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Summar y

The UK has a commit mezner aado g reeaecnhfGCidG)seatisspres by
2050, and significant tree planting targets have been proposed in each of the

countries to help achieve this through the carbon sequestration that woodlands and

forestry can provide. There is therefore a need to understand the latest evi dence on
forestry , carbon and GHG balances, to enable policy making to effectively manage

forest carbon alongside other benefits as part of sustainable forest management.

This report was commissioned to estimate and compare the potential for carbon

sequest ration (net CO2 uptake ) and GHG emissions avoided by the use of harvested
wood products in place of other materials , that could be realised by creating

different types of woodlands. A more comprehensive evaluation of the role of

woodlands in the carbon bal  ance is presented in a full Assessment Report 1.

The analysis assesses the influence of different species, site and management

factors, including the eventual use of harvested wood, on the potential net CO >
uptake and GHG emissions, at the scale of an individual forest stand (i.e. in terms

of quantities  of carbon per hectare), and for notional woodland creation

programmes of 1 hectare per year for 1 year and over 10 and 25 years.

A model -based approach has permitted the systematic, integrated and consistent
assessment of different options for woodland cre ation and management, from the
perspective of their potential for CO2 uptake and avoiding GHG emissions.

The main modelling outputs of the assessment can be accessed using an Excel
software tool, which facilitates the rapid assessment and comparison of dif ferent
woodland options.

Evidence available from published field studies generally supports the estimates
developed in this assessment. However, uncertainties must be acknowledged in
estimates of soil carbon stock changes in early years following woodland
establishment. There is also some uncertainty in estimates of carbon stocks in tree
roots and branches, and in projections of carbon sequestration for woodland
management options that differ significantly from the main types of productive
woodland and mana gement systems practi  sed in the UK in the past century.

The modelling outputs have been used to assess the climate change mitigation

potenti al of 12 dAillustrative woodland options
contrasting examples of possible types of woodlands that could be created in the

UK. The 12 options have been characterised using short descriptive names (Table

S1).

! Matthews, R.W., Morison, J.l.L., Henshall, P.A., Beauchamp, K., Hogan, G.P., Baden, R.,
Mackie, E.D. Vanguelova, E., Perks, M., Gruffudd , H.and Sayce, M. (2022) Quantifying the
sustainable forestry carbon cycle . Assessment Report.  Forest Research: Farnham, in preparation.
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Table S1 Selected illustrative woodland options

Yield
Name ) Summary m  anagement
class
Broadleaves, light management 4 Regular but low intensity thinning

Natural recolonisation, rapid 4 (continuous cover), also areas left
Natural recolonisation, gradual 4 unthin ned /unmanaged
4
8

Production broadleaves Regular thinning (continuous cover)
Production pine Thinning , final felling with restocking

Moderate growing conifer unthin ned 12 No thinning, final felling with
Fast growing conifer  unthin ned 18 restocking
Moderate growing conifer thinned 12
Fast growing conifer thinned 18 Thinning , final felling with restocking
Fast growing Sitka spruce thinned 24
Conifer mixture 14 Regular thinning , patch felling
Complex conifer /broadleaf mixture 14 and 6 (continuous cover)
The yield classes assigned to woodlands were assumed to remain constant over

time. However, rising concentrations of CO  » and related climatic changes can

influence the growth and development of woodlands both positively and negatively.

These impacts were allowed for implicitly in the selection of tree species and growth

rates represented in different woodland options. Soil carbon dynamicsinb  road -
leaved woodland options were represented by combining results for woodlands for
mineral soils previously under grass  and crops. The pine option was represented by
combining results for mineral and organo -mineral soil s previously under grass  and
crops. The other coniferous options were represented by combing results for

organo -mineral soils previously under grass, crops and moorland (not cropland in

the case of fast growing Si tka spruce). Results were calculated for each of the

above illustrative woodland options, for four reporting periods of 2022 -2050, 2022 -
2100, 2051 -2100 and 210 1-2150, and for three  woodland creation  scenarios:

1 1hectare created in 2022
1 1 hectare per year c reated for 10 years starting in 2022
1 1 hectare per year created for 25 years starting in 2022.
This gave 12 sets of results, which are included in the full Assessment Report.

An example of a key set of results is shown in Figure S 1 and Tables S 2a & S2b,for
1 ha of each woodland option created in 2022, showing GHG emissions mitigated
during the period 2022 to 2100.

2 The growth rates of woodlands are represented using the British yield class system (see Matthews

etal ., 2016 a). Yield class is defined as the maximum average rate of cumulative  stemwood volume
production in a woodland over a n optimal rotation. The actual average rate of production will vary
with the specified rotation. As a convention, yield cl as

m? hat yr-i,
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H soil
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M Deadwood Operations
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M Product displacement
Bioenergy displacement

Cascade displacement

201

151

Net sequestration/

104 .. .
Emissions reductions

tCO, per year for planting 1 hectare in 2022

Net carbon loss/
Emissions increases

51
Broadleaves Natural Natural Production Production Moderate Fast
light recolonis-  recolonis- broadleaves pine growing growing
management ation, ation, conifer conifer
rapid gradual unthinned unthinned

Modérate Fést Fést

Conifer Complex
growing growing growing mixture conifer/
conifer conifer Sitka broadleaf
thinned thinned spruce mixture
thinned

Figure S1. Annualised CO, uptake and GHG emissions avoided, estimated over the period 2022 to 2100 for 12 illustrative woodland options, assuming 1

hectare of woodland planted in 2022.
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Table S 2a Carbon sequestration by woodland options (2022

-2100): 1 ha created in 2022

03/05/2022

Annualised net carbon stock change (tCO 2 hatyr?
Woodland option Trees Deadwood Litter Soil Total Wood All carbon

woodland products pools
Broadieaves light 42 0.7 0.1 0.4 5.4 0.2 57
management
Natural recolonisation, 3.9 0.6 0.1 0.9 5.5 0.2 5.7
rapid
Natural recolonisation, 3.2 0.4 0.1 0.9 4.6 0.2 4.7
gradual
Production broadleaves 3.1 0.6 0.1 0.1 3.9 0.5 4.4
Production pine 2.4 1.3 0.2 0.5 4.5 1.7 6.2
Moderate growing 3.3 1.2 0.1 0.4 5.0 1.6 6.7
conifer unthin ned
Fast growing conifer 5.1 1.9 0.1 16 8.7 2.4 11.1
unthin ned
Moderate growing 23 13 0.1 -0.1 36 16 52
conifer thinned
Fast growing conifer 3.6 1.9 0.1 0.7 6.3 25 8.9
thinned
Fast growing Sitka 6.2 25 03 1.7 10.6 3.4 14.0
spruce thinned
Conifer mixture 3.3 1.7 0.2 1.8 7.0 2.5 9.4
Complex conifer/ 3.8 15 0.2 15 7.0 2.1 9.1
broadleaf mixture

Quantifying the sustainable forestry carbon cycle 7 of 60



Summary R«

Table S 2b GHG emissions mitigation by woodland options (2022 -2100): 1 ha created in 2022
GHG emissions mitigation (tCO 2-eq. ha “tyr1)
Woodland option All carbon Forgst Wood product Bioenergy Cascade Ngt GHG
operations e (wood fuel) U emissions
pools . substitution . substitution e
(emissions) substitution mitigation
Broadleaves light 5.7 01 0.2 0.2 0.1 6.2
management
Nat.ural recolonisation, 57 00 0.2 0.2 01 6.1
rapid
Natural recolonisation, 47 00 01 01 0.0 50
gradual
Production broadleaves 4.4 -0.1 0.4 0.4 0.2 5.3
Production pine 6.2 -0.2 1.3 0.4 0.3 8.0
Moderate growing 6.7 -0.2 1.4 0.2 0.4 8.5
conifer unthin ned
Fast growing conifer 11.1 0.2 2.1 0.3 0.6 14.0
unthin ned
Moderate growing 52 -0.2 15 0.4 05 7.4
conifer thinned
Fast growing conifer 8.9 0.3 25 07 0.8 125
thinned
Fast growing Sitka 14.0 0.3 3.3 0.9 1.0 18.9
spruce thinned
Conifer mixture 9.4 -0.2 2.1 0.6 0.6 12.4
Complex conifer/ 9.1 0.2 18 0.7 0.5 11.9
broadleaf mixture
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For the carbon pools of trees, deadwood, litter, soil and wood products, results are

shown in Figure S1 and TablesS 2a & S 2b for annualised carbon stock changes
(equivalentto net CO » uptake orloss ) over the specified reporting period,

expressed in units of tonnes CO 2 peryear (tCO 2 yr-1). Annualised values are
calculated by finding the average annual value over the specified reporting period.

