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Abstract
1. Many national governments have incorporated nature- based solutions (NbS) in 

their plans to reduce net greenhouse gas emissions. However, uncertainties per-
sist regarding both feasibility and consequences of major NbS deployment. Using 
the United Kingdom as a national- level case study, we examined the potential 
contribution of three terrestrial NbS: peatland restoration, saltmarsh creation and 
woodland creation.

2. While there is substantial political and societal interest in these three NbS, they 
also have strong potential for competition with other land uses, which will be a 
critical barrier to substantial deployment. We conducted a national mapping 
 exercise to assess the potential area available for woodland creation. We then 
assessed the combined climate change mitigation potential to 2100 for the three 
NbS options under a range of ambition levels.

3. In line with the most ambitious targets examined, 2 Mha of land is potentially 
available for new woodland. However, climate change mitigation benefits of 
woodland are strongly dependent on management choices. By 2100, scenarios 
with a greater proportion of broadleaved woodlands outsequester non- native 
 conifer plantations, which are limited by regular timber harvesting.

4. Peatland restoration offers the greatest mitigation per unit area, whilst the contri-
bution from saltmarsh creation is limited by the small areas involved. Overall, the 
contribution of these NbS to the United Kingdom’s net zero emissions target is 
relatively modest. Even with the most ambitious targets considered here, by 2100, 
the total cumulative mitigation from the three NbS is equivalent to only 3 years' 
worth of UK emissions at current levels.

5. Policy implications. Major deployment of nature- based solutions (NbS) is possi-
ble in the United Kingdom but reaching ‘net zero’ primarily requires substantial 
and sustained reductions in fossil fuel use. However, facilitating these NbS at the 
national scale could offer many additional benefits for people and biodiversity. 
This demands that policy- makers commit to a UK- wide strategic approach that 
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1  | INTRODUC TION

Tackling the climate and nature crises is essential to achieve the 
sustainable development goals (UN, 2016). Most of the world's 
governments have pledged action via United Nations conventions, 
particularly the Convention on Biological Diversity (CBD) and the 
Framework Convention on Climate Change (UNFCCC). Signatories 
of the UNFCCC Paris agreement aim to reduce greenhouse gas 
(GHG) emissions to keep global temperature rises well below 
2°C (Roe et al., 2019). Numerous actions have been proposed to 
achieve these goals, combining reductions in fossil fuel use with 
GHG removal from the atmosphere (Fekete et al., 2021). Among 
the latter, nature- based solutions (NbS) have gained considerable 
attention (Fargione et al., 2018; Seddon, Daniels, et al., 2020). If 
implemented appropriately, NbS provide important co- benefits 
including flood alleviation, improved livelihoods and biodiversity 
conservation (Chausson et al., 2020; Di Sacco et al., 2021; Seddon, 
Chausson, et al., 2020). The United Kingdom and its devolved gov-
ernments have committed to reaching net zero GHG emissions by 
2045 or 2050 (Priestley, 2019; Scottish Government, 2018; Welsh 
Government, 2021). The United Kingdom therefore provides a use-
ful test case of the feasibility of a significant NbS contribution to a 
national net zero target.

There is growing appetite in the United Kingdom for substantial 
NbS use to reduce atmospheric CO2, especially through peatland 
restoration, woodland creation and saltmarsh creation (Brandmayr 
et al., 2019; Climate Assembly UK, 2020). A range of targets have 
been proposed by governmental and non- governmental organisa-
tions (Brandmayr et al., 2019; Climate Change Committee (CCC), 
2020; Woodland Trust, 2020). UK devolved governments are already 
committing funding to peatland restoration and tree planting, with 
Scotland's £350 million pledge (Scottish Government, 2020), and 
England's £640 million Nature for Climate fund (HM Treasury, 2020). 
However, there have been only limited assessments of the land- 
use change necessary and the climate change mitigation benefits 
that might be achieved by implementing NbS at the national scale 
(CCC, 2019, 2020; Matthews et al., 2020; Thomson et al., 2018). 
Significant questions therefore remain regarding the feasibility and 
potential contribution of these NbS to meeting net zero emissions 
targets. Other terrestrial mitigation measures include improved 
agricultural management of farmland carbon stores (Cardenas 
et al., 2019; Montgomery et al., 2020). Although these actions might 

impact agricultural production, they are unlikely to necessitate wide-
spread habitat change. We therefore focus our analysis on peatland, 
woodland and saltmarsh restoration and creation where there is the 
greatest potential for competition with other land uses.

Meeting proposed woodland creation targets would necessitate 
changing substantial areas of land use, but most UK land is already 
under agriculture or important for semi- natural open habitats. The 
devolved UK governments incorporate a degree of spatial planning 
in woodland expansion, with statutory agencies publishing wood-
land opportunity maps (e.g. Sing et al., 2013; Thomas et al., 2017; 
Welsh Government, 2020). However, these indicative maps do not 
consider spatial variation in existing soil carbon stores nor climatic 
influences on tree growth, both of which strongly affect potential 
for net carbon sequestration. A more detailed assessment including 
these factors has recently been published for Scotland (Matthews 
et al., 2020), but equivalents for the other UK nations are lacking.

Here, we scrutinise existing UK NbS scenarios for climate change 
mitigation (Table 1), to determine:

1. What cumulative contribution can peatland restoration, wood-
land creation and saltmarsh creation make to reducing UK net 
emissions, both for the agricultural sector and overall?

2. After excluding inappropriate areas, whether there is sufficient 
land available to meet woodland creation targets?

3. How management choices affect carbon sequestration in wood-
lands, specifically, what are the consequences of selecting broad-
leaves managed for conservation versus conifers managed for 
timber production, ground disturbance during site preparation 
and rotational timber harvesting?

Logistical capacity, economic costs and socio- cultural acceptance 
of NbS- driven changes in land use are also critical (Foster et al., 2013; 
Hopkins et al., 2017; Tew et al., 2019), but are not formally assessed 
here. While accepting that these factors may further limit NbS deploy-
ment, it is still important to understand the baseline potential for NbS, 
as a component of a nation's overall GHG reduction strategy.

2  | MATERIAL S AND METHODS

The NbS considered here (Table 1) include peatland restoration and 
woodland creation under a range of scenarios proposed by the UK 

prioritises the ‘nature’ aspect of NbS. In the push to reach ‘net zero’, climate change 
mitigation should not be used to justify land management practices that threaten 
biodiversity ambitions.

K E Y W O R D S

climate change, habitat restoration, mitigation, nature- based solutions, net zero, peatland, 
saltmarsh, woodland



     |  3Journal of Applied EcologyBRADFER- LAWRENCE Et AL.

TA
B

LE
 1

 
A

nn
ua

l h
ab

ita
t r

es
to

ra
tio

n 
an

d 
cr

ea
tio

n 
ra

te
s 

un
de

r a
 ra

ng
e 

of
 ta

rg
et

s 
fo

r p
ea

tla
nd

 re
st

or
at

io
n,

 a
nd

 s
al

tm
ar

sh
 a

nd
 w

oo
dl

an
d 

cr
ea

tio
n 

co
ns

id
er

ed
 in

 th
is

 s
tu

dy
. P

ea
tla

nd
 a

nd
 

w
oo

dl
an

d 
sc

en
ar

io
s 

ar
e 

ta
ke

n 
fr

om
 th

e 
C

lim
at

e 
C

ha
ng

e 
C

om
m

itt
ee

 s
ix

th
 c

ar
bo

n 
bu

dg
et

 (C
CC

, 2
02

0)
. T

he
 s

al
tm

ar
sh

 s
ce

na
rio

s 
ar

e 
ba

se
d 

on
 d

et
ai

ls
 in

 R
SP

B 
(2

01
8)

N
bS

 o
pt

io
n

N
bS

 d
et

ai
ls

Bu
si

ne
ss

- a
s-

 U
su

al
H

ea
dw

in
ds

Ba
la

nc
ed

 N
et

 Z
er

o 
Pa

th
w

ay
W

id
es

pr
ea

d 
En

ga
ge

m
en

t
W

id
es

pr
ea

d 
In

no
va

tio
n

Ta
ilw

in
ds

Pe
at

la
nd

 re
st

or
at

io
n

A
re

a 
of

 d
eg

ra
de

d 
up

la
nd

 p
ea

t 
re

st
or

ed
25

0,
00

0 
ha

 b
y 

20
30

 
in

 S
co

tla
nd

a  
10

0%
 b

y 
20

50
b  

(1
,4

38
,1

43
 h

a)
10

0%
 b

y 
20

45
(1

,4
38

,1
43

 h
a)

10
0%

 b
y 

20
45

(1
,4

38
,1

43
 h

a)
10

0%
 b

y 
20

45
(1

,4
38

,1
43

 h
a)

10
0%

 b
y 

20
45

(1
,4

38
,1

43
 h

a)

A
re

a 
of

 a
ff

or
es

te
d 

pe
at

 
re

st
or

ed
0

0
20

%
 b

y 
20

35
(8

7,
85

8 
ha

)
20

%
 b

y 
20

35
c  

(8
7,

85
8 

ha
)

