Scottish biocapacity was estimated from first principles according 
to the methodology of Borucke et al. (2013). 

The accounting framework considers six land types in the NFA: Crop 
Land, Grazing Land, Marine Fishing Grounds, Inland Fishing Grounds, 
Forests and Built-up Land. However, peatlands are not currently 
included in the NFA. These important wetland ecosystems are dispro-
portionately large carbon stores, estimated to hold 30% of all soil 
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organic carbon in just 3% of the world’s land area (Joosten, 2009; 
Hiederer and Köchy, 2011; Xu et al., 2018). Peatlands also provide clean 
drinking water, regulate flood peaks and support rare biodiversity (Bain 
et al., 2011). Near-natural peatlands are climate neutral and net-cooling 
(Evans et al., 2017), but degradation caused by draining, burning, 
conversion to agriculture and forestry (Li et al., 2018) has transformed 
peatlands into carbon sources with annual emissions of 1.91 (0.31–3.38) 
Gt CO2e globally, predominantly as CO2 (Leifeld and Menichetti, 2018), 
equating to nearly 6% of annual global fossil fuel emissions (IEA, 2020). 
Reduction of anthropogenic peatland emissions is thus important for 
climate targets, but these data are often under-reported or absent from 
greenhouse gas inventories (Bain et al., 2011) and are currently unac-
counted for in the NFA. 

Scotland provides an opportune case study. In Scotland, peatlands 
cover 1.9 million ha (25% of land area). Of this, 1.5 million ha are 
degraded, with associated CO2 emissions of 5.7 Mt CO2 yr− 1 (Evans 
et al., 2017), equivalent to 14% of Scotland’s reported annual GHG 
emissions (Scottish Government, 2018c). In recognition, the Scottish 
Government has committed to restore 250,000 ha of degraded peatlands 
by 2030 (Scottish Government, 2018a). Scotland’s biocapacity could 
thus provide multiple insights, including the addition of peatlands to the 
accounting framework, the current biocapacity implications of peatland 
degradation, and the potential impact of peatland restoration targets on 
Scotland’s future biocapacity. 

Finally, as peatland restoration comes at a cost to the tax-payer and 
land manager, the economic efficiency of restoration is of interest. 
Recent studies of the net present value of peatland restoration strongly 
suggest that restoration benefits outweigh the costs (Glenk and 
Martin-Ortega, 2018; Moxey and Moran, 2014). However, specific 
evaluation of mitigation cost-effectiveness is lacking and would aid 
comparison with other land-use mitigation policies like afforestation. 
Here we present a range of cost-effectiveness outcomes for peatland 
restoration, based on the spectrum of capital and ongoing costs reported 
in the UK, and the latest peatland emission factors. We conclude with a 
discussion of land-use management implications. 

2. Methods 

2.1. Biocapacity accounting methodology 

To provide an estimate of Scotland’s biocapacity comparable with 
other national estimates in the National Footprint and Biocapacity Ac-
counts of the Global Footprint Network (NFA), the methods of Borucke 
et al. (2013) and Lin et al. (2019) were followed. Biocapacity was 
calculated for the land types Crop Land, Grazing Land, Marine Fishing 
Grounds, Inland Fishing Grounds, Forests and Built-up Land; and then 
summed to find Scotland’s total biocapacity, excluding peatlands. 

BCSco=
∑

i
ASco,i*YFSco,i*EQFi (1) 

In Equation (1) BCSco is Scotland’s total biocapacity and ASco,i is the 
bioproductive land area of land type i. The bioproductive land area of 
Grazing Land, Inland Water, and Built-up Land was obtained from 
geospatial land classification systems; national statistics were used for 
Crop Land and Forest area; and Marine Fishing Grounds area was esti-
mated via GIS. 

YFSco,i is the Scottish yield factor, or relative national productivity of 
land type i. Yield factors were calculated by comparing each land type’s 
primary production rate with the corresponding global average calcu-
lated in the NFA. Area and yield factor data of each land type is 
described in the Supplementary Material, and the calculation data is 
available in Supplementary Data. 

EQFi is the equivalence factor which relates the global average pro-
ductivity of land type i to total world average productivity across all land 
types. Equivalence factors were obtained from the NFA, where they are 
calculated annually with the aid of a Global Agro-Ecological Zones 

model (York University Ecological Footprint Initiative & Global Foot-
print Network, 2021). 

To estimate the biocapacity range, geospatial land areas were set to 
the upper and lower limits of reported classification accuracies, and the 
national productivity of Forests, Marine Fishing Grounds and Grazing 
Land were set to the extremes of reported confidence intervals. Crop 
area and yields are not reported with uncertainty estimates and could 
thus not contribute to the range estimate. 