Estimates in Figure S1 and Table S 2b for GHG emissions fr om forest operations and
emissions avoided by wood product substitution impacts are also presented as

annualised results over the specified reporting period, expressed in units of tonnes
COz-equivalent per year ({CO  »-eq. yr 1). Results with a positive sign indicate carbon
stock increases (net carbon sequestration) or GHG emissions avoided,  and those
with a negative sign indicate carbon stock losses or net GHG emissions increases .
The results in Figure S1 are shown as stacked bars, giving annualised carbon g ains
or losses for the specified period:

1 Green shaded bars show the contributions made by woodland carbon pools
(trees, deadwood, litter and soil).

1 A purple bar shows the GHG emissions from forest operations (e.g. site

preparation including herbicides, har vesting machinery, transport), up to the

Amil |l gated. These emissions are generally
1 A dark brown bar shows the contribution made by carbon retained in the

wood products carbon pool (denoted AProduct

figures) .

1 Lighter brown bars show the contributions potentially made by wood product
substitution effects, consisting of wood products displacing non -wood
materials, wood fuel (bioenergy) displacing other fuels and wood product
cascading effects. These contributio ns are denoted AProduct d
ABi oenergy displacemento and fACascade di spl

1 The net result for carbon stock changes in all carbon pools (woodland and
wood products) is indicated for each result with a solid cyan coloured line
(ANet s equ e.sThernat tesulbalso gllowing for GHG emissions from
forest operations and emissions avoided by wood product substitution
impacts is indicated by a dashed cyan coloured line (AOveral/l mi tigat

lhectare createtdimp BORRzon 2022 to 2050

Results for this woodland creation scenario and timescale are presented in Figure
2.2 and Tables 2.2a & 2.2b, in Section 2.5 of this report.

Differences inthe modelled estimates of CO2 uptake rates of wo odland options are
more apparent over shorter timescales such as between 2022 and 2050 , when
compared tothe longer timescale illustrated in Figure S1 . This is because outcomes
over shorter timescales are more sensitive to variations in tree growth rates,

silvicultural practices (thinning) and soil carbon stock changes related to woodland
establishment.
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Nearly all of the woodland options provide net CO2 uptake in the period from 2022

to 2050; none result in significant net GHG emissions during this period. However,
where they occur,  soil carbon losses can  offset carbon sequestration in other carbon
pools.

Minimising disturbance to soil and existing vegetation on land where woodlands are

being created may be identified as  a critical factor for achieving early carbon
sequestration. This is particularly the case for organo -mineral soils and woodlands
where the trees have relatively slow growth rates.

With the exception of the woodland options involving natural recolonisation, the

modelling of soil carbon dynamic s assumed that scarification of sites would be

carried out in advance of tree planting. This is assumed to remove one third of the

pre -existing vegetation on the site, with a commensurate reduction in the inputs of

carbon to soil from this source. Inputs o f carbon from non -tree vegetation are then
further reduced over time as the trees become established and compete with other
vegetation on the site. Eventually, the reduced input of carbon from non -tree
vegetation is compensated for by inputs from litter an d fine roots, as the trees grow
and accumulate biomass. The modelling of woodland creation with tree planting

thus involves the assumptions of substantial reductions in inputs of carbon to the

soil initially, but then recovery of soil carbon inputs (and ev entually larger inputs
than originally) once trees become established on the site.

The modelling of soil carbon accumulation following abandonment of land and
allowing woodland to develop through natural colonisation is based on available
estimates reporte d from long -term trials.

The rate of net CO 2 uptake in the period from 2022 to 2050 is strongly correlated

with the growth rate of the trees forming the woodland. Growth rate not only

relates to carbon sequestration by trees but also to inputs of carbon fr om the trees
to the soil, which can increase soil carbon stocks or compensate for any initial

losses during site preparation and woodland establishment. Faster growth rates are
generally associated with coniferous tree species but outcomes for individual s ites
and climatic conditions will be very variable.

Removal of some trees byt  hinning attenuates rates of woodland carbon

sequestration, but this is partially compensated for by carbon retained in wood

products and relatively modest contributions from wood product substitution effects
in early decades . Thinning can also improve the quality of woodlands by removing
damaged and diseased trees and allowing the remaining better quality trees to

grow faster, and produce better quality sawlogs more quickly, which can be used to
manufacture longer lived wood products. Decisions about silvicultural practices such

as thinning are likely to be determined by wider objectives for woodland

management, rather than exclusively in terms of carbon sequestration.

In the perio d 2022 to 2050, the magnitude of total woodland carbon sequestration
(in the carbon pools of trees, deadwood, litter and soil) in the broad -leaved
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woodland options created in 2022 is in the range 0.9 to 1.6 tCO 2 hat yr-1; for the
coniferous woodland optio  ns the range is 1.8 to 12.0 tCO 2 ha-t yr-1. If carbon
retained in wood products is also included, the upper -range estimate for net carbon
sequestration over this period for coniferous woodland options increases to

14.5tCO > hat yr-t.

lhectare per year <created for 25 meedirog i toar t2i0r2

Results for this woodland creation scenario and timescale are presented in Figure
2.3 and Tables 2.3a & 2.3b, in Section 2.5 of this report.

For a programme of creating 1 ha of woodland per year over 25 years, the

magnitude of annualised total woodland CO2 uptake (sequestered inthe carbon
pools of trees, deadwood, litter and soail) in th e broad -leaved woodland options in

the period 2022 to 2050 is in the range -0.7t0 16.2 tCO2 yr-1; for the coniferous
woodland options the range is -2.5t0 103.2tCO  yr-1. If carbon retained in wood
products is also included, the lower range estimate over  this period for broad -
leaved woodland options over this period changes to -0.1tCO 2 yr-1, whilst the

upper range estimate for coniferous woodland options increases to 118.2 tCO 2 yri.

Effects of initial soil carbon losses offsetting carbon sequestration in other carbon
pools are particularly noticeable in woodland creation programmes over longer

periods (25 years), where carbon stocks in the woodlands created later in the

programme do not have enough time to recover losses of soil carbon bef ore 2050.

Longer time horizons

Figure S1 and Tables S 2a & S2b show results for net CO > uptake rates and GHG
emissions avoided  during the period 2022 to 2100 by creating 1 ha of each

woodland option in 2022. Over longer time horizons (e.g. 2022 to 2100) total net
CO2 uptake (all carbon pools) in the different woodland options are closer to one
another. This occurs because most of the faster growing woodlands are assumed to

be under management for production and areas of trees are being felled by

thinning or clearfelling, diminishing the rate of carbon sequestration in these

woodlands when this occurs. However , the slower growing a  nd relatively lightly

managed broad -leaved woodland options continue to grow and sequester carbon in

later decades during this period. Often, broadleaves are slower growing than

conifers but broad -leaved trees are also longer lived and more enduring, so that

carbon sequestration in broad-l eaved woodl ands can eventually
coniferous woodlands.