20
%

 b
y 

20
35

(8
7,

85
8 

ha
)

20
%

 b
y 

20
35

(8
7,

85
8 

ha
)

A
re

a 
of

 p
ea

t w
ith

 in
du

st
ria

l 
ex

tr
ac

tio
n 

re
st

or
ed

0
10

0%
 b

y 
20

35
(8

,0
34

 h
a)

10
0%

 b
y 

20
35

(8
,0

34
 h

a)
10

0%
 b

y 
20

35
(8

,0
34

 h
a)

10
0%

 b
y 

20
35

(8
,0

34
 h

a)
10

0%
 b

y 
20

35
(8

,0
34

 h
a)

A
re

a 
of

 lo
w

la
nd

 p
ea

t u
nd

er
 

gr
as

sl
an

d 
re

st
or

ed
0

25
%

 b
y 

20
50

(4
7,

53
7 

ha
)

25
%

 b
y 

20
35

, 5
0%

 
by

 2
05

0
(9

5,
07

4 
ha

)

25
%

 b
y 

20
35

, 5
0%

 b
y 

20
50

(9
5,

07
4 

ha
)

25
%

 b
y 

20
35

, 5
0%

 
by

 2
05

0
(9

5,
07

4 
ha

)

25
%

 b
y 

20
35

, 5
0%

 
by

 2
05

0
(9

5,
07

4 
ha

)
A

re
a 

of
 lo

w
la

nd
 p

ea
t u

nd
er

 
cr

op
la

nd
—

 co
ns

er
va

tio
n 

re
w

et
tin

g

0
10

%
 b

y 
20

50
(1

9,
41

3 
ha

)
25

%
 b

y 
20

50
(4

8,
53

1 
ha

)
25

%
 b

y 
20

50
(4

8,
53

1 
ha

)
0

0

A
re

a 
of

 lo
w

la
nd

 p
ea

t u
nd

er
 

cr
op

la
nd

—
 pa

lu
di

cu
ltu

re
0

10
%

 b
y 

20
50

(1
9,

41
3 

ha
)

15
%

 b
y 

20
50

(2
9,

11
9 

ha
)

15
%

 b
y 

20
50

(2
9,

11
9 

ha
)

25
%

 b
y 

20
50

(4
8,

53
1 

ha
)

25
%

 b
y 

20
50

(4
8,

53
1 

ha
)

A
re

a 
of

 lo
w

la
nd

 p
ea

t u
nd

er
 

cr
op

la
nd

—
 su

st
ai

na
bl

e 
m

an
ag

em
en

t

0
30

%
 b

y 
20

50
(5

8,
23

8 
ha

)
35

%
 b

y 
20

50
(6

7,
94

5 
ha

)
35

%
 b

y 
20

50
(6

7,
94

5 
ha

)
50

%
 b

y 
20

50
(9

7,
06

3 
ha

)
50

%
 b

y 
20

50
(9

7,
06

3 
ha

)

To
ta

l p
ea

tla
nd

 re
st

or
at

io
n 

ar
ea

d  
25

0,
00

0 
ha

1,
59

0,
77

6 
ha

1,
77

4,
70

3 
ha

1,
77

4,
70

3 
ha

1,
77

4,
70

3 
ha

1,
77

4,
70

3 
ha

W
oo

dl
an

d 
cr

ea
tio

n
Br

oa
dl

ea
f:C

on
ife

r r
at

io
e  

39
:6

1 
(S

co
tla

nd
)

87
:1

3 
(E

ng
la

nd
)

57
:4

3 
(W

al
es

)
68

:3
2 

(N
or

th
er

n 
Ir

el
an

d)

47
:5

3 
(U

K
)

67
:3

3 
(W

al
es

 
&

 N
or

th
er

n 
Ir

el
an

d)
80

:2
0 

(E
ng

la
nd

)
50

:5
0 

(S
co

tla
nd

)

67
:3

3 
(W

al
es

 &
 

N
or

th
er

n 
Ir

el
an

d)
80

:2
0 

(E
ng

la
nd

)
50

:5
0 

(S
co

tla
nd

)

33
:6

7 
(E

ng
la

nd
, 

W
al

es
 &

 
N

or
th

er
n 

Ir
el

an
d)

25
:7

5 
(S

co
tla

nd
)

44
:5

6 
(U

K
)

C
re

at
io

n 
ra

te
f  

15
,0

00
 h

a 
pe

r y
ea

r
30

,0
00

 h
a 

pe
r y

ea
r 

by
 2

03
5

50
,0

00
 h

a 
pe

r y
ea

r 
by

 2
03

5
70

,0
00

 h
a 

pe
r y

ea
r b

y 
20

35
50

,0
00

 h
a 

pe
r y

ea
r 

by
 2

03
0

70
,0

00
 h

a 
pe

r y
ea

r 
by

 2
03

5
%

 o
f o

pe
n 

gr
ou

nd
10

%
15

%
15

%
20

%
10

%
15

%
To

ta
l w

oo
dl

an
d 

cr
ea

tio
n 

ar
ea

g  
49

5,
00

0 
ha

89
7,

00
0 

ha
1,

43
1,

75
0 

ha
1,

99
2,

04
2 

ha
1,

43
8,

25
0 

ha
1,

90
9,

04
0 

ha
Sa

ltm
ar

sh
 c

re
at

io
n

C
re

at
io

n 
ra

te
45

 h
a 

pe
r y

ea
r

25
0 

ha
 p

er
 y

ea
r

25
0 

ha
 p

er
 y

ea
r

50
0 

ha
 p

er
 y

ea
r

25
0 

ha
 p

er
 y

ea
r

50
0 

ha
 p

er
 y

ea
r

To
ta

l s
al

tm
ar

sh
 c

re
at

io
n 

ar
ea

1,
35

0 
ha

 b
y 

20
50

7,
50

0 
ha

 b
y 

20
50

7,
50

0 
ha

 b
y 

20
50

15
,0

00
 h

a 
by

 2
05

0
7,

50
0 

ha
 b

y 
20

50
15

,0
00

 h
a 

by
 2

05
0

a W
he

n 
CC

C 
(2

02
0)

 w
as

 p
ub

lis
he

d,
 th

e 
Sc

ot
tis

h 
G

ov
er

nm
en

t w
as

 th
e 

on
ly

 U
K 

ad
m

in
is

tr
at

io
n 

to
 h

av
e 

m
ad

e 
a 

fir
m

 c
om

m
itm

en
t r

eg
ar

di
ng

 p
ea

tla
nd

 re
st

or
at

io
n.

 T
he

 C
CC

 (2
02

0)
, t

he
re

fo
re

, a
ss

um
es

 
pe

at
la

nd
 re

st
or

at
io

n 
on

ly
 o

cc
ur

s 
in

 S
co

tla
nd

 in
 th

e 
Bu

si
ne

ss
- a

s-
 U

su
al

 s
ce

na
rio

, b
ut

 o
cc

ur
s 

ac
ro

ss
 th

e 
w

ho
le

 U
ni

te
d 

K
in

gd
om

 in
 th

e 
ot

he
r s

ce
na

rio
s.

b A
pa

rt
 fr

om
 th

e 
Bu

si
ne

ss
- a

s-
 U

su
al

 s
ce

na
rio

, t
he

 C
CC

 g
iv

es
 a

ll 
ot

he
r p

ea
tla

nd
 re

st
or

at
io

n 
ta

rg
et

s 
as

 p
er

ce
nt

ag
es

 o
f t

he
 to

ta
l a

re
a 

of
 d

eg
ra

de
d 

pe
at

la
nd

 in
 th

e 
U

ni
te

d 
K

in
gd

om
 (T

ab
le

 S
1)

. W
e 

de
te

rm
in

ed
 

ar
ea

s 
of

 e
ac

h 
ca

te
go

ry
 b

as
ed

 o
n 

fig
ur

es
 in

 O
N

S 
(2

01
9)

, g
iv

en
 h

er
e 

ro
un

de
d 

to
 th

e 
ne

ar
es

t h
a.