Benefits of this accounting methodology include that it is straight 
forward to implement with data that is readily available. The biggest 
limitation of this methodology is the reliance on global estimates of 
productivity for each of the land types, which is lacking for certain land 
types (like inland fishing grounds) and carries inherent uncertainty. 
However, one could argue that the Ecological Footprint and biocapacity 
estimates are produced consistently and can thus be compared to give a 
valuable indication of a country’s relative resource intensity and how 
this changes from year to year. See Kitzes et al. (2009) for a further 
discussion of the limitations and research needs surrounding this 
framework. 

2.2. Peatlands – a new biocapacity land type 

To add peatlands as a new biocapacity land type, one could follow 
the NFA framework in Equation (1) and calculate a new yield factor for 
Scottish peatlands (which compares productivity of Scottish peatlands 
to global peatlands), and peatland equivalence factor (which compares 
the productivity of global peatlands to total world average productivity). 
However, this is challenging due to a paucity of data describing global 
peatlands. Instead, our approach used a direct comparison with an 
existing NFA land type: If one assumes that due to common climatic 
conditions Scottish peatlands have the same relative (national/global 
average) productivity as another unmanaged land type like Scottish 
broadleaf forests, then the existing YF and EQF of broadleaf forests can 
be scaled by the ratio of primary production (PP) of the two land types to 
derive a YF and EQF for peatlands, as shown in Equation (2). This can be 
substituted into Equation (1) to calculate the biocapacity of sequestering 
peatlands, as shown in Equation (3). 

(YF*EQF)peat =
PPpeat

PPbroadleaf
*(YF*EQF)broadleaf (2)  

BCpeat = Apeat*(YF*EQF)peat

= Apeat*
PPpeat

PPbroadleaf
*(YF*EQF)broadleaf

(3) 

Values for PPpeat, PPbroadleaf and Apeat are needed, while (YF * EQF)-
broadleaf is known from the Forest biocapacity calculation. 

For PPpeat in Equation (3) we used results from a meta-analysis of 
peatland net ecosystem exchange (NEE), which measures net CO2 flux of 
a system, reported as emission factors in the latest UK Peatland Green-
house Gas Inventory (Evans et al., 2017). Emission factors are reported 
for different peatland types and conditions, which allows biocapacity to 
be calculated separately for different peatland classes, and then summed 
to estimate total peatland biocapacity. According to Evans et al. (2017), 
only rewetted and near-natural peatlands sequester CO2 (indicated by 
negative emission factors), while all other peatland classes emit CO2 and 
other greenhouse gases. Thus, to calculate peatland biocapacity, only 
intact sequestering peatlands were included, as damaged (emitting) 
peatlands, per definition of the accounting framework, must be counted 
as a Carbon Footprint (David Lin, personal communication; Lin et al., 
2019). 

For PPbroadleaf we used results from UK broadleaf NEE studies 
(Broadmeadow and Matthews, 2003; Read et al., 2009; Thomas et al., 
2011). The median of − 2.7 t C ha− 1 yr− 1 was substituted for PPbroadleaf 
which is comparable with other northern broadleaf forest studies listed 
in Thomas et al. (2011). The final unknown in Equation (3) Apeat is the 
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area associated with each of the sequestering peatlands in Evans et al. 
(2017). 

The biocapacity of each sequestering peatland category was then 
summed to estimate total peatland biocapacity: 

BCpeat total=BCrewetted bog + BCnear natural bog + BCnear natural fen (4) 

To revise the national biocapacity estimate to include peatlands, 
total peatland biocapacity was added to the previous national bio-
capacity total BCSco1 calculated with Equation (1) to give BCSco2. 

BCSco2 =BCSco1 + BCpeat total (5) 

The range of peatland biocapacity was calculated according to the 
95% confidence intervals of peatland emission factors. 

Peatland biocapacity is however only half the picture, as it does not 
capture the impacts of peatland degradation on Scotland’s net bio-
capacity. To do this, the Carbon Footprint of degraded peatlands CFpeat 
associated with the 5.7 Mt CO2 yr− 1 of carbon dioxide emitted by 
damaged peatlands (Evans et al., 2017; CCC, 2019), was calculated ac-
cording to standard NFA methodology (Borucke et al., 2013; Mancini 
et al., 2016). Subtracting the peatland Carbon Footprint from peatland 
biocapacity gives the net biocapacity of peatlands: 

BCpeat net =BCpeat total − CFpeat (6) 

This indicates whether peatlands in their current condition are in a 
state of ecological reserve, with biocapacity exceeding the Carbon 
Footprint, or ecological deficit. To evaluate the impact of peatland 
emissions on national net biocapacity, the peatland Carbon Footprint 
was added to Scotland’s previous Ecological Footprint of 4.2 gha per-
son− 1 to revise the estimate to 

EFSco2 = 4.2 + CFpeat (7) 

This revised Ecological Footprint was then subtracted from revised 
biocapacity to evaluate Scotland’s revised net biocapacity. 