It should also be noted that the harvesting of trees will result in net losses of

carbon from individual managed woodland stands in some years. These los ses will
eventually be recovered when the successor stands of trees become established,

but by this stage carbon stocks in the woodland are cycling between gains and

losses, with the result that additional carbon sequestration can be modest from this

point onwards. Losses of carbon stocks from harvesting in individual woodlands are

not apparent in Figure S1 because the effects of harvesting and tree

03/05/2022 Quantifying the sustainable forestry carbon cycle 11 of 60
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growth/regrowth are evened out by averaging over quite long timescales (i.e.
calculating mean rates in woodla nds for the period 2022 to 2100).

1 hectare createdmenh@a®PRP2on 2022 to 2100

In the period 2022 to 2100 (Figure S1 and Tables S 2a & S2b), the netrate of CO;
uptake in all woodland carbon pools (not including wood products) in the broad -
leaved wo odland options created in 2022 is in the range 3.9 to 5.5 tCO2 hat yr-1;
for the coniferous woodland options the range is 3.6 to 10.6 tCO 2hatyr -1 If
carbon retained in wood products is allowed for, these ranges change to 44t05.7
ha!yr-land5.2t0 14.0tCO , ha'! yr-1, respectively.

1 hectare per year created for t25%neydanrs zotna r2t0i2

Results for this woodland creation scenario and timescale are presented in Figure
2.5 and Tables 2.5a & 2.5b, in Section 2.5  of this report.

For a programme of creating 1 ha of woodland per year over 25 years, the net rate
of CO2 uptake in all carbon pools (not including wood products) in the broad -leaved
woodland options in the period 2022 to 2100 is in the range 81 to 114 tCO 2 yr-1; for
the coniferous woodland options the range is 73 to 185 tCO 2 yr-1. If carbon retained

in wood products is allowed for, these ranges change to 86 to 119 yr -1 and 116 to
266 tCO » yr-1, respectively.

Wood pr achudtonsahbdtitdtiiecrn s

Wood products can provide a significant store of carbon and can avoid emissions

when they substitute for other materials. These effects are most apparent for new
coniferous woodlands managed for production over longer timescales (2022 to

2100), whe n these woodlands start to produce timber. If these contributions are
also i ncluded in mitigation estimates for this period, the magnitude of the total GHG
mitigation estimated for the managed coniferous woodland options created in 2022
increases to between 7.4 and 18.9 tCO 2 ha! yr-1. For a programme of creating 1 ha
of managed ¢ oniferous woodland per year over 25 years, these estimates are

between 161 and 36 4 tCO2 yr-. The substitution effects of wood products were
modelled as diminishing over time, on the assumption that the wider economy

would become decarbonised. However, if this happens, harvested wood will

continue to provide alow  -carbon source of materials and energy.

Comparing wopti ants

It must be stressed that these woodland options are not interchangeable in the
same locations or on the same sites within the UK. Rather, different options will be
better suited to different regions of the UK and particular site types. For this
reason, care must be taken when interpreting simple comparisons of the climate
change/GHG mitigation potential of the different woodland options.

The model -based assessment above suggests a number of conclusions about
options for creating and managing woodlan ds with the aim of sequestering carbon
and/or mitigating GHG emissions:

03/05/2022 Quantifying the sustainable forestry carbon cycle 12 of 60
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1 All of the example woodlands considered deliver substantial carbon
sequestration over  the period up to 2100

1 When the example woodlands are compared, there are differences in the rates of
net CO » uptake , and how the rates develop over time. In shorter timescales
(e.g.upto 2050), afast growing Sitka spruce plantation can exhibit the highest
uptake rates. Incontrast, CO. uptake in broad -leaved woodlands created by
natural colonisation  may be relatively modest initially. However, over longer
timescales, the assessment suggests that the CO2 uptake rates and wider GHG
emissions mitigation contributed by different woodland options become closer to
one another. Interms of CO. uptake direct ly in woodlands, ¢ ontributions from a
range of woodland options could work together to deliver sustained carbon
sequestration at all stages during the period up to 2100 . This conclusion is
supported by detail ed analysis in the full Assessment Report.

1 Net CO: uptake rates and their development over time depend on certain factors
related to how woodlands are created on different sites and on how the
woodlands are managed once established, e.g. with thinning or felling or with
the avoidance of such interventio ns.

1 The different rates and patterns of CO2 uptake and GHG emissions avoided
estimated for  different woodland types provide some flexibility when planning
woodlands to allow for wider objectives for woodland creation and management
(e.g. recreation and wel Ibeing, biodiversity,  water protection, timber and
biomass supply), alongside delivering overall long -term carbon benefits.

Supporting evidence from field studies and ot h

Experimental measurements of woodland carbon stock changes and CO 2 fluxes
show reasonable consistency with the modelled estimates form ing the basis of this
assessment and the detailed assessments in the full Assessment Report.

When comparing modelled estimates with field estimates derived from long -term
monitoring plots  and chronosequence studies, uncertainties must be acknowledged

in both field -based and model -based estimates of soil carbon stock changes in early
years following woodland establishment and in carbon sequestration in trees

following land abandonment to all ow natural recolonisation.

Given the very different methods used to produce direct measurements of CO 2
fluxes and model -based estimates of carbon stock changes, there is remarkable
agreement between these two types of estimate S.

There are very few other ex amples of published assessments of the GHG emissions
mitigation potentials of different woodland options relevant to the UK. The two main
recent studies of interest have been reviewed and their findings are consistent with
those produced in this assessment , when methodological differences between the
studies are allowed for.

03/05/2022 Quantifying the sustainable forestry carbon cycle 13 of 60
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11l ntroducti on

1.1 Context and purpose

The UK has a commit meznetr aad greeaecnhh odunseet gas ( GHG)
2050, and significant tree planting targets have been proposed in each of the

countries to help achieve this through the carbon sequestration that woodlands and

forestry can provide. There is therefore a need to understand the latest evidence on

forestry and carbon and GHG balances, to enable policy making to effectively

manage forest carbon alongside other benefits and as part of sustainable forest

management.

This report was commissioned to estimate and compare the potential for carbon
sequestration (net CO2 uptake) and GHG emissions avoided by the use of harvested
wood products in place of other materials, that could be realised by creating

different types of woodlands. A more comprehensive evaluation of the role of

woodlands in the carbon balance is presented in a full Assessment Report 3.

The analysis assesses the inf  luence of different species, site and management
factors, including the eventual use of harvested wood, on the potential net CO >
uptake and GHG emissions, at the scale of an individual forest stand (i.e. in terms

of quantities of carbon per hectare), and f or notional woodland creation
programmes of 1 hectare per year over 10 years and over 25 years.

The rates of CO: uptake and GHG emissions of woodlands can vary considerably

over time. Such time  -dependent variability following woodland creation is of

partic ular importance for this report. Given that policies aim to achieve net -zero
emissions within a relatively short timescale, and also to sustain net -zero or net -
negative emissions in the longer term, this assessment also considers the

timescales over which  CO uptake and GHG emissions reductions can be

contributed by newly created woodlands. A key aim of this assessment has been to

provide consistent evidence on the potential of different options for woodland

creation and management in the UK for mitigating climate change.

1.2 Report structure

A systematic model -based assessment is needed to evaluate how GHG mitigation
potentials can vary with different options for woodland creation and management.

The modelling methodology adopted in this assessment is outlined in Section 2. A
simple Excel software tool is also described, which permits different options for

woodland creation and management to be assessed and compared, in terms of

3 Matthews, R.W., Morison, J.l.L., Henshall, P.A., Beauchamp, K. Hogan, G.P., Baden, R., Mackie,
E.D. Vanguelova, E., Perks, M., Gruffudd , H.and Sayce, M. (2022) Quantifying the sustainable
forestry carbon cycle : Assessment Report . Forest Research: Farnham, in preparation.
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their potential for carbon sequestration and/or reducing GHG emissions. The
software tool enables easy access to, and comparison of, more complete and
detailed results for the carbon and GHG impacts arising from creating different
forestry systems, modelled using the Forest Research CARBINE forest sector carbon
accounting model. The model  ling outputs are used to assess the climate change
mitigation potenti al of 12 contrasting
relevant to the UK.