 A
nn

ua
l r

es
to

ra
tio

n 
ra

te
 o

f e
ac

h 
ca

te
go

ry
 in

cr
ea

se
d 

ov
er

 ti
m

e 
to

 re
pr

es
en

t i
nc

re
as

in
g 

ca
pa

ci
ty

 (T
ab

le
s 

S2
 a

nd
 

S7
).

c W
e 

al
so

 e
xp

lo
re

d 
th

e 
im

pa
ct

s 
of

 re
st

or
in

g 
10

0%
 o

f a
ff

or
es

te
d 

pe
at

 (i
.e

. 4
39

,2
92

 h
a)

 b
y 

20
50

 in
 th

is
 s

ce
na

rio
, s

ee
 m

ai
n 

te
xt

.
d Th

er
e 

ar
e 

sl
ig

ht
 d

iff
er

en
ce

s 
be

tw
ee

n 
th

e 
ov

er
al

l t
ot

al
s 

an
d 

th
e 

su
m

 o
f i

nd
iv

id
ua

l c
at

eg
or

y 
ar

ea
s,

 d
ue

 to
 ro

un
di

ng
 o

f t
he

 la
tt

er
.

e Br
oa

dl
ea

f:c
on

ife
r r

at
io

 fo
r B

us
in

es
s-

 as
- U

su
al

 d
et

er
m

in
ed

 fr
om

 5
- y

ea
r m

ea
n 

ra
tio

s 
fr

om
 F

C 
(2

01
9)

.
f A

ll 
sc

en
ar

io
s 

st
ar

t a
t 1

5,
00

0 
ha

 o
f n

ew
 w

oo
dl

an
d 

in
 2

02
1,

 c
re

at
io

n 
ra

te
 th

en
 in

cr
ea

se
s 

lin
ea

rly
 u

p 
to

 th
e 

st
at

ed
 ra

te
 a

t 2
03

0 
or

 2
03

5,
 a

nd
 th

at
 ra

te
 is

 m
ai

nt
ai

ne
d 

un
til

 2
05

0 
(T

ab
le

 S
7)

.
g To

ta
l a

re
a 

re
qu

ire
d 

in
cl

ud
es

 o
pe

n 
gr

ou
nd

.



4  |    Journal of Applied Ecology BRADFER- LAWRENCE Et AL.

government's Climate Change Committee (CCC, 2020), and bespoke 
saltmarsh creation scenarios based on recent opportunity map-
ping (RSPB, 2018). In all scenarios, we assumed that restoration and 
 creation began in 2021 at close to current implementation rates and 
 increased linearly each year to the maximum rate shown in Table 1 
and Table S2. All interventions were complete by 2050, but we fore-
cast GHG emissions to 2100. To facilitate comparisons, we convert 
all emissions to Global Warming Potential (GWP100), expressed as 
CO2- equivalents (CO2e; IPCC, 2007).

2.1 | Peatland restoration

As peatland condition is not comprehensively mapped in the United 
Kingdom, we could not spatially prioritise restoration. We therefore 
used the UK area estimates for different categories of degraded 
peatland from Office for National Statistics (ONS, 2019; Table S1) 
and restored each category in proportion to country- specific ONS 
area estimates (Table 1). We excluded areas of near- natural or 
 rewetted bog and fen from our calculations. Deep peat soils covered 
by cropland and intensive grassland were treated as lowland peat, 
and domestic fuel extraction and the various degraded bog classes 
as upland peat (Thomson et al., 2018; Table S1). During the 20th 
century, large areas of peatland were afforested with commercial co-
nifer plantations, which necessitated extensive ground preparation 
and drainage leading to much greater GHG emissions compared with 
undamaged peatlands (Table S1). However, CCC scenarios limit res-
toration of these afforested peatlands to only 20% of the lowest pro-
ductivity plantations (CCC, 2020). Given the substantial emissions 
from these areas (Evans et al., 2017; see Supporting Information), 
we additionally explored the effects of restoring all afforested 
peatlands. For all scenarios, we offset emissions against the carbon 
sequestered in the trees on afforested peatlands and their derived 
harvested wood products (HWP; see Supporting Information).

To calculate restoration impacts, we used GWP100 values from 
Evans et al. (2017), except for paludiculture and sustainably man-
aged cropland where we adapted values from CCC (2020; Table S1). 
Peatland GWP100 values include direct and indirect GHG emissions 
and DOC (Evans et al., 2017). Degraded upland areas were assumed 
to be restored to rewetted bog, and lowland areas to rewetted 
fen. In line with IPCC (2014), we assumed immediate switching of 
emissions from degraded to rewetted categories during the year of 
restoration. The annual area restored was gradually increased each 
year to represent growing capacity for restoration management (see 
Supporting Information).

2.2 | Woodland creation

We undertook a mapping exercise to identify potentially suitable 
areas for woodland creation, to assess the feasibility of national 
woodland creation targets (full methods in Supporting Information). 
Areas considered unavailable for woodland creation included higher 

quality agricultural land and existing woodland (the modification of 
which could reduce agricultural or timber production, leading to off-
shoring of emissions), designated sites, priority habitats and peat-
lands (to avoid perverse outcomes for soil carbon or biodiversity) 
and existing buildings, infrastructure and archaeological features 
(Table S3). Some excluded areas were further buffered to limit possi-
ble negative spill- over effects of woodland creation, such as on peat-
land hydrology (FC, 2000), or to reduce predation in sites designated 
for conservation of wading birds (Wilson et al., 2014; see Supporting 
Information).

After excluding these areas, we found 530,280 distinct spa-
tial units (henceforth termed polygons) that are potentially avail-
able for new woodland (mean 8.8 ha, SD 40.2 ha; see Supporting 
Information). We considered a representative range of tree species 
(Table S4), and for each scenario, we randomly assigned polygons to 
either broadleaves or conifers in line with the target ratios (Table 1). 
We assumed that new broadleaved woodlands would be established 
primarily for biodiversity conservation, while conifer woodlands 
would be managed using commercial forestry methods with regular 
timber harvesting. Differences between the two management ap-
proaches are detailed below.

New woodlands comprised species mixes as per the UK Forestry 
Standard (FC, 2017), that is, a primary species accounted for 75% of 
polygon area and open ground 10%– 20% (Table 1). The remainder 
of each broadleaved polygon comprised a single secondary species, 
while conifer polygons included 5% broadleaves with a secondary 
commercial conifer species accounting for the rest. Primary and sec-
ondary species for each polygon were selected according to highest 
and next highest yield classes for the region, as a proxy for climatic 
suitability, derived from the Ecological Site Classification tool (ESC; 
Forest Research, 2011, 2020a; see Supporting Information for 
full details). Any polygons with an ESC- derived yield class below 
4 for broadleaves or below 12 for conifers were assumed climat-
ically unsuitable for woodland and excluded (n = 11,397; total 
area = 348,944 ha).

To maximise the climate benefits of woodland expansion while 
minimising impacts on agricultural output, we prioritised the order of 
polygon conversion to woodland. We categorised polygons as either 
lower soil carbon risk (mineral soils) or higher risk (organo- mineral 
soils) for woodland creation, as some recent evidence suggests that 
woodland creation on richer organo- mineral soils can trigger soil 
carbon losses that might at least partly counteract the benefits of 
sequestration by new trees (Friggens et al., 2020). Across all scenar-
ios, we therefore prioritised establishment on polygons with mineral 
soils and then least productive land (i.e. highest Agricultural Land 
Classification/Land Capability for Agriculture grade). Broadleaved 
polygons were further ranked following the ‘Lawton principles’ 
(Defra, 2010), that is, prioritising sites adjacent to existing woodland, 
and then ordered in deceasing size (further details in Supporting 
Information). Conifer polygons were prioritised in the order of high-
est yield class, to maximise timber output and then decreasing size.

We calculated carbon sequestration of each polygon using 
species-  and yield- class- specific values extracted from the 
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Woodland Carbon Code (WCC) biomass carbon lookup table (v2.4; 
Jenkins et al., 2018). Sequestration values include all above-  and 
below- ground biomass and litter, but not soil carbon (Randle & 
Jenkins, 2011). To account for impacts of woodland creation on soil 
carbon stores, we used polygon- specific soil carbon estimates (Field 
et al., 2020) and predicted changes following woodland creation 
depending on country, current habitat and woodland type (Bradley 
et al., 2005; see Supporting Information). Following the CCC scenar-
ios, conifers were planted at a density of 1.5 or 1.7 m spacing, broad-
leaves at 2.5 m (Table S4) and all woodlands were thinned. Carbon 
in thinnings was assumed to be immediately lost to the atmosphere.

For conifers, we used a 40- year rotation (Moore, 2011) with 
a  3- year fallow period between rotations but acknowledge that a 
fixed rotation length is a simplification. Following end of rotation 
clear- fell, unharvested residues were assumed to be left on- site and 
 decayed over time (Morison et al., 2012). Timber was apportioned 
to a range of harvested wood product (HWP) pools according to na-
tional statistics (FC, 2020). Our scenarios incorporated the carbon 
stored in these HWPs, with each product class having a different life 
span (Brown et al., 2018; IPCC, 2003; Moore, 2011; UNFCCC, 2003). 
Each year, a portion of HWP reached end of life and went to landfill, 
where some emissions continue (IPCC, 2006). Substitution effects 
of HWP are often considered in analyses like this, though potential 
emissions avoidance benefits may have been overstated 2– 100 fold 
(Harmon, 2019). We include supplementary analysis with substitu-
tion but caution against its use (see Supporting Information).

2.3 | Saltmarsh creation

A previous study identified 318 potential managed realignment pro-
jects in the United Kingdom, totalling 29,996 ha potentially available 
for new saltmarsh habitat, replacing a range of terrestrial habitats 
(RSPB, 2018; Table S6). Area targets in Table 1 were adjusted by 
subtracting the estimated 105 ha of saltmarsh that will be lost each 
year to sea- level rise and coastal squeeze (Beaumont et al., 2014; 
ONS, 2016; RSPB, 2018). Although some mudflats would also be 
created, we assume that the entire realigned area would be con-
verted to saltmarsh (see Supporting Information). We apply seques-
tration rates from Burden et al. (2019), which cover below- ground 
carbon only and do not include plant biomass. We did not spatially 
prioritise projects, as they will be driven by multiple considerations 
beyond climate change mitigation, such as hydrological and coastal 
geomorphology, and public acceptance regarding ceding land to the 
sea (Foster et al., 2013; Myatt et al., 2003).