BCSco net =BCSco2 − EFSco2 (8) 

Having added peatlands to the framework, it was possible to evaluate 
the impacts of different peatland management strategies on Scotland’s 
future net biocapacity. Evans et al. (2017) compare current peatland 
restoration policy with alternative management scenarios in terms of 
restored peatland area and potential abatement by 2050. For each, this 
was translated into peatland biocapacity and Carbon Footprint using the 
above method, to explore how the net biocapacity of Scottish peatlands 
might change by 2050 and how this would affect the national balance. 
To focus on peatland impacts, it was assumed that the biocapacity and 
Ecological Footprint of the other land types remain unchanged to 2050. 

2.3. Cost-effectiveness of peatland restoration 

Decision makers often consider whether a policy is expected to 
deliver its objectives cost-effectively. For climate policy, the primary 
objective is to reduce greenhouse gas (GHG) emissions, and cost- 
effectiveness is therefore considered in terms of the average cost of 
saving each tonne of CO2 equivalent. A simplified cost-effectiveness 
equation for peatland restoration which considers only GHG savings 
and restoration costs can be expressed as 

CE=
PVc

∑y=N
y=1 Cy

(9) 

In Equation (9) CE is cost-effectiveness in £(tCO2e)− 1, PVc is the 
present value of restoration costs in £ ha− 1, Cy is the GHG abatement in 
year y in tCO2e ha− 1 and N is the policy time horizon (UK Government, 
2019). 

To find the present value of peatland restoration costs PVc it is 
necessary to consider one-off capital costs of works expenditure and land 
purchase, and ongoing costs related to monitoring, maintenance and 

opportunity costs of displaced land use activities (Glenk and 
Martin-Ortega, 2018; Moran et al., 2013; Moxey and Moran, 2014). 
Capital costs were assigned to year 1. Ongoing costs were assigned to 
years 2 to N. To convert ongoing costs to a comparable present value an 
annual discount rate of 3.5% (years 1–30) and 3% (thereafter) was used, 
as recommended by the UK Treasury’s Green Book (UK Government, 
2020a). Costs were then summed to estimate the present value of 
restoration cost across the time horizon N. Holden et al. (2008) report a 
median project cost of £1600 ha− 1 (including works expenditure, land 
purchase, monitoring and maintenance), with the capital costs of gully 
blocking (range: £250 ha− 1 to £750 ha− 1) and forestry removal (range: 
£1000 ha− 1 to £10,000 ha− 1) at either end of the cost spectrum. Op-
portunity costs are reported to vary between £13 ha− 1 yr− 1 and £370 
ha− 1 yr− 1 (Holden et al., 2008). To create a range of restoration cost 
scenarios, it was noted that high opportunity costs associated with 
restoring peatlands under productive lowland practices like forestry and 
agriculture are generally linked with high capital costs, while low op-
portunity costs associated with less productive practices like upland 
grazing are often linked with lower capital costs like gully blocking 
(Moxey and Moran, 2014). Thus, the following four scenarios were 
chosen to illustrate the range of cost-effectiveness outcomes one might 
expect for various cost options and displaced activities. While costs are 
unlikely to exceed either end of the spectrum, factors like site accessi-
bility and level of degradation can have large cost implications. These 
values are therefore not intended to replace more rigorous site-specific 
analyses.  

A. Gully blocking: Low capital (£250 ha− 1) + low opportunity cost (£13 
ha− 1 yr− 1)  

B. Low average: Median capital (£1600 ha− 1) + low opportunity cost 
(£25 ha− 1 yr− 1)  

C. High average: Median capital (£1600 ha− 1) + mean opportunity cost 
(£192 ha− 1 yr− 1) 

D. Reflooding grassland: Moderate capital (£2000 ha− 1) + high op-
portunity cost (£370 ha− 1 yr− 1)  

E. Forestry removal: High capital (£10,000 ha− 1) + high opportunity 
cost (£370 ha− 1 yr− 1) 

Two time horizons were evaluated: N = 30 years, to align with 2050 
policy targets, and N = 60 years, to match conventional silviculture 
rotation lengths and enable comparison with afforestation cost- 
effectiveness estimates. 

For the GHG reduction Cy in Equation (9) it was assumed that for the 
first decade after restoration peatlands behave like rewetted peatlands, 
and thereafter return to near-natural peatlands (Lees et al., 2019). 
Accordingly, GHG emission factors from Evans et al. (2017) were used to 
find the GHG emission differential between “Rewetted bog” and the 
starting condition (“Modified eroded bog” for (A), (B) and (C), “Inten-
sive grassland” for (D) and “Forest” for (E)). This was multiplied by ten 
to find the GHG reduction after the first decade. Similarly, the GHG 
differential between “Near-natural bog” and the starting condition and 
was multiplied by 20 and 50 respectively to find the GHG reduction for 
the remainder of the time horizon. The two results were summed to yield 
the total GHG reduction for each time horizon. As an example, the GHG 
differential of scenario (A) for the 60-year time horizon is shown below. 
Refer to Supplementary Data for data and calculation details, including 
confidence intervals surrounding these estimates. Negative change im-
plies an emissions reduction, and all greenhouse gases are considered, to 
follow the method used by the UK Government and allow comparison 
with other land use policies. 