Section 2 also offers some conclusions and key messages drawn from the results,

exampl e

and briefly outlines  some of the implications for implementing woodland creati on
with GHG emissions mitigation as an objective.

Section 3 reviews the main relevant sources of supporting evidence available from

field studies and other published assessments of forestry carbon ba lances. Field -
based estimates of rates of woodland carbon sequestration are compared with the

model -based estimates developed for this assessment.

A glossary of technical terms and units of measurement is given in Appendix 1 of

the full Assessment Report.
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2 Assessment of woodl and

This section presents a summary assessment of the GHG emissions mitigation

potential of a set of illustrative options for creating woodlands in the UK . A brief
description is also given of a simple MS Excel tool that has be en developed to assist
with such assessments. The modelling methods applied in producing the estimates

and the Excel tool are also outlined. More information on the modelling methods,

their potential application and example results can be found in Section 2 of the full
Assessment Report.

21 Scope of assessment

The contribution of woodlands and the forest -based sector to climate change
mitigation is multi  -faceted, involving numerous flows of carbon and GHGs, as
illustrated in Figure 2.1.

Forest ca % .

Impacts on emissions
in the wood processing
stocks sector and other sectors

@ T@

Wood in
landfill

Figure 2.1. Scope of assessment of the contribution of woodlands and the forest-based sector to climate
change mitigation. See Box 2.1 for an explanation of the various flows of carbon and GHGs. Note that
the retention of carbon in aquatic systems and in wood discarded in landfill are outside the scope of this
assessment. All other contributions are included in the scope.
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Box 2.1 Keyto CO > and GHG flows in Figure 2.1

Green arrows

A: Uptake and capture into woodland ecosystem by photosynthesis; B: Losses
from forest through respiration. Note that the net result of A and B represents
the input of carbon into the system.

Black arrows

L: Losses from the decay of vegetation that dies or is killed by natural

disturbances; W: Losses of litter and soil carbon to aquat ic systems; C: Losses
from woodland arising from forest operations including (for example) losses of

soil carbon from site disturbance during woodland establishment and losses

through decay of forest residues arising from tree harvesting; D: Transfers out

of the woodland in the form of extracted wood; P: Losses in the wood supply

and processing chain  including wood burnt to waste ; E: Losses arising from
burning wood as bioenergy including for process heat and power in wood
processing mills ; F: Losses arisin g from the decay or destruction of wood

products at end of life; G: Transfers of carbon arising from disposal of wood

products at end of life to landfill; H: Emissions (as carbon dioxide and methane)

from discarded wood products in landfill; R: Reuse, repu rposing and recycling of
wood products.

Red arrows

O: Emissions of GHGs from use of machinery and materials in forestry
operations; gl: Changes in GHG emissions f
of non -wood fuels (e.g. fossil fuels) in response to bioene rgy productid

Changes in GHG emissions from the manufacture of wood products and non -
wood products (e.g. made from steel, concrete, plastics) in response to supply of
wood products.

The various flows in Figure 2.1 can be summarised as five main con tributions:

1. Woodland ecosystems can accumulate a reservoir of carbon by removing CO 2
from the atmosphere through the process of photosynthesis and tree growth,
releasing oxygen and retaining carbon in trees and other vegetation,
deadwood, litter and soil. Tree mortality and natural disturbances can result
in losses of carbon to the atmosphere as CO 2 and non -CO2 GHGs. Tree
harvesting also results in losses of carbon from woodland ecosystems. Carbon
can also be lost when vegetation and soil are disturbed as p art of site
preparation for woodland creation; these losses can be very significant on
highly organic soils (e.g. soils with an organic layer of at least 50 cm depth),
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especially in cases where woodland establishment and growth leads to the
drying and oxid ation of peat.

2. There can be certain generally relatively small non -CO2 GHG emissions
mostly methane (CH 4) but also nitrous oxide, associated with natural
processes in woodland ecosystems, particularly for woodlands on highly
organic wet soils (e.g. soils with an organic layer of at least 50 cm depth).

3. Wood harvested from woodlands can also retain carbon that was originally
removed fr om the atmosphere by woodlands in the form of wood -based
products; there are also emissions of GHGs from wood products when they
are disposed of and destroyed at end of life, which can involve methane
emissions under certain conditions if wood products are discarded in landfill.

4. Fuels, materials and machinery used in forestry operations such as mounding,
scarifying, tree protection, thinning, felling and the extraction and transport
of harvested wood result in emissions of CO 2 and non -CO2 GHGs.

5. Using wood -based products and wood fuel can also be a way to avoid using
alternative non -wood products and energy sources, whose manufacture and
use may involve higher GHG emissions, compared with the equivalent wood
products; these contributions can be referred to as t he fAsubstffettsit i on
of using wood products

When assessing the climate change mitigation potential of woodlands, it is

necessary to be clear about which of the above contributions are considered in the

scope of the assessment. This study is concerne d with all five contributions above,
encompassing all potential impacts on carbon and GHGs associated with woodlands
and the forest -based sector. However, note that the retention of carbon in aquatic
systems and in wood discarded in landfill are outside th e scope of this assessment.
The results of assessments are broken down to show the individual contributions

made to the carbon balance by woodlands, wood product carbon stocks and wood

product substitution  effe cts.

Woodlands can also influence climate in o ther ways, by affecting the reflectivity of
the land surface (albedo), contributing to rates of water evapotranspiration and by
releasing certain aerosols that affect climate. These effects are not considered

within the scope of this assessment.

The accumu lation of carbon from (and loss to) the atmosphere by woodlands as a

result of tree growth can be a complex process, influenced by several natural and
anthropogenic factors. Firstly, woodlands are biological and ecological system s. As
trees grow and are lo st through mortality, they both remove CO 2> from the
atmosphere and also emit CO >, resulting in a variable balance between CO 2
removals and emissions over time. Secondly, the management of woodlands by

humans can have a profound impact on CO > emissions and removals, both
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immediately and over time. However, the natural processes of woodland growth :
mortality and carbon cycling in woodland ecosystems can only ever be partially
under human control. Thirdly, rising concentrations of CO 2> and related climatic
chan ges can influence the growth and development of woodlands both positively

and negatively, with consequent impacts on CO 2 emissions and removals in
woodlands. These conditions are partially the result of the impacts of human

activities on atmospheric chemis try and physics , but they are mediated by the

natural processes of tree growth and mortality. Only the first two of these

contributions to the GHG balances of woodlands described here are explicitly

considered within the scope of this assessment. The third contribution is allowed for
implicitly in the selection of tree species and growth rates represented in different

woodland options.

22 Model |l ing met hods

The modelling methods consisted of the following steps:
1 Step 1: Defining a set of scenarios for new woodlands and their management
1 Step 2: Modelling the scenarios using the Forest Research CARBINE model

1 Step 3: Post -processing of outputs of CARBINE for each scenario, including
some supplementary calculations.

The post -processed results were incorporated into an MS Excel tool.

2.2.1 Step 1. Specification of scenarios

Scenarios for woodland creation were defined according to the following
characteristics:

1 Country (England, Scotland, Wales and Northern Ireland)

1 Climate zones representative of different conditions in the UK, based on the
Forest Research Ecological Site Classification system ( seven zones) *

1 Soil, defined principally in terms of soil texture and/or the presence of a
substantial organic matter layer, which are the main soil characteristics
determining soil carbon (sand, loam, clay, organo -mineral, organic)

1 Two possible types of previous land use (permanent cropland, permanent
pasture/moorland)

4 The ESC decision support tool has not been deployed in Northern Ireland but 3 of the climatic
zones represented in ESC were characterisedr y06r Bwatmerr
moi stdé an-dvedwar m
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1 Tree species (19 species, based on those available in the Forest Research
Forest Yield software tool ; Matthews etal. ,2016a, b)

1 Woodland growth rate (all yield classes represented for a given tree species in
the Forest Yield software tool)

1 Woodland management (10 options, including no management, no thinning
or thinning, clearfelling or continuous cover).

It shoul d be noted that several of the tree species included in Forest Yield  are now
of less relevance in the UK because of significant issues with tree pests and/or

diseases. Also, the growth models in Forest Yield have recently been superseded by

those available in a new model developed by Forest Research. However, these new
growth models have not yet been integrated into the CARBINE model.