For all three NbS, we determined the likely extent of land cover 
change on existing habitats (see Supporting Information). Our calcu-
lations did not include relatively minor emissions from restoration 
and creation activities such as fossil fuels for machinery, removal 
of existing site vegetation, seedling production in nurseries, fenc-
ing, herbicide, road construction and timber extraction (Lamb 
et al., 2016; Morison et al., 2012). Climate change is predicted to 
subject UK habitats to greater risks of pest outbreaks, fire and 

windthrow (Ray et al., 2010). Although all these disturbances affect 
carbon sequestration and storage rates, precise impacts are un-
certain and complex, and so we did not incorporate future climate 
change into our scenarios.

3  | RESULTS

3.1 | Peatland restoration

Under the Business- as- Usual scenario with minimal restoration, 
the United Kingdom's peatlands will release a cumulative 1,674 Mt 
CO2e by 2100. Peatland restoration in the Widespread Engagement 
scenario would reduce this total to 1,011 Mt CO2e, hence avoiding 
the emission of 663 Mt CO2e by 2100 (Figure 1a; Table 2). Initially 
low rates of restoration mean climate benefits are limited until the 
2040s, but scenarios begin to diverge post- 2050. Differences in cu-
mulative emissions among scenarios are largely driven by the fate of 
lowland cropland. Peatlands continue to be a source of net annual 
emissions, with interannual variation post- 2050 driven by the flux 
dynamics of afforested peatlands (Figure 2a). Analysis of the emis-
sions balance of afforested peatlands (see Supporting Information) 
suggested that Sitka spruce growing at the UK mean yield class in 
such locations is unlikely to sequester more carbon than is emitted 
from the degraded peat. Increasing the ambition for restoring affor-
ested peatlands from 20% to 100% potentially avoids the emission 
of a further 74.5 Mt CO2e (Figure 1a).

3.2 | Woodland creation

After excluding inappropriate areas, over 4.6 Mha are potentially 
available for woodland creation, although over 2.5 Mha are on 
higher risk organo- mineral soils where woodland creation may not 
result in net sequestration (Figure 3). Potentially available areas 
are not evenly distributed across the United Kingdom; although a 
greater proportion of total land in Scotland and Wales is available, 
there is a smaller proportion of lower risk soils. Our spatial prior-
itisation meant that new woodlands were only sited on lower risk 
mineral soils. Overall, at the UK level, there may be a sufficient area 
of lower risk mineral soils to meet even the CCC's most ambitious 
Widespread Engagement scenario, which entails nearly 2 Mha of 
planting by 2050.

By 2050, differences among the woodland aspect of the sce-
narios emerged, with Tailwinds having a cumulative net GWP100 of 
−63.8 Mt CO2e, 57% lower than the Balanced Net Zero Pathway at 
this point (Figure 1b; Table 2). The production forestry- orientated 
Widespread Innovation scenario had rapid initial growth rates, giv-
ing cumulative net GWP100 of −12.7 Mt CO2e, 9% lower than the 
biodiversity- orientated Widespread Engagement scenario in 2050. 
However, by 2100, substantially more sequestration had occurred 
as trees matured. The Widespread Engagement scenario then had 
a cumulative net GWP100 of −111.5 Mt CO2e, 23% lower than the 
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Widespread Innovation scenario. The Tailwinds scenario offered 
maximum woodland sequestration overall, with −602.9 Mt CO2e 
 sequestered by 2100.

Most differences in mitigation potential among scenarios 
stem from woodland management choices. Over the century, 
greater  sequestration is possible with broadleaves managed for 
biodiversity rather than conifers managed for timber (Figure S5). 
Initially similar per- hectare sequestration rates diverge as inten-
sive forestry management limits long- term sequestration in coni-
fers. Consequently, mean cumulative net GWP100 over 100 years 
for yield class 6 broadleaves is −328.2 t CO2e per ha, while yield 
class 18 conifers harvested on a 40- year rotation store a mean 
of −281.7 t CO2e per ha (see Supporting Information). These 
values do not include the impacts of site preparation. Moderate 
site preparation causes a soil carbon deficit, but this amounts to 
only −3.1 Mt CO2e of lost mitigation by 2100 in the production 
forestry- orientated Widespread Innovation scenario. Rotational 
harvesting of conifers to meet timber demand results in forego-
ing an additional −330.8 Mt CO2e from the Tailwinds scenario by 
2100. In this scenario, HWP substitution could potentially provide 
an additional −152.9 Mt CO2e of hypothetically avoided emissions 
by 2100 (see Supporting Information). All woodland scenarios 
offer the greatest net annual sequestration in the 2060s, before 
this declines in the 2080s (Figure 2b). This is due both to unhar-
vested broadleaves reaching maturity, while production conifer 

forestry becomes limited by rotational harvesting and losses 
from HWP.

3.3 | Saltmarsh creation

Despite a net loss of 60 ha per year in the Business- as- Usual sce-
nario, higher initial rates of sequestration in new saltmarsh are suf-
ficient to offset these losses and result in net cumulative and annual 
sequestration (Figures 1c and 2c). However, contribution of salt-
marsh creation to the United Kingdom's net zero target is limited by 
the small areas available. Even under our higher ambition scenarios, 
with coastal realignment at 11 times the current annual rate, cumula-
tive net GWP100 is only −2.7 Mt CO2e by 2100 (Table 2).

3.4 | Combined restoration and creation

Enacting the Widespread Engagement scenario plus 100% restora-
tion of afforested peatland could provide up to −1,326.8 Mt CO2e 
of cumulative climate change mitigation by 2100 (Table 2). This sce-
nario would entail the conversion of 3.4% of arable land and 7% of 
improved grassland (Table S6). Cumulative climate change mitigation 
for all NbS options is greatest from the 2070s. Lowest annual emis-
sions from peatlands occur during the second half of the century, 

F I G U R E  1   Net GWP100 for three 
NbS options under a range of scenarios. 
Restoration and creation are complete 
by 2050, shown by the dotted vertical 
line. For (a) peatlands, 95% confidence 
intervals are shown by the error bars 
at 2100, representing cumulative 
uncertainty. The Widespread Engagement 
scenario includes restoration of 
100% of afforested peatlands. For (b) 
woodlands, no measures of uncertainty 
in sequestration are provided by 
the Woodland Carbon Code. For (c) 
saltmarshes, error bars show cumulative 
uncertainty as mean values ±1 SD. 
Sequestration under Headwinds and 
Widespread Innovation follow Balanced 
Net Zero Pathway, and Tailwinds follows 
Widespread Engagement
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while woodlands offer the greatest annual sequestration during mid- 
century. However, the three NbS in combination offer a maximum 
annual sequestration rate of only −9.1 Mt CO2e, equivalent to just 
2% of the United Kingdom's net annual emissions of 451 Mt CO2e in 
2018 (BEIS, 2020) (see Supporting Information).

4  | DISCUSSION

The highest ambition scenario could reduce net emissions by 
−264.3 Mt CO2e by 2050 and a further −1,062.5 Mt CO2e between 
2050 and 2100. The cumulative 2100 total of −1,326.8 Mt CO2e is 
equivalent to around 3 years' worth of the United Kingdom's cur-
rent total annual net emissions, and 30 years' worth of net emissions 
from the agriculture sector (BEIS, 2020). Thus, whilst NbS present an 
important component of the United Kingdom’s climate change miti-
gation strategy, they do not negate the need for substantial and sus-
tained reductions in GHG emissions across all sectors (CCC, 2020; 
Smith et al., 2016). The United Kingdom's combination of limited 
land area and high economy- wide emissions relative to other coun-
tries likely underlies the lower potential of NbS for national cli-
mate change mitigation, compared to the global picture (Griscom 
et al., 2017; Roe et al., 2019). Despite this, NbS offer many additional 
societal and ecological co- benefits if enacted with care, including 
biodiversity conservation, regulation of water flows and quality, im-
proved recreational opportunities and adaptation to climate change 
(Seddon, Daniels, et al., 2020). However, the dominant NbS narra-
tive, particularly around woodland creation, strongly emphasises 
climate change mitigation. Given the modest mitigation potential of 
even highly ambitious UK NbS targets, compared to national emis-
sions, this emphasis risks undermining the co- benefits provided by 
natural and semi- natural habitats. Any NbS- driven land use change 
must prioritise potential co- benefits to avoid perverse outcomes in 
which relatively modest climate change mitigation undermines na-
ture and other societal objectives.