ΔGHG = 10
(
EFrewetted − EFmodified

)
+ 50

(
EFnear nat − EFmodified

)

= 10(0.81 − 4.85) + 50(0.01 − 4.85)
= − 40.4 − 242
= − 282.4 tCO2e ha− 1 

For each restoration scenario (A-E), the present value of restoration 
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costs and GHG differential were substituted into Equation (9) to calcu-
late mitigation cost-effectiveness. This was compared with the non- 
traded cost comparator (NTCC), defined as the weighted average dis-
counted price of the non-traded cost of carbon over the period of in-
terest. Restoration delivered below the NTCC benchmark is seen as cost- 
effective (UK Government, 2019). While one should strictly calculate a 
separate NTCC for each time horizon, only the 30-year period 
(2018–2047) was considered as there is significant uncertainty 
regarding the non-traded price of carbon after 2050. Rounded to the 
nearest pound, the NTCC for all the above restoration scenarios is £66 
per tCO2e. 

3. Results 

3.1. Scotland’s biocapacity 

Scotland’s 2018 biocapacity, excluding peatlands, is estimated at 
19,024,085 (17,695,273–20,721,018) global hectares, or 3.5 (3.3–3.8) 
gha person− 1 when scaled by Scotland’s population estimate of 
5,438,100 (National Records of Scotland, 2018). This is over three times 
the UK biocapacity of 1.1 gha person− 1 and more than double the global 
average biocapacity of 1.6 gha person− 1 (York University Ecological 
Footprint Initiative & Global Footprint Network, 2021). The yield factor 
calculation is outlined in Table 1, followed by the biocapacity calcula-
tion in Table 2. Fig. 1 shows that Forests and Marine Fishing Grounds are 
currently the largest contributors to Scottish biocapacity. 

Assuming Scotland has an Ecological Footprint equal to the UK 
average of 4.2 gha person− 1, Scotland’s biocapacity advantage leads to a 
modest ecological deficit of 0.7 gha person− 1, significantly smaller than 
the UK deficit of 3.1 gha person− 1 and world average deficit of 1.2 gha 
person− 1. 

3.2. Peatland biocapacity and Carbon Footprint 

Using Equations (3) and (4), the biocapacity of Scottish peatlands is 
currently estimated at 0.07 (0.03–0.09) gha person− 1, equivalent to 2% 
of Scotland’s total biocapacity (Table 3). The spatial distribution of 
Scotland’s biocapacity, including peatlands, is shown in Fig. 2, with land 
type contributions colour coded according to magnitude. The minor 
contribution of peatlands is illustrated by light grey areas, largely north 

Table 1 
Yield factor calculation. Scottish yields describing primary production for each land type (this study), are scaled by world average yields (York University Ecological 
Footprint Initiative & Global Footprint Network, 2021) to obtain Scottish yield factors. Grazing land is split into improved and unimproved grazing, and Forests are 
split into coniferous and broadleaf forests. NPP = net primary production, NAI = net annual increment, wha = world hectare.  

Land Use Type Yield Description Scottish Yield World Yield Yield Factor 

[-] [-] [t ha− 1] [t wha− 1] [wha ha− 1] 

Crop land Crop yields [t ha− 1 yr− 1] 8.18 4.00 2.04 
Grazing (impr) Above ground NPP [t DM ha− 1 yr− 1] 10.00 6.19  1.62 

Grazing (unimpr) 3.00 6.19 0.48 
Marine Phytoplankton NPP [mgC m− 2 day− 1] 356.16 503.84 0.71 
Inland water All inland water equally productive – – 1 
Forests (conif)  NAI [m3 ubs ha− 1 yr− 1] 8.53  1.82  4.69  

Forests (broad) 2.73 1.82 1.50 
Built-up land Equivalent to Crop Land – – 2.04  

Table 2 
Scotland’s biocapacity in 2018. Land areas from Corine Land Cover (2018) (Grazing land, Inland water, Built-up land); geospatial marine boundaries (Marine fishing 
grounds); and national statistics (Crop land, Forests). Grazing land is split into improved and unimproved grazing, and Forests are split into coniferous and broadleaf 
forests. YF = yield factor (this study), EQF = equivalence factor (York University Ecological Footprint Initiative & Global Footprint Network, 2021), wha = world 
hectare, gha = global hectare.  