2.2.2 Step 2: Modelling scenarios with CARBINE

The CARBINE model was used to estimate the development of carbon stocks and
levels of wood production for each of the woodland scenarios defined above.

The CARBINE forest sector carbon accounting model was first developed by Forest
Research in 1988 and has been under continuous development since then.

CARBINE is now one of several forest carbon accounting models that have been
developed worldwide. The general purpose of the CARBINE model is to address

guestions about the carbon and GHG balances of forestry systems, and to inform

the development of forest policy and practice, particularly with regard to the goal of
climate change mitigation.

All the CARBINE simulations were run for a functional unit of 1 hectare (net area) of
woodland, so that the results were expressed per hectare of woodland. The
simulation period was from 1 year before t ree planting (to capture soil carbon
stocks under the previous land use) up to 300 years after initial tree planting,
allowing for the felling and restocking of trees in relevant scenarios. Results for soil
carbon stocks were reported to a depth of 1 m.

2.2.3 Step 3: Post -processing of CARBINE outputs

The outputs of the CARBINE model for each woodland scenario were processed to
produce a set of results of interest for this assessment. Supplementary results were
calculated for GHG emissions associated with certain forestry operations such as

timber transportation and GHG emissions avoided through the substitution impacts

of wood products. The substitution impacts of wood products (and wood fuel) were
modelled as diminishing over time, on the assumption that the wider economy

would become decarbonised. However, if this happens, harvested wood will

continue to represent a low carbon source of materials and energy. When wood
products come to the end of t heir service lives, instead of discarding them in landfill
or incinerated as waste, they can be reused, repurposed, recycled or burnt with
energy recovery. These actions, which are sometimes described collectively as
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Owood product cascadisc@@i mrgdégbicamasfavea further
Frequently, the impacts of biomass cascading are not represented in assessments

of woodland and forestry systems. For this assessment, the possibility of cascading

effects was allowed for by assuming that 80% of t he wood in products at end of life

was burnt with energy recovery, that is, utilised as wood fuel.

2.2.4 Presenting results for periods and woodland creation
programmes

The annual estimates of carbon stock changes in woodland carbon pools and wood
products, and of GHG emissions from forestry operations and emissions avoided
through substitution impacts of wood products, were summarised into mean
(annualised) gains or losses (GHG removals or emissions) for a set of four specified
periods:

1 2022 to 205 O (assuming that woodland creation started in 2022)
1 2022 to 2100

1 2051 to 2100

1 2101 to 2150.

Annualised values are calculated by finding the average annual value over the
specified reporting period.

Two further sets of results were produced based on the abo ve reporting periods,
but assuming that woodland creation was carried out at a rate of 1 hectare per year

for a period of 10 years and for a period of 25 years. These results enable the
assessment of the potential contribution to mitigating GHG emissions  made by
woodland creation programmes over these timescales.

23 I ncorporation of results intoc
The modelling described above produced a very large body of estimates of carbon
gains and losses for a wide range of possible options for woodland creati on and

management. A simple MS Excel software tool was developed to permit easy and
understandable access to these estimates. Functionality was included in the Excel
tool to permit the selection and comparison of results.

Two versions of the software tool were produced, one containing results for a single
hectare of woodland created in 2022, and the other containing results for the
notional 25 year planting programme.

24 Assessment of 1l lustrative wc
The modelling outputs were used to assess the climate change mitigation potential
of 12 Aillustrative woodland optionso. These w
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types of woodlands of interest to stakeholders. The example woodlands were
defined in consultation with forestry policy analysts in England , Scotland, Wales and
Northern Ireland. Table 2.1 gives a summary of the 12 options.

Several options represent broad -leaved woodlands with minimal management of
trees. Although there is interest in unmanaged woodlands, in reality all woodlands
require some management, even if just to remediate damage, e.g. from storms.

This was represented by including continuous cover forest management (CCF,
essentially continuous thinning without clearfelling) in a proportion of the area of

the woodlands, also reflecting management in at least some parts of the woodland
to meet amenity/ecological objectives. Other woodland options represent coniferous
woodlands with management consistent with conventional approaches over the last
century, whilst two options represent tree species mixtures with more complex
management. Coniferous woodland options involving management with clearfelling
and restocking were assumed to be managed on a rotation consistent with

maximum mean annual stem volume production.

The growth rates (yield cI  asses®) assumed were consistent with those observed for
the tree species according to statistics available from the GB National Forest

Inventory. Broadleaves typically have yield classes of 4 or 6. The mean yield class

of conifersis around 12 to 14. The Yyield classes of Sitka spruce woodlands can be
much higher than 14 if planted on suitable sites, whilst stands of genetically

improved Sitka spruce can exceed yield class 24.

With the exception of the woodland options involving natural recolonisation, the
modelling of soil carbon dynamics on establishment of the illustrative woodland
options involved the assumption that scarification of sites would be carried out in

advance of tree planting. This is assumed to remove one third of the pre -existing
vegetation on the site, with a commensurate reduction in the inputs of carbon to

soil from this source. Inputs of carbon from non -tree vegetation are then further
reduced over time as the trees become established and compete with other

vegetation on the site. Eventu ally, the reduced input of carbon from non -tree

vegetation is compensated for by inputs from litter and fine roots, as the trees grow

and accumulate biomass. The modelling of woodland creation with tree planting

thus involves the assumptions of substantial reductions in inputs of carbon to the
soil initially, but then recovery of soil carbon inputs (and eventually larger inputs
than originally) once trees become established on the site. The modelling of soil
carbon accumulation following abandonment of land and allowing woodland to
develop through natural colonisation is based on available estimates reported from

long -term trials.

5> The growth rates of woodlands are represented using the British yield class system (see Matthews

etal ., 2016 a). Yield class is defined as the maximum average rate of cumulative stemwood volume
production in a woodland over a n optimal rotation. The actual  average rate of production will vary
with the specified rotation. As a convention, yield cl as

m? hat yr-i,
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Table 2.1 Summary of illustrative woodland options

Woodland option
name

Description

Broadleaves, light
management

Birch and oak, yield class 4, 50% no management and 50% continuous cover (CCF) management (thinning every
5 years and gradual regeneration). Soil carbon represented by results for woodlands p lanted on mineral soil,
formerly under cropland.

Natural
recolonisation, rapid

Birch and oak, yield class 4. Management and soil carbon
all owing natural recolonisation of
assumed to start 10 years after the time of land abandonment.

represented as above , but woodland created by

abandoned cropland ( minsg¢g

Natural . . . p N
o Birch and oak, yield ¢ lass 4. Management and soil carbon represented as above. O6Gradual é rec
recolonisation, .
gradual was assumed to start 25 years after the time of land abandonment.
Production Birch and oak, yield class 4, with CCF management. Soil carbon represented by results for woodlands p  lanted on

broadleaves

mineral soil, formerly under cropland .

Production pine

Mainly Scots pine, yield class 8, managed with a combination of thinning and clearfelling and some CCF managed

areas. Also, a smaller area of birch with no manageme nt (amenity/ecological objectives). Soil carbon represented
by combin ing results for woodlands p  lanted on mineral and organo - mineral soils, formerly under grassland, scrub,
moorland and cropland.