The delay before substantial benefits accrue highlights both the 
urgency with which NbS should be deployed but also that these po-
tential land use changes will have to last for decades. A long- term 
view is essential to understand potential benefits and the full im-
pacts of management choices. Our analysis highlights the critical 
importance of restoring degraded peatlands, which in their current 
state will emit more GHGs (1,674 Mt CO2e cumulative emissions by 
2100) than potential new woodlands could sequester (up to 603 Mt 
CO2e cumulative sequestration by 2100). However, if all afforested 
peatlands were restored, new plantations would be required else-
where to maintain current timber production, leading to greater 
land demand than forecast by CCC (2020). For woodlands to help 
address the climate crisis, careful deployment means targeting lower 
risk soils, minimising ground disturbance during establishment and 
prioritising broadleaved woodlands managed for conservation.

Our woodland opportunity map (Figure 3) is indicative rather 
than prescriptive. Any site will need careful assessment for poten-
tial impacts on local communities, existing biodiversity and soil TA
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carbon prior to woodland establishment. Depending on the man-
agement aims, it may also be desirable to consider a much broader 
selection of tree species than we were able to assess here. In 
particular, Scots pine Pinus sylvestris is a key component of native 
woodlands in Scotland, and where appropriate could be consid-
ered as a candidate species for woodlands managed for biodiver-
sity conservation.

Our mapping suggests there is sufficient potentially suitable 
land available to meet the CCC's ambitious woodland creation tar-
gets, but enacting NbS at the suggested scale will have wide- ranging 
and long- lasting impacts. Even though our mapping avoids wood-
land creation on higher grade farmland, conversion of any agricul-
tural land will reduce overall production, unless accompanied by 
increased efficiencies and/or demand changes elsewhere in the 
food system (Finch et al., 2020). Societal attitudes towards such 
changes will vary. Removal of land from agriculture can be culturally 
sensitive, and not necessarily compensated for by increases in other 
non- exclusive land uses and co- benefits such as flood alleviation 
and recreation (Hardaker et al., 2021; Kirchhoff, 2012). Moreover, 
although woodland- associated species should benefit from major 
woodland expansion, open habitat species may decline (Burton 
et al., 2018; Lamb et al., 2019; Warner et al., 2021), while increases 
in restored peatland area should benefit wading birds (Wilson 
et al., 2014). Wider assessments of such broad- scale NbS- driven 
land- use change impacts on agriculture and biodiversity are urgently 
needed (Finch et al., 2020).

There are uncertainties in our projections, notably regarding the 
net sequestration benefits of woodland creation, because impacts 
on soil carbon stores are poorly quantified. Some recent evidence 
suggests carbon stores in some organo- mineral soils may be ad-
versely affected by woodland establishment, potentially reducing net 
 sequestration (Friggens et al., 2020), although this may recover over 
longer time- scales (Vanguelova et al., 2019; Xenakis et al., 2021). 
Given the urgency of the climate crisis, a precautionary approach is 
probably advisable where climate change mitigation is the primary 
driver of habitat change; in such cases, woodland creation should 
focus on mineral soils to give the greatest chance of net sequestra-
tion this century. However, carbon stores in organo- mineral soils 
vary widely, so some higher risk areas in our mapping may still be ap-
propriate for woodland creation, especially when motivated by other 
goals such as flood alleviation or biodiversity conservation.

Semi- natural woodland established for the long term is likely to 
be better than production forestry for both climate and biodiversity 
(Burton et al., 2018; Warner et al., 2021), and probably have greater 
public support (Climate Assembly UK, 2020). However, this does not 
mean production forestry cannot contribute to climate change mit-
igation in the United Kingdom nor do we seek to question the eco-
nomic and societal importance of the sector (CJC Consulting, 2015). 
Given the United Kingdom is the second largest net importer of 
timber in the world (Forest Research, 2020b), there are legitimate 
concerns about how this trade impacts other countries (Mayer 
et al., 2005) and calls to increase domestic timber supply (Welfle 

F I G U R E  2   Annual GWP100 for three 
NbS options under a range of scenarios. 
For (a) peatlands, the Widespread 
Engagement scenario includes restoration 
of 100% of afforested peatlands. For 
(c) saltmarsh, sequestration under 
Headwinds and Widespread Innovation 
follow Balanced Net Zero Pathway, 
and Tailwinds follows Widespread 
Engagement. For context, UK annual 
emissions in 2018 were 451 Mt CO2e 
(BEIS, 2020)
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et al., 2014; WWF- RSPB, 2020). While increasing domestic timber 
production on land that could be used for semi- natural woodlands 
will likely reduce total potential carbon sequestration, this might be 
partially offset by reducing timber import emissions. Furthermore, 
although over half of HWPs currently have a service life of less than 
15 years, changes in forestry management practices and market im-
provements leading to better HWP use could boost the mitigation 
potential of production forestry (Sathre & O'Connor, 2010).

Although we highlight the potential of NbS to contribute 
to the United Kingdom's climate change mitigation effort, and 
demonstrate the feasibility of large- scale habitat change, con-
siderable barriers remain. Notably, the United Kingdom lacks 
capacity for major scale deployment of NbS. Recent historical 
rates of peatland restoration are only 3,200 ha pa (ONS, 2019), 
while tree planting across the United Kingdom in 2019 totalled 
13,400 ha (FC, 2020). Increasing these rates to meet the proposed 

scenarios will require an increase in the number of skilled workers, 
and  infrastructure investment such as tree nurseries for raising 
seedlings (Fargione et al., 2021). Recent pledges by the UK gov-
ernment amount to only £12 billion for a ‘green industrial revolu-
tion’,  despite the CCC estimating £22 billion is required annually 
to reach net zero by 2050 (CCC, 2019; HM Government, 2020). 
Substantial further investment will therefore be required to de-
ploy NbS at any meaningful scale. Upland peatland restoration 
is likely to be cheapest per hectare (ONS, 2019), though climate 
change mitigation potential from lowland peat is generally much 
greater per unit area. Woodland creation using planting is more 
expensive than peatland restoration, as trees must first be grown 
in nurseries. Woodland established using natural regeneration is 
much cheaper but offers slower initial sequestration and requires 
proximate seed sources. Moreover, these habitats still require 
management interventions such as the control of deer browsing 

F I G U R E  3   Areas potentially available 
for new woodland in the United Kingdom. 
Lower risk areas are mineral soils, where 
woodland establishment is likely to result 
in higher net carbon sequestration. 
Higher risk areas are organo- mineral soils, 
where woodland establishment might 
trigger substantial losses of soil carbon, 
potentially counteracting sequestration 
in trees
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pressure (Gill & Morgan, 2010; Lamb et al., 2016). Coastal realign-
ment has the highest costs of the NbS studied here, although the 
co- benefits such as reductions in flooding of coastal settlements 
are particularly important in building resilience to a changing cli-
mate (Kiesel et al., 2020; MacDonald et al., 2020).

The UK needs to urgently increase rates of carbon and 
biodiversity- focussed peatland restoration and woodland creation 
and improve the long- term use of HWP. However, avoidance of 
perverse outcomes can be made more certain by emphasising the 
‘nature’ in NbS. Climate change mitigation cannot be used as an 
excuse for land management practices that damage biodiversity 
(Girardin et al., 2021). The twin climate and ecological crises are 
inextricably intertwined, and one cannot be resolved without the 
other (Leclère et al., 2020). Forthcoming changes to UK agricul-
tural and rural support funding represents a pivotal opportunity to 
encourage positive change for the natural environment and prog-
ress towards net zero, ensuring public money does support public 
goods. NbS and other negative emissions technologies could be 
important in mitigating climate change but can only offer a mean-
ingful contribution in the context of rapid and sustained reduction 
in the use of fossil fuels.

ACKNOWLEDG EMENTS
We thank Eleanor Tew and two anonymous reviewers for helpful 
comments on earlier drafts of this work. This study also benefitted 
from input from many people, our thanks Vanessa Amaral- Rogers, 
Malcolm Ausden, Jonathan Bell, Paul Bellamy, Mark Broadmeadow, 
Annette Burden, Phillip Carson, Neil Cowie, Jonathan Cryer, Neil 
Douglas, Mair Floyd- Bosley, Angus Garbutt, Kate Jennings, Mark 
Hancock, Alex Higgins, Adrian Hughes, Thomas Lancaster, Leigh 
Locke, Paul Morling, Rhiannon Niven, Mike Perks, Emma Teuten, 
Indra Thillainathan, Patrick Thompson, Olly Watts, Jacqueline Weir, 
Vicky West and Jeremy Wilson.

CONFLIC T OF INTERE S T
The authors declare they have no conflicts of interest.

AUTHORS'  CONTRIBUTIONS
All authors were involved in study conception and designed the 
methodology; T.B.- L. led the data analysis and wrote the first manu-
script draft. All authors contributed critically to the drafts and gave 
final approval for publication.

DATA AVAIL ABILIT Y S TATEMENT
The woodland opportunity map is available from the University of 
Stirling DataSTORRE http://hdl.handle.net/11667/ 179 (Bradfer- 
Lawrence et al., 2021).