Land Use Type Area YF EQF Biocapacity Biocapacity 

[-] [ha] [wha ha− 1] [gha wha− 1] [gha] [gha person− 1] 

Crop land 573,850 2.04 2.50 2,933,952 0.54 
Grazing (impr) 1,212,891 1.62 0.46 899,786 0.17 
Grazing (unimpr) 757,485 0.48 0.46 168,583 0.03 
Marine 25,143,100 0.71 0.37 6,565,386 1.21 
Inland water 121,055 1.00 0.37 44,716 0.01 
Forests (conif) 1,064,000 4.69 1.28 6,384,108 1.17 
Forests(broad) 380,000 1.50 1.28 728,692 0.13 
Built-up land 254,044 2.04 2.50 1,298,864 0.24 
TOTAL    19,024,085 3.50  

Fig. 1. Land type contributions to biocapacity. Error bar = Scotland’s esti-
mated biocapacity range: 3.3 to 3.8 gha person− 1. UK and World biocapacity for 
2017 (York University Ecological Footprint Initiative & Global Footprint 
Network, 2021). Excludes peatlands. 
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of 56.0◦N and west of 3.0◦W. 
Using the standard methodology of Borucke et al. (2013) and Man-

cini et al. (2016), the Carbon Footprint associated with 5.7 Mt CO2 yr− 1 

of carbon dioxide emissions by degraded peatlands (Evans et al., 2017) 
is 0.34 gha person− 1. Note: This study considers only CO2 emissions in 
the Carbon Footprint to align with current NFA methodology. 
Substituting peatland biocapacity and Carbon Footprint into Equation 
(6) leads to a substantial peatland ecological deficit of 0.07–0.34 = 0.27 
gha person− 1, which increases Scotland’s deficit by 38%, from 0.70 to 

0.97 gha person− 1 according to Equation (8), as shown in Table 4. 
Table 4 also compares the future net biocapacity of peatlands and 

Scotland for a range of alternative management pathways presented by 
Evans et al. (2017), illustrated in Fig. 3. 

The Central scenario, following current government restoration 
targets of 250,000 ha by 2030, could reduce the peatland deficit to 0.20 
gha person− 1 (− 27%), leading to a 7% decrease in national deficit by 
2050 (Table 4). The Low scenario represents policy aspirations to cease 
peat extraction, restore 25% of lowland peat and 50% of upland peat. 

Fig. 2. The contribution of different land types to Scotland’s biocapacity. Peatland biocapacity of 0.07 gha person− 1 appears light grey, largely north of 56.0◦N and 
west of 3.0◦W, illustrating the minor contribution of peatlands to the national total. Major contributions are from Marine and Forest land types (dark green), followed 
by Crop land. Datum: EPSG 3035, ETRS/LAEA-extended; Land cover: Corine Land Cover 2018; Boundary: GADM database v3.4. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 3 
Peatland biocapacity of Scotland in 2018, comprising of near-natural and re-wetted peatlands. Note: Peatland area data is for 2013, the most recent area estimates in 
the UK Peatland GHG Inventory (Evans et al., 2017), thus assuming no significant change in peatland area from 2013 to 2018. PP = primary production (Net Ecosystem 
Exchange), gha = global hectare, BC = biocapacity.  

Peatland Area PPpeat/PPbroad (YF*EQF)broad Peatland BC Peatland BC 

[-] [ha] [-] [gha ha-1] [gha] [gha person-1] 
Nr-nat 490,497 − 1.0/-2.7=0.37 1.92 348,951 0.064 
Re-wet 20,415 − 0.6/-2.7=0.22 1.92 8714 0.002 
TOTAL    357,665 0.07  
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This could decrease the peatland deficit to 0.16 gha person− 1 (− 41%) 
leading to an 11% decrease in national deficit (Table 4). The Stretch 
scenario exceeds current policy aspirations and funding by restoring 
50% of lowland peat, 75% of upland peat and 50% of afforested peat. 
This large-scale peatland restoration effort could reduce the peatland 
deficit to 0.09 gha person− 1 (− 68%), leading to a 19% decrease in na-
tional deficit (Table 4). The High scenario restores 250,000 ha by 2030, 
but allows simultaneous degradation of 25% of near-natural peatlands 
by conversion to forest and extensive grassland. This results in little 
change from the status quo, and provides a warning against perverse 
land-use policies. Finally, the Pragmatic scenario represents restoration 
of all peatlands out-with forests and agriculture (75% of Scotland’s 
peatlands). While not addressing afforested peat, this is still an ambi-
tious effort in peatland restoration which could reduce the peatland 

deficit to 0.10 gha person− 1 (− 63%), leading to a 17% decrease in na-
tional deficit by 2050 (Table 4). 

These comparisons show that current restoration policy in the Cen-
tral scenario is not ambitious enough to address the peatland deficit. It is 
only the Stretch and Pragmatic scenarios, currently beyond all policy 
aspirations, which have the potential to reduce the peatland (and na-
tional) deficit significantly by 2050. 