Moderate growing

Conifers (represented by  Sitka spruce), yield class 12, managed with clearfelling but with no thinning. Also, a

conifer unthin ned smaller area of birch with no management (amenity/ecological objectives). Soil carbon represented  as above.

Fast growing conifer Conifers, (represented by Sitka spruce), yield class 18, managed with clearfelling but with no thinning. Also, a

unthin ned smaller area of birch with no management (amenity/ecological objectives). Soil carbon represented  as above.
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Table 2.1 (continued) Summary o fillustrative woodland options

Woodland option
name

Description

Moderate growing
conifer thinned

Conifers (represented by Sitka spruce), yield class 12, managed with clearfelling
smaller area of birch with no management (amenity/ecological objectives).
results for woodlands planted on organo -mineral soil, formerly

and with thinning. Also, a
Soil carbon represented by combining
under grassland, scrub, moorland and cropland.

Fast growing conifer

Conifers, (represented by Sitka spruce), yield class 18, managed with clearfelling and with thinning. Also, a

thinned smaller area of birch with no management (amenity/ecological objectives). Soil carbon represented  as above .
. . Sitka spruce, yield class 24, managed with clearfelling and with thinning. Also, a smaller area of birch with no
Fast gro wing Sitka . . - .
management (amenity/ecological objectives). Soil carbon represented by results for woodlands planted on

spruce thinned

organo -minera | soil, formerly  under grassland , scrub and moorland.

Conifer mixture

Mixture of Douglas fir, Sitka spruce and Western red cedar, all yield class 14, managed with clearfelling on

variable rotations and with thinning. Also, a smaller area of birch with no management (amenity/ecological
objectives).  Soil carbon represented by combining results for woodlands planted on mineral and organo -mineral
soil s, formerly under grassland, scrub, moorland and cropland.

Complex
conifer/broadleaf
mixture

Mixture of Dougla s fir, Sitka spruce and Western red cedar, all yield class 14, managed with clearfelling on
variable rotations and with thinning, also with oak and a small area of beech, both yield class 6. All species
managed with CCF methods. Soil carbon represented  as above .
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25 Resul ts for Il | lustrative wWoo0C

Results for climate change mitigation potential were calculated for each of the
illustrative woodland options in Table 2.1. Separate results were produced for each
of the four reporting periods defined in Section 2.2.4, and for three scenarios
representing woodland creation programmes:

1 1 hacreatedin 2022
1 1 hectare per year created for 10 years starting in 2022
1 1 hectare per year created for 25 years starting in 2022.

This gave a total of 12 sets of results, which are included in the full Assessment
Report . A selection of four key sets of results is presented and discussed below:

1 1 hacreated in 2022, results for the period 2022 to 2050 (Figure 2.2)

1 1 hectare per year created for 25 years starting in 2022, results for the
period 2022 -2050 (Figure 2.3)

1 1 hec tare created in 2022, results for the period 2022 to 2100 (Figure 2.4 :
also Figure S1 in the Summary )

1 1 hectare per year created for 25 years starting in 2022, results for the
period 2022 -2100 (Figure 2.5).

For the carbon pools of trees, deadwood, litter, soil and wood products, results are
shown in each figure for annualised carbon stock changes over the specified

reporting period, expressed in units of tonnes CO 2 peryear (tCO 2 yr-t). As
discussed previously, a nnualised values are calculated by finding th e average
annual value over the specified reporting period. Estimates for GHG emissions from
forest operations and emissions avoided by wood product substitution impacts are

also presented as annualised results over the specified reporting period, expresse d
in units of tonnes CO  2-equivalent per year tCO  2-eq. yr "1). Results with a positive
sign indicate carbon stock increases (net carbon sequestration) or GHG emissions
avoided, and those with a negative sign indicate carbon stock losses or net GHG
emissions increases .

All results are given on a net -area basis. Hence, they must be adjusted to allow for
any areas of open ground within forest areas.

The values for individual contributions in Figures 2.2 to 2.5 are also given in Tables
2.2a&2.2bto 2.5a & 2.5b . Subtotals are also shown for all woodland carbon pools,
all carbon pools including wood products , and for total GHG emissions mitigation.

Note that estimates can be calculated for a notional programme of woodland
creation of 606X ha per year over 25 VableszIm&by m
2.3b and 2.5 a & 2.5b by thevalue of X.
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Net sequestration Overall mitigation Hl soii M Deadwood Operations M Product displacement Cascade displacement
B Trees Litter B Product carbon Bioenergy displacement

201

151

101

Net sequestration/
Emissions reductions

tCO, per year for planting 1 hectare in 2022

‘ Net carbon loss/

-5 Emissions increases
Broadleaves  Natural Natural Production Production  Moderate Fast Moderate Fast Fast Conifer Con’iplex
light recolonis-  recolonis- broadleaves pine growing growing growing growing growing mixture conifer/
management ation, ation, conifer conifer conifer conifer Sitka broadleaf
rapid gradual unthinned unthinned thinned thinned spruce mixture
thinned

Figure 2.2. Annualised CO; uptake and GHG emissions avoided, estimated over the period 2022 to 2050 for 12 illustrative woodland options, assuming 1
hectare of woodland planted in 2022.
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rapid gradual unthinned  unthinned thinned thinned spruce mixture
thinned

Figure 2.3. Annualised CO; uptake and GHG emissions avoided, estimated options over the period 2022 to 2050 for 12 illustrative woodland options,
assuming 1 hectare of woodland planted per year for 25 years, starting in in 2022.
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tCO, per year for planting 1 hectare in 2022

Net carbon loss/
Emissions increases
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Broadleaves Natural Natural Production Production Moderate Fast Moderate
light recolonis-  recolonis- broadleaves pine growing growing growing
management ation, ation, conifer conifer conifer
rapid gradual unthinned unthinned thinned

Fést Fést

Conifer Complex
growing growing mixture conifer/
conifer Sitka broadleaf
thinned spruce mixture
thinned

Figure 2.4. Annualised CO- uptake and GHG emissions avoided, estimated over the period 2022 to 2100 for 12 illustrative woodland options, assuming 1

hectare of woodland planted in 2022.
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Net sequestration Overall mitigation Bl soii M Deadwood Operations B Product displacement Cascade displacement
Trees Litter B Product carbon Bioenergy displacement
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Broadleaves  Natural Natural Production Production Moderate Fast Moderate Fast Fast Conifer Complex
light recolonis-  recolonis- broadleaves pine growing growing growing growing growing mixture conifer/
management ation, ation, conifer conifer conifer conifer Sitka broadleaf
rapid gradual unthinned  unthinned thinned thinned spruce mixture
thinned

Figure 2.5. Annualised CO, uptake and GHG emissions avoided, estimated options over the period 2022 to 2100 for 12 illustrative woodland options,
assuming 1 hectare of woodland planted per year for 25 years, starting in in 2022.
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Table 2.2a Carbon sequestration by woodland options (2022

-2050): 1 ha created in 2022

03/05/2022

Annualised net carbon stock change (tCO 2 hatyr?
Wo odland option Trees Deadwood Litter Soil Total Wood All carbon

woodland products pools
Broadieaves light 3.2 0.1 0.1 21 13 01 1.3
management
Natural recolonisation, 0.6 0.0 0.0 0.9 1.6 0.0 1.6
rapid
Natural recolonisation, 0.0 0.0 0.0 09 0.9 0.0 0.9
gradual
Production 3.0 0.2 0.1 21 1.1 01 1.2
broadleaves
Production pine 4.4 0.1 0.1 -2.8 1.8 0.0 1.8
Moderate growing 7.0 0.2 0.2 25 49 0.0 4.9
conifer unthin ned
Fast growing conifer 12.4 0.5 0.3 18 11.4 0.0 11.4
unthin ned
Moderate growing 5.6 0.6 0.2 26 3.8 0.4 4.2
conifer thinned
Fast growing conifer 8.3 1.4 0.3 21 7.9 1.2 9.1
thinned
Fast growing Sitka 10.4 2.7 0.7 18 12.0 2.4 14.5
spruce thinned
Conifer mixture 6.1 0.9 0.4 -2.3 5.1 0.9 6.1
Complex conifer/ 5.6 0.7 0.3 2.4 4.3 0.7 5.0
broadleaf mixture
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Table 2.2b GHG emissions mitigation by woodland options (2022