ORCID
Tom Bradfer- Lawrence  https://orcid.org/0000-0001-6045-4360 
Tom Finch  https://orcid.org/0000-0003-1122-8513 
Richard B. Bradbury  https://orcid.org/0000-0002-1245-2763 
Rob H. Field  https://orcid.org/0000-0002-0194-6872 

R E FE R E N C E S
Beaumont, N. J., Jones, L., Garbutt, A., Hansom, J. D., & Toberman, M. 

(2014). The value of carbon sequestration and storage in coastal 
habitats. Estuarine, Coastal and Shelf Science, 137, 32– 40. https://
doi.org/10.1016/j.ecss.2013.11.022

BEIS (2020). Final UK greenhouse gas emissions national statistics: 1990 
to 2018. Department for Business, Energy and Industrial Strategy, 
https://www.gov.uk/gover nment/ stati stics/ final-uk-green house-
gas-emiss ions-natio nal-stati stics-1990-to-2018

Brown, P., Cardenas, L., Choudrie, S., Jones, L., Karagianni, E., MacCarthy, 
J., Passant, N., Richmond, B., Smith, H., Thistlethwaite, G., Thomson, 
A., Turtle, L., & Wakeling, D. (2020). UK Greenhouse Gas Inventory, 
1990 to 2018: Annual Report for submission under the Framework 
Convention on Climate Change Annexes. Department for Business 
Energy and Industrial Strategy, UK Government

Bradfer- Lawrence, T., Finch, T., Bradbury, R. B., Buchannan, G. M., 
Midgley, A., & Field, R. H. (2021). Map of potential areas for woodland 
creation in the UK. University of Stirling, DataSTORRE. Retrieved 
from http://hdl.handle.net/11667/ 179

Bradley, R. I., Milne, R., Bell, J., Lilly, A., Jordan, C., & Higgins, A. (2005). A 
soil carbon and land use database for the United Kingdom. Soil Use 
and Management, 21, 363– 369. https://doi.org/10.1079/SUM20 
05351

Brandmayr, C., Kelsey, T., Petersen, M., & Gordon, B. (2019). Cutting 
the climate impact of land use, what role can land use play in climate 
change mitigation? Green Alliance.

Brown, P., Cardenas, L., Choudrie, S., Jones, L., … Wakeling, D. (2020). 
UK Greenhouse Gas Inventory, 1990 to 2018. Science Research 
Programme of the Department for Business, Energy & Industrial 
Strategy.

Burden, A., Garbutt, A., & Evans, C. D. (2019). Effect of restoration on 
saltmarsh carbon accumulation in Eastern England. Biology Letters, 
15, 20180773. https://doi.org/10.1098/rsbl.2018.0773

Burton, V., Moseley, D., Brown, C., Metzger, M. J., & Bellamy, P. (2018). 
Reviewing the evidence base for the effects of woodland ex-
pansion on biodiversity and ecosystem services in the United 
Kingdom. Forest Ecology and Management, 430, 366– 379. https://
doi.org/10.1016/j.foreco.2018.08.003

Cardenas, L. M., Bhogal, A., Chadwick, D. R., McGeough, K., Misselbrook, 
T., Rees, R. M., Thorman, R. E., Watson, C. J., Williams, J. R., Smith, 
K. A., & Calvet, S. (2019). Nitrogen use efficiency and nitrous 
oxide emissions from five UK fertilised grasslands. Science of the 
Total Environment, 661, 696– 710. https://doi.org/10.1016/j.scito 
tenv.2019.01.082

CCC. (2019). Net zero technical report. Committee on Climate Change.
CCC. (2020). The Sixth Carbon Budget: The UK's path to net zero. Committee 

on Climate Change.
Chausson, A., Turner, B., Seddon, D., Chabaneix, N., Girardin, C. A. J., 

Kapos, V., Key, I., Roe, D., Smith, A., Woroniecki, S., & Seddon, N. 
(2020). Mapping the effectiveness of nature- based solutions for 
climate change adaptation. Global Change Biology, 26, 6134– 6155. 
https://doi.org/10.1111/gcb.15310

CJC Consulting. (2015). The economic contribution of the forestry sector in 
Scotland. Report to Forestry Commission Scotland.

Climate Assembly UK. (2020). The path to net zero. Climate Assembly UK.
Defra. (2010). Making space for nature: A review of England’s wildlife Sites 

and ecological network. Department for the Environment, Food and 
Rural Affairs.

Di Sacco, A., Hardwick, K. A., Blakesley, D., Brancalion, P. H. S., Breman, 
E., Rebola, L. C., Chomba, S., Dixon, K., Elliott, S., Ruyonga, G., Shaw, 
K., Smith, P., Smith, R. J., & Antonelli, A. (2021). Ten golden rules for 
reforestation to optimize carbon sequestration, biodiversity recov-
ery and livelihood benefits. Global Change Biology, 27, 1328– 1348.

Evans, C., Artz, R., Moxley, J., Smyth, M.- A., Taylor, E., Archer, N., Burden, 
A., Williamson, J., Donnelly, D., Thomson, A., Buys, G., Malcolm, H., 

http://hdl.handle.net/11667/179
https://orcid.org/0000-0001-6045-4360
https://orcid.org/0000-0001-6045-4360
https://orcid.org/0000-0003-1122-8513
https://orcid.org/0000-0003-1122-8513
https://orcid.org/0000-0002-1245-2763
https://orcid.org/0000-0002-1245-2763
https://orcid.org/0000-0002-0194-6872
https://orcid.org/0000-0002-0194-6872
https://doi.org/10.1016/j.ecss.2013.11.022
https://doi.org/10.1016/j.ecss.2013.11.022
https://www.gov.uk/government/statistics/final-uk-greenhouse-gas-emissions-national-statistics-1990-to-2018
https://www.gov.uk/government/statistics/final-uk-greenhouse-gas-emissions-national-statistics-1990-to-2018
http://hdl.handle.net/11667/179
https://doi.org/10.1079/SUM2005351
https://doi.org/10.1079/SUM2005351
https://doi.org/10.1098/rsbl.2018.0773
https://doi.org/10.1016/j.foreco.2018.08.003
https://doi.org/10.1016/j.foreco.2018.08.003
https://doi.org/10.1016/j.scitotenv.2019.01.082
https://doi.org/10.1016/j.scitotenv.2019.01.082
https://doi.org/10.1111/gcb.15310


     |  11Journal of Applied EcologyBRADFER- LAWRENCE Et AL.

& Wilson, D. (2017). Implementation of an emissions inventory for UK 
peatlands. Centre for Ecology and Hydrology.

Fargione, J. E., Bassett, S., Boucher, T., Bridgham, S. D., Conant, R. T., 
Cook- Patton, S. C., Ellis, P. W., Falcucci, A., Fourqurean, J. W., 
Gopalakrishna, T., Gu, H., Henderson, B., Hurteau, M. D., Kroeger, 
K. D., Kroeger, T., Lark, T. J., Leavitt, S. M., Lomax, G., McDonald, R. 
I., … Griscom, B. W. (2018). Natural climate solutions for the United 
States. Science Advances, 4, 1– 15. https://doi.org/10.1126/sciadv.
aat1869

Fargione, J., Haase, D. L., Burney, O. T., Kildisheva, O. A., Edge, G., Cook- 
Patton, S. C., Chapman, T., Rempel, A., Hurteau, M. D., Davis, K. T., 
Dobrowski, S., Enebak, S., De La Torre, R., Bhuta, A. A. R., Cubbage, 
F., Kittler, B., Zhang, D., & Guldin, R. W. (2021). Challenges 
to the reforestation pipeline in the United States. Frontiers in 
Forests and Global Change, 4, 629198. https://doi.org/10.3389/
ffgc.2021.629198

FC. (2000). Forests and peatland habitats: Guideline note. Forestry Commission.
FC. (2017). The UK Forestry standard. Forestry Commission.
FC. (2019). Forestry statistics 2019. Forestry Commission.
FC. (2020). UK wood production and trade 2019. Forestry Commission.
Fekete, H., Kuramochi, T., Roelfsema, M., Elzen, M. D., Forsell, N., Höhne, 

N., Luna, L., Hans, F., Sterl, S., Olivier, J., van Soest, H., Frank, S., & 
Gusti, M. (2021). A review of successful climate change mitigation 
policies in major emitting economies and the potential of global 
replication. Renewable and Sustainable Energy Reviews, 137, 110602. 
https://doi.org/10.1016/j.rser.2020.110602

Field, R. H., Buchanan, G. M., Hughes, A., Smith, P., & Bradbury, R. B. 
(2020). The value of habitats of conservation importance to climate 
change mitigation in the UK. Biological Conservation, 248, 108619. 
https://doi.org/10.1016/j.biocon.2020.108619

Finch, T., Day, B. H., Massimino, D., Redhead, J. W., Field, R. H., Balmford, 
A., Green, R. E., & Peach, W. J. (2020). Evaluating spatially ex-
plicit sharing- sparing scenarios for multiple environmental out-
comes. Journal of Applied Ecology, 58(3), 655– 666. https://doi.
org/10.1111/1365- 2664.13785

Forest Research. (2011). Ecological site classification. Forest Research.
Forest Research. (2020a). Ecological site classification decision support 

system. Retrieved from http://www.fores tdss.org.uk/geofo restd ss/
Forest Research. (2020b). Forestry Facts & Figures 2020: A summary of 

statistics about woodland and forestry in the UK. Forest Research.
Foster, N. M., Hudson, M. D., Bray, S., & Nicholls, R. J. (2013). Intertidal 

mudflat and saltmarsh conservation and sustainable use in the UK: 
A review. Journal of Environmental Management, 126, 96– 104.