3.3. Cost-effectiveness estimates of peatland restoration 

The mitigation cost-effectiveness spectrum of peatland restoration is 
summarised in Table 5. There is a large range in the cost-effectiveness 

Table 4 
The projected impact of different management scenarios on future peatland and national net biocapacity (negative indicates deficit). Percentage change in net bio-
capacity compared to 2018 "With peatlands" net biocapacity. Note: It is assumed Scotland’s 2018 deficit of 0.70 gha person− 1 for other land types remains constant to 
2050. BC=Biocapacity, CF=Carbon Footprint.  

Scenario Year Peatland BC Peatland CF Peatland net BC Scotland’s net BC 

[-] [-] [gha person− 1] [gha person− 1] [gha person− 1] [gha person− 1] 

Without peatlands 2018 – – – − 0.70 
With peatlands 2018 0.07 0.34 − 0.27 − 0.97 
Central 2050 0.10 0.30 − 0.20 (− 27%) − 0.90 (− 7%) 
Low 2050 0.12 0.28 − 0.16 (− 41%) − 0.86 (− 11%) 
Stretch 2050 0.14 0.22 − 0.09 (− 68%) − 0.79 (− 19%) 
High 2050 0.08 0.32 − 0.24 (− 13%) − 0.94 (− 3%) 
Pragmatic 2050 0.20 0.30 − 0.10 (− 63%) − 0.80 (− 17%)  

Fig. 3. Current and future peatland net biocapacity according to different 
management scenarios. Error bars represent 95% CI of emission factors. 

Table 5 
Estimated mitigation cost-effectiveness spectrum of peatland restoration. Scenarios: A = low capital + low ongoing (drain blocking), B = median capital + low 
ongoing, C = median capital + ave ongoing, D = moderate capital + high ongoing (reflooding grassland), E = high capital + high ongoing (forestry removal). PV =
present value, CE = cost-effectiveness. CI = confidence interval. Costs from Holden et al. (2008).     

30-year horizon 60-year horizon  

Capital incl. monitoring Opp. costs PV of costs GHG reduction (95% CI) CE (95% CI) PV of costs GHG reduction (95% CI) CE (95% CI)  

[£ ha− 1] [£ ha− 1 yr− 1] [£ ha− 1] [tCO2e ha− 1] [£(t CO2e)− 1] [£ ha− 1] [tCO2e ha− 1] [£(t CO2e)− 1] 

A 250 13 484 137 (48; 228) 4 (2; 10) 578 282 (105; 461) 2 (1; 5) 
B 1600 25 2051 137 (48; 228) 15 (9; 43) 2232 282 (105; 461) 8 (5; 21) 
C 1600 192 3454 137 (48; 228) 25 (15; 72) 4838 282 (105; 461) 17 (10; 46) 
D 2000 370 8673 888 (542; 1238) 10 (7; 16) 11,347 1785 (1093; 2482) 6 (5; 10) 
E 10,000 370 16,673 289 (202; 370) 58 (45; 83) 19,347 586 (413; 746) 33 (26; 47)  

Fig. 4. Estimated mitigation cost-effectiveness of peatland restoration. Sce-
narios: A = low capital + low ongoing (drain blocking), B = median capital +
low ongoing, C = median capital + ave ongoing, D = moderate capital + high 
ongoing (reflooding grassland), E = high capital + high ongoing (forestry 
removal). Error bars represent 95% Confidence Interval of CO2 emission 
reduction estimates, with CO2 the largest contributor to total greenhouse 
gas emissions. 
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results, with an order of magnitude difference between the least and 
most expensive restoration options. All restoration options deliver GHG 
savings at a lower cost than the non-traded cost comparator (NTCC) of 
£66 per tCO2e, and thus represent cost-effective GHG mitigation. 

Fig. 4 illustrates peatland restoration cost-effectiveness. Note that 
the average cost per unit of greenhouse gas abated reduces when miti-
gation is considered over 60 years. 

4. Discussion 

4.1. Scotland’s biocapacity 

Scotland’s biocapacity estimate of 3.5 global hectares per person 
supports the hypothesis that Scotland has more biocapacity per person 
than the UK average. While this is partly due to Scotland’s lower pop-
ulation density, Fig. 1 shows that the main advantage comes from the 
large contribution of Marine Fishing Grounds and Forests to the Scottish 
total. The wealth of marine biocapacity stems from Scotland’s shelf sea 
area, which is almost half the size of the entire UK shelf sea. While 
marine net primary production (NPP) is lower in cooler Scottish waters, 
this is not enough to offset the area gains. The largest biocapacity 
advantage, however, exists in forestry, where 10.1 million of the 14.9 
million m3 coniferous net annual increment (NAI) in Great Britain is 
produced in Scotland (Forestry Commission, 2016), leading to a per 
person forest biocapacity in Scotland of more than ten times the UK 
average. If Scotland has an Ecological Footprint equal to the UK average 
of 4.2 gha person− 1, Scotland’s biocapacity advantage leads to a modest 
ecological deficit of 0.7 gha person− 1, less than a quarter of the UK’s 
deficit. However, decarbonisation targets in the current Climate Change 
Plan (Scottish Government, 2018a) are being updated to reflect the 
ambition to reach net-zero greenhouse gas emissions by 2045 (as 
opposed to 2050 for the rest of the UK), and may result in a smaller 
Scottish Ecological Footprint than the UK average. A separate assess-
ment of Scotland’s Ecological Footprint would therefore be a useful 
addition to this study and would provide a better estimate of Scotland’s 
ecological deficit. 