-2050): 1 ha created in 2022

03/05/2022

GHG emissions mitigation (tCO 2-eq. ha “tyr1)
Woodland option All carbon Forgst Wood product Bioenergy Cascade Ngt GHG
operations e (wood fuel) U emissions
pools . substitution . substitution e
(emissions) substitution mitigation
Broadleaves light 1.3 -0.1 0.0 0.0 0.0 1.3
management
Nat.ural recolonisation, 16 00 0.0 0.0 0.0 16
rapid
Natural recolonisation, 09 00 0.0 0.0 0.0 0.9
gradual
Production broadleaves 1.2 -0.1 0.1 0.1 0.0 1.3
Production pine 1.8 -0.1 0.0 0.0 0.0 1.7
Moderate growing conifer 4.9 -0.1 0.0 0.0 0.0 47
unthin ned
Fast growing conifer 11.4 0.1 0.0 0.0 0.0 11.2
unthin ned
Moderate growing conifer 4.2 0.1 0.3 0.2 0.0 45
thinned
Fast growing conifer 9.1 02 0.9 05 0.1 10.4
thinned
Fast growing Sitka 145 0.2 1.9 0.9 0.2 17.1
spruce thinned
Conifer mixture 6.1 -0.2 0.6 0.3 0.1 6.9
Ccomplex conifer/ 5.0 -0.2 0.5 0.3 0.0 5.7
broadleaf mixture
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Table 2.3a Carbon sequestration by woodland options (2022

-2050): 25

year programme

03/05/2022

Annualised net carbon stock change (tCO 2yrY)
Woodland option Trees Deadwood Litter Soil Total Wood All carbon

woodland products pools
Broadieaves light 22.0 07 05 -23.2 0.0 03 0.3
management
Natural recolonisation, 27 0.0 0.0 13.4 16.2 0.0 16.2
rapid
Natural recolonisation, 0.0 0.0 0.0 13.4 13.4 0.0 13.4
gradual
Production broadleaves 21.1 0.9 0.5 -23.2 -0.7 0.6 -0.1
Production pine 31.6 0.6 0.9 -35.7 -2.5 0.0 -2.5
Moderate growing 52.1 1.3 1.2 -34.2 20.4 0.0 20.4
conifer unthin ned
Fast growing conifer 104.6 3.0 2.6 -34.8 75.4 0.0 75.4
unthin ned
Moderate growing 45.6 32 15 -34.2 16.0 22 18.2
conifer thinned
Fast growing conifer 78.5 9.9 35 -35.7 56.1 8.2 64.4
thinned
Fast growing Sitka 122.0 17.4 56 _41.9 103.2 15.0 118.2
spruce thinned
Conifer mixture 65.5 4.5 2.6 -35.4 37.2 4.1 41.4
Complex conifer/ 595 37 2.2 -35.7 297 33 33.0
broadleaf mixture
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03/05/2022

Table 2.3b GHG emissions mitigation by woodland options (2022 -2050): 25  year programme
GHG emissions mitigation (tCO 2-eq.yr 4
Woodland option All carbon FO”?St Wood product Bioenergy Cascade Ngt GHG
operations e (wood fuel) U emissions
pools . substitution . substitution e

(emissions) substitution mitigation

Broadleaves light 0.3 26 0.2 0.2 0.0 1.8

management

Natura recolonisation, 16.2 0.0 0.0 0.0 0.0 16.2

rapid

Natural recolonisation, 13.4 00 0.0 0.0 0.0 13.4

gradual

Production broadleaves -0.1 -2.9 0.4 0.4 0.0 -2.1

Production pine -2.5 -2.8 0.0 0.0 0.0 -5.3

Moderate growing 20.4 28 0.0 0.0 0.0 17.6

conifer unthin ned

Fast growing conifer 75.4 2.8 0.0 0.0 0.0 72.6

unthin ned

Moderate growing 18.2 2.9 1.4 0.8 0.1 17.6

conifer thinned

Fast growing conifer 64.4 32 5.9 31 0.3 70.5

thinned

Fast growing Sitka 118.2 -3.6 11.4 5.7 0.7 132.5

spruce thinned

Conifer mixture 41.4 -3.0 2.7 1.5 0.2 42.8

Complex conifer/ 33.0 -3.1 2.1 12 0.1 33.4

broadleaf mixture
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Table 2.4a Carbon sequestration by woodland options (2022 -2100): 1 ha created in 2022
Annualised net carbon stock change (tCO 2 hatyr?
Woodland option Trees Deadwood Litter Soil Total Wood All carbon

woodland products pools

Broadleaves light 42 0.7 0.1 0.4 5.4 0.2 57

management

Natural recolonisation, 3.9 0.6 0.1 0.9 5.5 0.2 5.7

rapid

Natural recolonisation, 3.2 0.4 0.1 0.9 4.6 0.2 4.7

gradual

Production broadleaves 3.1 0.6 0.1 0.1 3.9 0.5 4.4

Production pine 2.4 1.3 0.2 0.5 4.5 1.7 6.2

Moderate growing 3.3 12 0.1 0.4 5.0 16 6.7

conifer unthin ned

Fast growing conifer 5.1 1.9 0.1 16 8.7 2.4 11.1

unthin ned

Moderate growing 2.3 13 0.1 -0.1 3.6 16 5.2

conifer thinned

Fast growing conifer 3.6 1.9 0.1 0.7 6.3 25 8.9

thinned

Fast growing Sitka 6.2 25 0.3 1.7 10.6 3.4 14.0

spruce thinned

Conifer mixture 3.3 1.7 0.2 1.8 7.0 2.5 9.4

Complex conifer/ 3.8 15 0.2 15 7.0 2.1 9.1

broadleaf mixture

03/05/2022 Quantifying the sustainable forestry carbon cycle 34 of 60



Summary R«

Table 2.4b GHG emissions mitigation by woodland options (2022 -2100): 1 ha created in 2022
GHG emissions mitigation (tCO 2-eq. ha “tyr 1)
Woodland option All carbon FO”?St Wood product Bioenergy Cascade Ngt GHG
operations . (wood fuel) o emissions
pools . substitution o substitution e
(emissions) substitution mitigation
Broadleaves light 5.7 -0.1 0.2 0.2 0.1 6.2
management
Nat.ural recolonisation, 57 0.0 0.2 0.2 01 6.1
rapid
Natural recolonisation, 47 0.0 01 0.1 0.0 50
gradual
Production broadleaves 4.4 -0.1 0.4 0.4 0.2 5.3
Production pine 6.2 -0.2 1.3 0.4 0.3 8.0
Moderate growing 6.7 0.2 14 0.2 0.4 8.5
conifer unthin ned
Fast growing conifer 11.1 -0.2 2.1 0.3 0.6 14.0
unthin ned
Moderate growing 5.2 -0.2 15 0.4 0.5 7.4
conifer thinned
Fast growing conifer 8.9 03 25 0.7 0.8 125
thinned
Fast growing Sitka 14.0 0.3 3.3 0.9 1.0 18.9
spruce thinned
Conifer mixture 9.4 -0.2 2.1 0.6 0.6 12.4
Complex conifer/ 9.1 -0.2 1.8 0.7 0.5 11.9
broadleaf mixture
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Table 2.5a Carbon sequestration by woodland options (2022