Friggens, N. L., Hester, A. J., Mitchell, R. J., Parker, T. C., Subke, J.- A., & 
Wookey, P. A. (2020). Tree planting in organic soils does not result 
in net carbon sequestration on decadal timescales. Global Change 
Biology, 26, 5178– 5188. https://doi.org/10.1111/gcb.15229

Gill, R. M. A., & Morgan, G. (2010). The effects of varying deer density on 
natural regeneration in woodlands in lowland Britain. Forestry, 83, 
53– 63. https://doi.org/10.1093/fores try/cpp031

Girardin, C. A. J., Jenkins, S., Seddon, N., Allen, M., Lewis, S. L., Wheeler, 
C. E., Griscom, B. W., & Malhi, Y. (2021). Nature- based solutions can 
help cool the planet –  If we act now. Nature, 593, 191– 194. https://
doi.org/10.1038/d4158 6- 021- 01241 - 2

Griscom, B. W., Adams, J., Ellis, P. W., Houghton, R. A., Lomax, G., Miteva, 
D. A., Schlesinger, W. H., Shoch, D., Siikamäki, J. V., Smith, P., 
Woodbury, P., Zganjar, C., Blackman, A., Campari, J., Conant, R. T., 
Delgado, C., Elias, P., Gopalakrishna, T., Hamsik, M. R., … Fargione, 
J. (2017). Natural climate solutions. Proceedings of the National 
Academy of Sciences of the United States of America, 114, 11645– 
11650. https://doi.org/10.1073/pnas.17104 65114

Hardaker, A., Pagella, T., & Rayment, M. (2021). Ecosystem service and dis- 
service impacts of increasing tree cover on agricultural land by land- 
sparing and land- sharing in the Welsh uplands. Ecosystem Services, 
48, 101253. https://doi.org/10.1016/j.ecoser.2021.101253

Harmon, M. E. (2019). Have product substitution carbon bene-
fits been overestimated? A sensitivity analysis of key assump-
tions. Environmental Research Letters, 14, 065008. https://doi.
org/10.1088/1748- 9326/ab1e95

HM Government. (2020). The ten point plan for a green industrial revolu-
tion. UK Government.

HM Treasury. (2020). Budget 2020. UK Government.
Hopkins, J., Sutherland, L.- A., Ehlers, M.- H., Matthews, K., Barnes, A., 

& Toma, L. (2017). Scottish farmers' intentions to afforest land in 
the context of farm diversification. Forest Policy and Economics, 78, 
122– 132. https://doi.org/10.1016/j.forpol.2017.01.014

IPCC. (2003). IPCC Good Practice Guidance for LULUCF. Appendix 3a.1 
Harvested wood products: Basis for future methodological develop-
ment. Intergovernmental Panel on Climate Change.

IPCC. (2006). Waste generation, composition and management data. 
Intergovernmental Panel on Climate Change. IPCC Guidelines for 
National Greenhouse Gas Inventories.

IPCC. (2007). Changes in atmospheric constituents and in radiative forc-
ing. Climate change 2007: The physical science basis. Contribution 
of Working Group I to the Fourth Assessment Report of the 
Intergovernmental Panel on Climate Change. Intergovernmental 
Panel on Climate Change.

IPCC. (2014). Methodological guidance on lands with wet and drained soils, 
and constructed wetlands for wastewater treatment. 2013 supplement 
to the 2006 IPCC guidelines for national greenhouse gas inventories: 
Wetlands. Intergovernmental Panel on Climate Change.

Jenkins, T. A. R., Mackie, E. D., Matthews, R. W., Miller, G., Randle, T. J., 
& White, M. E. (2018). FC woodland carbon code assessment protocol 
v2.0. Forestry Commission.

Kiesel, J., Schuerch, M., Christie, E. K., Möller, I., Spencer, T., & Vafeidis, 
A. T. (2020). Effective design of managed realignment schemes can 
reduce coastal flood risks. Estuarine, Coastal and Shelf Science, 242, 
106844. https://doi.org/10.1016/j.ecss.2020.106844

Kirchhoff, T. (2012). Pivotal cultural values of nature cannot be inte-
grated into the ecosystem services framework. Proceedings of the 
National Academy of Sciences of the United States of America, 109, 
3146. https://doi.org/10.1073/pnas.12124 09109

Lamb, A., Finch, T., Pearce- Higgins, J. W., Ausden, M., Balmford, A., 
Feniuk, C., Hirons, G., Massimino, D., & Green, R. E. (2019). 
The consequences of land sparing for birds in the United 
Kingdom. Journal of Applied Ecology, 56, 1870– 1881. https://doi.
org/10.1111/1365- 2664.13362

Lamb, A., Green, R., Bateman, I., Broadmeadow, M., Bruce, T., Burney, J., 
Carey, P., Chadwick, D., Crane, E., Field, R., Goulding, K., Griffiths, 
H., Hastings, A., Kasoar, T., Kindred, D., Phalan, B., Pickett, J., Smith, 
P., Wall, E., … Balmford, A. (2016). The potential for land sparing to 
offset greenhouse gas emissions from agriculture. Nature Climate 
Change, 6, 488– 492. https://doi.org/10.1038/nclim ate2910

Leclère, D., Obersteiner, M., Barrett, M., Butchart, S. H. M., Chaudhary, 
A., De Palma, A., DeClerck, F. A. J., Di Marco, M., Doelman, J. C., 
Dürauer, M., Freeman, R., Harfoot, M., Hasegawa, T., Hellweg, S., 
Hilbers, J. P., Hill, S. L. L., Humpenöder, F., Jennings, N., Krisztin, 
T., … Young, L. (2020). Bending the curve of terrestrial biodiversity 
needs an integrated strategy. Nature, 585, 551– 556.

MacDonald, M. A., de Ruyck, C., Field, R. H., Bedford, A., & Bradbury, 
R. B. (2020). Benefits of coastal managed realignment for soci-
ety: Evidence from ecosystem service assessments in two UK 
 regions. Estuarine, Coastal and Shelf Science, 244, 1– 11. https://doi.
org/10.1016/j.ecss.2017.09.007

Matthews, K. B., Wardell- Johnson, D., Miller, D., Fitton, N., Jones, E. D., 
Bathgate, S., Randle, T., Matthews, R., Smith, P., & Perks, M. (2020). 
Not seeing the carbon for the trees? Why area- based targets for 
establishing new woodlands can limit or underplay their climate 
change mitigation benefits. Land Use Policy, 97, 104690. https://doi.
org/10.1016/j.landu sepol.2020.104690

https://doi.org/10.1126/sciadv.aat1869
https://doi.org/10.1126/sciadv.aat1869
https://doi.org/10.3389/ffgc.2021.629198
https://doi.org/10.3389/ffgc.2021.629198
https://doi.org/10.1016/j.rser.2020.110602
https://doi.org/10.1016/j.biocon.2020.108619
https://doi.org/10.1111/1365-2664.13785
https://doi.org/10.1111/1365-2664.13785
http://www.forestdss.org.uk/geoforestdss/
https://doi.org/10.1111/gcb.15229
https://doi.org/10.1093/forestry/cpp031
https://doi.org/10.1038/d41586-021-01241-2
https://doi.org/10.1038/d41586-021-01241-2
https://doi.org/10.1073/pnas.1710465114
https://doi.org/10.1016/j.ecoser.2021.101253
https://doi.org/10.1088/1748-9326/ab1e95
https://doi.org/10.1088/1748-9326/ab1e95
https://doi.org/10.1016/j.forpol.2017.01.014
https://doi.org/10.1016/j.ecss.2020.106844
https://doi.org/10.1073/pnas.1212409109
https://doi.org/10.1111/1365-2664.13362
https://doi.org/10.1111/1365-2664.13362
https://doi.org/10.1038/nclimate2910
https://doi.org/10.1016/j.ecss.2017.09.007
https://doi.org/10.1016/j.ecss.2017.09.007
https://doi.org/10.1016/j.landusepol.2020.104690
https://doi.org/10.1016/j.landusepol.2020.104690


12  |    Journal of Applied Ecology BRADFER- LAWRENCE Et AL.

Mayer, A. L., Kauppi, P. E., Angelstam, P. K., Zhang, Y., & Tikka, P. M. 
(2005). Importing timber, exporting ecological impact. Science, 308, 
359– 360.