4.2. Peatland biocapacity and Carbon Footprint 

Peatlands make a modest 2% contribution to Scotland’s biocapacity, 
despite covering 25% of land area. This is because peatland biocapacity 
only considers CO2-sequestering peatlands, which limits the calculation 
to c.500,000 of the 1.9 million ha of Scottish peatlands. Peatland bio-
capacity is also influenced by primary production rate, which is low due 
to slow-growing peat-forming species (Li et al., 2018). The combination 
of small eligible land area and low primary production rate is thus 
responsible for the low biocapacity of Scottish peatlands. Another aspect 
of the peatland calculation which merits discussion is the choice of 
broadleaf primary production value with which to compare peatland 
primary production. While the value of − 2.7 t C ha− 1 yr− 1 for PPbroadleaf 
is highly aggregate, the sensitivity of national biocapacity to variations 
in PPbroadleaf is low (0.02, see Supplementary Data), suggesting that 
conclusions about peatland contributions are not reliant on the precision 
of this estimate. We are aware of one study in the literature which also 
estimates wetland biocapacity. Siche et al. (2010) uses Emergy Net 
Primary Production to estimate wetland biocapacity in Peru, and while 
the methodology is not directly comparable, their study also finds 
wetland biocapacity to be low compared to other land types, at 0.16 gha 
person− 1 (1.1% of Peru’s total biocapacity). 

The substantial Scottish peatland Carbon Footprint of 0.34 gha per-
son− 1 is directly proportional to the estimated CO2 emissions reported in 
the 2017 UK Peatland GHG Inventory. Although based on the best 
available data, there is uncertainty surrounding this emissions estimate, 
derived from uncertainty in emission factors, the extent of peatlands, 
assignment to peatland condition classes, and changes in peatland 
condition. While uncertainty in emission factors is captured by 95% 

confidence intervals, other sources cannot be quantified at present 
(Evans et al., 2017). More CO2 flux studies and advances in peatland 
mapping will reduce this uncertainty, and improve the estimated peat-
land Carbon Footprint and biocapacity. 

4.3. The need for increased peatland restoration 

Considering the large Carbon Footprint of damaged peatlands, and 
the risk of accelerated peatland degradation due to climate change 
(Alexandrov et al., 2016; Tarnocai, 2006), it follows that the main 
motive for restoration is to protect this significant carbon store and halt 
any further degradation. Here we argue that present restoration targets 
will not achieve this. Current policy aims to restore only 250,000 ha 
(17%) of the 1.5 million ha of degraded peatlands by 2030, which would 
leave more than 1.2 million ha (60%) of Scotland’s peatlands in a 
degraded condition by 2050, even if all targets are met. In biocapacity 
terms, this is illustrated by a mere 27% (9%) reduction of the 2050 
peatland (national) deficit for the Central scenario. Current targets 
therefore lack the ambition required to address peatland emissions and 
the resulting ecological deficit. The High scenario also warns that 
degradation of just 25% of remaining near-natural peatlands in parallel 
with restoring 250,000 ha could eliminate nearly all restoration benefits 
by 2050. This emphasises the urgent need to protect our remaining 
near-natural peatlands from destructive land-use practices like draining, 
burning and afforestation. 

4.4. Cost-effectiveness considerations 

The case for increased restoration is strengthened by the finding that 
peatland restoration provides cost-effective mitigation across a spec-
trum of restoration costs. Projects with low capital and ongoing costs 
such as drain blocking and gully blocking (Scenario A) are extremely 
cost-effective at £2 per tCO2e over 60 years (Table 5), and represent low- 
hanging fruit by which to ease the mitigation burden on other sectors. 
Surprisingly, despite the high restoration cost of peat under agricultural 
grassland (Scenario D), it has emerged as a highly cost-effective option 
at £6 per tCO2e over 60 years, due to the large emissions savings to be 
gained from restoration. This suggests that in cases where land-use 
change is considered on agricultural grassland with underlying peat, 
for instance in areas with declining productivity, peatland restoration 
could offer significant and cost-effective carbon benefits. 