Montgomery, I., Caruso, T., & Reid, N. (2020). Hedgerows as Ecosystems: 
Service Delivery, Management, and Restoration. Annual Review 
of Ecology, Evolution, and Systematics, 51, 81– 102. https://doi.
org/10.1146/annur ev- ecols ys- 01212 0- 100346

Moore, J. (2011). Wood properties and uses of Sitka spruce in Britain. 
Forestry Commission.

Morison, J., Matthews, R., Miller, G., Perks, M., Randle, T., Vanguelova, 
E., White, M., & Yamulki, S. (2012). Understanding the carbon and 
greenhouse gas balance of forests in Britain. Forestry Commission.

Myatt, L. B., Scrimshaw, M. D., & Lester, J. N. (2003). Public percep-
tions and attitudes towards a forthcoming managed realignment 
scheme: Freiston Shore, Lincolnshire, UK. Ocean and Coastal 
Management, 46, 565– 582. https://doi.org/10.1016/S0964 - 5691 
(03)00035 - 8

ONS. (2016). Scoping UK coastal margin ecosystem accounts. Office for 
National Statistics, UK.

ONS. (2019). UK natural capital: Peatlands. Statistical bulletin. Office for 
National Statistics, UK.

Priestley, S. (2019). Net zero in the UK. Commons library briefing. UK Government.
Randle, T. J., & Jenkins, T. A. R. (2011). The construction of the lookup 

 tables for estimating changes in carbon stocks in forestry projects. 
Forest Research.

Ray, D., Morison, J., & Broadmeadow, M. (2010). Climate change im-
pacts and adaptation in England's woodlands. Forestry Commission 
Research Note, 201, 1– 16.

Roe, S., Streck, C., Obersteiner, M., Frank, S., Griscom, B., Drouet, L., 
Fricko, O., Gusti, M., Harris, N., Hasegawa, T., Hausfather, Z., 
Havlik, P., House, J., Nabuurs, G.- J., Popp, A., Jose, M., Sanchez, 
S., Sanderman, J., Smith, P., … Lawrence, D. (2019). Contribution 
of the land sector to a 1.5ºC world. Nature Climate Change, 9, 
817– 828.

RSPB. (2018). Sustainable Shores summary report. Royal Society for the 
Protection of Birds, UK.

Sathre, R., & O'Connor, J. (2010). Meta- analysis of greenhouse gas displacement 
factors of wood product substitution. Environmental Science and Policy, 13, 
104– 114. https://doi.org/10.1016/j.envsci.2009.12.005

Scottish Government. (2018). Climate change plan: The third report on pro-
posals and policies 2018– 2032. The Scottish Government.

Scottish Government. (2020). Protecting Scotland, renewing Scotland: 
Programme for Government 2020. Scottish Government Policy. The 
Scottish Government.

Seddon, N., Chausson, A., Berry, P., Girardin, C. A. J., Smith, A., & 
Turner, B. (2020). Understanding the value and limits of nature- 
based solutions to climate change and other global challenges. 
Philosophical Transactions of the Royal Society B: Biological Sciences, 
375, 20190120. https://doi.org/10.1098/rstb.2019.0120

Seddon, N., Daniels, E., Davis, R., Chausson, A., Harris, R., Hou- Jones, 
X., Huq, S., Kapos, V., Mace, G. M., Rizvi, A. R., Reid, H., Roe, 
D., Turner, B., & Wicander, S. (2020). Global recognition of the 
importance of nature- based solutions to the impacts of climate 
change. Global Sustainability, 3, 1– 12. https://doi.org/10.1017/
sus.2020.8

Sing, L., Towers, W., & Ellis, J. (2013). Woodland expansion in Scotland: 
an assessment of the opportunities and constraints using GIS. 
Scottish Forestry, 67, 18– 25.

Smith, P., Davis, S. J., Creutzig, F., Fuss, S., Minx, J., Gabrielle, B., Kato, E., 
Jackson, R. B., Cowie, A., Kriegler, E., van Vuuren, D. P., Rogelj, J., 
Ciais, P., Milne, J., Canadell, J. G., McCollum, D., Peters, G., Andrew, 
R., Krey, V., … Yongsung, C. (2016). Biophysical and economic lim-
its to negative CO2 emissions. Nature Climate Change, 6, 42– 50. 
https://doi.org/10.1038/nclim ate2870

Tew, E. R., Simmons, B. I., & Sutherland, W. J. (2019). Quantifying cul-
tural ecosystem services: Disentangling the effects of management 
from landscape features. People and Nature, 1, 70– 86. https://doi.
org/10.1002/pan3.14

Thomas, H., Nisbet, T., & Broadmeadow, S. (2017). Opportunity mapping 
for woodland creation to reduce flood risk in Northern Ireland. Forest 
Research.

Thomson, A., Misselbrook, T., Moxley, J., Buys, G., … Reinsch, S. (2018). 
Quantifying the impact of future land use scenarios to 2050 and be-
yond. Final Report for the Committee on Climate Change, Centre 
for Ecology and Hydrology, UK.

UN. (2016). The sustainable development goals report. United Nations.
UNFCCC. (2003). Estimation, reporting and accounting of harvested wood 

products –  Technical Paper. United Nations Framework Convention 
on. Climate Change.

Vanguelova, E. I., Crow, P., Benham, S., Pitman, R., Forster, J., Eaton, E. 
L., & Morison, J. I. L. (2019). Impact of Sitka spruce afforestation on 
the carbon stocks of peaty gley soils –  A chronosequence study in 
the north of England. Forestry, 92, 242– 252.

Warner, E., Hector, A., Brown, N., Green, R., Savory, A., Gilbert, D., 
McDonnell, A., & Lewis, O. T. (2021). The response of plants, ca-
rabid beetles and birds to 30 years of native reforestation in the 
Scottish Highlands. Journal of Applied Ecology, 1– 10. https://doi.
org/10.1111/1365- 2664.13944

Welfle, A., Gilbert, P., & Thornley, P. (2014). Securing a bioenergy future 
without imports. Energy Policy, 68, 1– 14. https://doi.org/10.1016/j.
enpol.2013.11.079

Welsh Government. (2020). Glastir woodland creation opportunities map 
guidance. Welsh Government.

Welsh Government. (2021). Wales commits to net zero by 2050, but sets 
out ambitions to get there sooner. Welsh Government. Retrieved from 
https://gov.wales/ wales - commi ts- net- zero- 2050- sets- out- ambit 
ions- get- there - sooner

Wilson, J. D., Anderson, R., Bailey, S., Chetcuti, J., Cowie, N. R., Hancock, 
M. H., Quine, C. P., Russell, N., Stephen, L., & Thompson, D. B. A. 
(2014). Modelling edge effects of mature forest plantations on peat-
land waders informs landscape- scale conservation. Journal of Applied 
Ecology, 51, 204– 213. https://doi.org/10.1111/1365- 2664.12173

Woodland Trust. (2020). Emergency tree plan for the UK. The Woodland 
Trust.

WWF- RSPB. (2020). Riskier business: The UK's overseas land footprint. 
World Wildlife Fund and Royal Society for the Protection of Birds, 
UK.

Xenakis, G., Ash, A., Siebicke, L., Perks, M., & Morison, J. I. L. (2021). 
Comparison of the carbon, water, and energy balances of mature 
stand and clear- fell stages in a British Sitka spruce forest and the 
impact of the 2018 drought. Agricultural and Forest Meteorology, 
306, 108437. https://doi.org/10.1016/j.agrfo rmet.2021.108437

SUPPORTING INFORMATION
Additional Supporting Information may be found online in the 
Supporting Information section.

How to cite this article: Bradfer- Lawrence, T., Finch, T., 
Bradbury, R. B., Buchanan, G. M., Midgley, A., & Field, R. H. 
(2021). The potential contribution of terrestrial nature- based 
solutions to a national ‘net zero’ climate target. Journal of 
Applied Ecology, 00, 1– 12. https://doi.

org/10.1111/1365- 2664.14003

https://doi.org/10.1146/annurev-ecolsys-012120-100346
https://doi.org/10.1146/annurev-ecolsys-012120-100346
https://doi.org/10.1016/S0964-5691(03)00035-8
https://doi.org/10.1016/S0964-5691(03)00035-8
https://doi.org/10.1016/j.envsci.2009.12.005
https://doi.org/10.1098/rstb.2019.0120
https://doi.org/10.1017/sus.2020.8
https://doi.org/10.1017/sus.2020.8
https://doi.org/10.1038/nclimate2870
https://doi.org/10.1002/pan3.14
https://doi.org/10.1002/pan3.14
https://doi.org/10.1111/1365-2664.13944
https://doi.org/10.1111/1365-2664.13944
https://doi.org/10.1016/j.enpol.2013.11.079
https://doi.org/10.1016/j.enpol.2013.11.079
https://gov.wales/wales-commits-net-zero-2050-sets-out-ambitions-get-there-sooner
https://gov.wales/wales-commits-net-zero-2050-sets-out-ambitions-get-there-sooner
https://doi.org/10.1111/1365-2664.12173
https://doi.org/10.1016/j.agrformet.2021.108437
https://doi.org/10.1111/1365-2664.14003
https://doi.org/10.1111/1365-2664.14003