The average project with median restoration cost and ongoing cost 
(Scenario C) yields average cost-effectiveness of £17 per tCO2e over 60 
years. Here, ongoing costs of £192 ha− 1 are the largest contributor to 
overall restoration cost. Should ongoing costs be reduced to £25 ha− 1 for 
the same capital cost (Scenario B), the cost-effectiveness improves 
significantly to £8 per tCO2e, thus illustrating that ongoing costs play an 
important role in the efficiency of peatland restoration. 

The time horizon considered also has a large impact on the cost- 
effectiveness outcome, as average costs per tonne CO2e abated in the 
60-year horizon are between 30% and 50% lower than in the 30-year 
horizon. Longer time horizons are particularly appropriate for peat-
land restoration. Near-natural peatlands can continue to grow and 
sequester carbon for thousands of years (Levy and Gray, 2015), while 
emissions from damaged peatlands will continue for as long as the peat 
remains drained and there is peat left to oxidise (Joosten and Couwen-
berg, 2009). Further, peatlands offer a strong net-cooling effect over 
longer time horizons, due to the long atmospheric lifespan of carbon 
dioxide (Evans et al., 2017). This indefinite benefit (burden) of 
near-natural (degraded) peatlands demonstrates the need for appro-
priate time horizons in policy evaluation, as short 20- or 30-year hori-
zons do not capture true restoration benefits. 

The 60-year horizon was chosen to match conventional silviculture 
rotation lengths, allowing a broad comparison with afforestation cost- 
effectiveness estimates in the literature, which ranges from -£7 to £41 
per tCO2e sequestered (Read et al., 2009; Valatin and Price, 2014). As 
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shown in Table 5, we estimate average peatland restoration 
cost-effectiveness to range from £2 to £33 per tCO2e abated, suggesting 
broadly comparable mitigation cost-effectiveness between peatland 
restoration and afforestation. However, for peatland restoration the top 
end estimate of £33 per tCO2e pertaining to forestry removal on peat, 
only applies to 24% of Scotland’s degraded peatlands. 64% of Scotland’s 
degraded peatlands are drained, modified or eroded out-with forestry or 
agriculture (Evans et al., 2017), and could be restored via more 
cost-effective techniques described by Scenarios A to D, in the range of 
£2 to £17 per tCO2e. These low-cost options could be applied to a 
peatland area far exceeding the government’s current restoration target 
of 250,000 ha, with the benefit of significant carbon savings. This sug-
gests that current peatland restoration policy is not fully exploiting the 
potential benefits of this efficient mitigation strategy. Should the 
co-benefits of restoration, like the reduced treatment of drinking water 
(Martin-Ortega et al., 2014) and flood risk reduction (Shuttleworth 
et al., 2019) be included in the cost-benefit analysis, the 
cost-effectiveness of peatland restoration will increase further. 

The range of capital and ongoing costs used in this study refers to a 
2008 report on peatland restoration costs in the UK. Although a 
comprehensive report spanning 72 projects and 412 sites, there is un-
certainty linked to changes in costs and reporting methods. In compar-
ison, a 2017 report on peatland restoration in Western Europe between 
1993 and 2015 funded by the EU-LIFE programme (Andersen et al., 
2017) found UK restoration costs averaged €1200 ha− 1 (approximately 
£1000 ha− 1) including works expenditure, land purchase and moni-
toring, and excluding opportunity costs. Also, Matthews et al. (2012) 
report an average restoration capital cost of £1280 ha− 1 across 58 
lowland raised bogs in Scotland between 1994 and 2011. These values 
are lower than the median project cost of £1600 ha− 1 used in this study 
(including works expenditure, land purchase and monitoring) which 
suggests that the cost-effectiveness estimates provided here are likely to 
be conservative. 

5. Conclusion 

Due to a lower population density and abundant natural capital, 
particularly in coniferous forests and marine fishing grounds, Scotland’s 
per-person biocapacity is over three times larger, and its ecological 
deficit is over four times smaller, than that of the UK. However, this 
biocapacity advantage is being eroded by peatland degradation, with 
the Carbon Footprint of CO2 emissions from degraded peatlands 
increasing Scotland’s ecological deficit by 40%. Biocapacity implica-
tions were evaluated for different peatland restoration scenarios pre-
sented in the literature, and it is was found that only restoration targets 
which far exceed current government targets can offer meaningful bio-
capacity benefits by 2050. The cost per tonne of greenhouse gas abated 
of peatland restoration is found to be broadly comparable with that of 
afforestation, and peatland restoration is found to be cost-effective 
across a spectrum of capital and ongoing costs. The specific cost- 
effectiveness of peatland restoration strongly depends on the restora-
tion approach and current land use, and extremely cost-effective resto-
ration options are available for peatland areas which far exceed the 
current restoration targets of the Scottish Government. Peatland resto-
ration can provide significant and economically efficient greenhouse gas 
mitigation, and should be increased dramatically to protect this 
important carbon store and make meaningful progress towards reducing 
emissions in the land use sector. 
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