-2100): 25

year programme

Annualised net carbon stock change (tCO

2

r-1

03/05/2022

Woodland option Trees Deadwood Litter Soil Total Wood All carbon

woodland products pools

Broadieaves light 93.9 135 28 07 109.5 53 114.8

management

:\;';ti‘éra' recolonisation, 82.3 10.3 2.4 19.4 114.4 4.4 118.8

Natural recolonisation, 57.7 5.0 1.7 19.4 83.7 25 86.2

gradual

Production broadleaves 72.4 13.3 2.4 -7.3 80.8 10.0 90.9

Production pine 90.1 246 6.0 1.0 119.6 28.0 1476

Moderate growing 40.6 41.9 3.1 12.7 08.2 50.2 148.4

conifer unthin ned

Fast growing conifer 54.7 66.9 3.0 41.4 165.9 76.2 242.2

unthin ned

Moderate growing 35.9 351 25 -0.8 72.7 43.0 115.7

conifer thinned

Fast growing conifer 45.1 53.7 2.8 20.9 122.4 69.6 192.0

thinned

Fast growing Sitka 93.0 60.2 44 27.2 184.8 80.8 265.6

spruce thinned

Conifer mixture 100.5 375 6.5 33.0 177.5 50.1 227.6

Complex conifer/ 102.9 336 58 235 165.8 44.0 209.8

broadleaf mixture
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Table 2.5b GHG emissions mitigation by woodland options (2022 -2100): 25  year programme
GHG emissions mitigation (tCO 2-eq.yr 4
Woodland option All carbon FO”?St Wood product Bioenergy Cascade Ngt GHG
operations . (wood fuel) o emissions
pools . substitution o substitution e

(emissions) substitution mitigation

Broadleaves light 114.8 14 4.1 4.5 1.4 123.4

management

Natural recolonisation, 118.8 .04 2.9 33 0.9 125.6

rapid

Natural recolonisation, 86.2 0.2 14 16 03 89.4

gradual

Production broadleaves 90.9 -1.9 7.8 8.4 2.7 107.8

Production pine 147.6 -2.8 19.1 6.9 4.4 175.2

Moderate growing 148.4 45 35.0 5.3 5.4 189.6

conifer unthin ned

Fast growing conifer 2422 5.9 52.9 8.0 8.1 305.3

unthin ned

Moderate growing 115.7 47 34.0 9.0 7.0 161.0

conifer thinned

Fast growing conifer 192.0 6.4 56.4 14.1 115 267.6

thinned

Fast growing Sitka 265.6 76 70.9 18.9 16.0 363.7

spruce thinned

Conifer mixture 227.6 -4.4 38.3 10.9 8.0 280.4

Complex conifer/ 209.8 41 33.6 13.0 7.7 260.1

broadleaf mixture
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26 Key findings of assesospnteinotn so f

The results in Figures 2.2 to 2.5 are shown as stacked bars, giving annualised
carbon gains or losses for the specified period:

1 Green shaded bars show the contributions made by woodland carbon pools
(trees, deadwood, litter and soil).

1 A purple bar shows the GHG emissions from forest operations (e.g. site
preparation including herbicides, harvesting machinery, transport), up to the

Amil | gatedo. These emissions are generally
1 A dark brown bar shows the contribution made by carbon retained in the

wood products carbon pool (denoted AProduct

figures).
1 Lighter brown bars show the contributions potentially made by wood product

substitution effects, consisting of wood products displacing non -wood

materials, woo d fuel (bioenergy) displacing other fuels and wood product

cascading effects. These contributions are

ABi oenergy displacemento and fACascade di spl

1 The net result for carbon stock changes in all carbon p ools (woodland and
wood products) is indicated for each result with a solid cyan coloured line
(ANet s e gu e.sThernet tesuld aiso gllowing for GHG emissions from
forest operations and emissions avoided by wood product substitution
impacts is indica ted by a dashed cyan coloured line (AOveral/l mi tigat

lhectardedcdriem:2422ne hori zon 2022 to 2050

Results for this woodland creation scenario and timescale are presented in Figure
2.2 and Tables 2.2a & 2.2b.

Differences in the modelled estima  tes of carbon sequestration rates of woodland
options are more apparent over shorter timescales such as between 2022 and

2050 , when compared to results for longer timescales (see subsequent discussion
of longer time horizons in this section) . This is becau se outcomes over shorter
timescales are more sensitive to variations in tree growth rates, silvicultural

practices (thinning) and soil carbon stock changes related to woodland

establishment.

Nearly all of the woodland options provide net GHG mitigation ben efits in the period
from 2022 to 2050; none result in significant net GHG emissions during this period.

However, where they occur, soil carbon losses can offset carbon sequestration in

other carbon pools.
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Minimis ing disturbance to soil and existing vegetation on land where woodlands are
being created may be identified as a critical factor for achieving early carbon
sequestration.  This is particularly the case for woodlands where the trees have
relatively slow grow th rates.

Assumptions made in the modelling of soil carbon dynamics during woodland
establishment have been discussed in Section 2.4. With the exception of the
woodland options involving natural recolonisation, the modelling of soil carbon

dynamics on woo dland establishment assumed that scarification of sites would be
carried out in advance of tree planting. This is assumed to remove one third of the

pre -existing vegetation on the site, with a commensurate reduction in the inputs of
carbon to soil from thi s source. Inputs of carbon from non -tree vegetation are then
further reduced over time as the trees become established and compete with other
vegetation on the site. Eventually, the reduced input of carbon from non -tree
vegetation is compensated for by inp uts from litter and fine roots, as the trees grow
and accumulate biomass. The modelling of woodland creation with tree planting

thus involves the assumptions of substantial reductions in inputs of carbon to the

soil initially, but then recovery of soil car bon inputs (and eventually larger inputs
than originally) once trees become established on the site.

The modelling of soil carbon accumulation following abandonment of land and
allowing woodland to develop through natural colonisation is based on available
estimates reported from long -term trials.

The rate of CO> uptake, and hence carbon sequestration , in the period from 2022 to
2050 is strongly correlated with the growth rate of the trees forming the woodland.

Growth rate not only relates to carbon sequest ration by trees but also to inputs of
carbon from the trees to the soil, which can increase soil carbon stocks or

compensate for any initial losses during site preparation and woodland

establishment. Faster growth rates are generally associated with conife rous tree
species but outcomes for individual sites and climatic conditions will be very

variable.

Removal of some trees byt  hinning attenuates rates of woodland carbon

sequestration, but this is partially compensated for by carbon retained in wood

product s and relatively modest contributions from wood product substitution effects
in early decades . Thinning can also improve the quality of woodlands by removing
damaged and diseased trees and allowing the remaining better quality trees to

grow faster, and pro  duce better quality sawlogs more quickly, which can be used to

manufacture longer lived wood products. Decisions about silvicultural practices such
as thinning are likely to be determined by wider objectives for woodland

management, rather than exclusively in terms of carbon sequestration.

In the period 2022 to 2050, the magnitude of total woodland carbon sequestration

(in the carbon pools of trees, deadwood, litter and soll) in the broad -leaved
woodland options created in 2022 is in the range 0.9 to 1.6 tC Oz ha-! yr-%; for the
coniferous woodland options the range is 1.8 to 12.0 tCO 2 hat yr-t
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If carbon retained in wood products is also included, the upper -range estimate  for
net carbon sequestration over this period for coniferous woodland options increase S
t0 14.5tCO > ha't yr L.

1 hectare per yedbyearsaseadartomnmgi me BO22zon 202

Results for this woodland creation scenario and timescale are presented in Figure
2.3 and Tables2.3a & 2.3b.

For a programme of creating 1 ha of woodland per year over 25 years, the

magnitude of total woodland carbon sequestration (in the carbon pools of trees,
deadwood, litter and soil) in the broad -leaved woodland options in the period 2022
to 2050 isinthera nge -0.7t0 16.2 tCO> yr-!; for the coniferous woodland options
the rangeis -2.51t0103.2tCO , yr-t.

If carbon retained in wood products is also included, the lower -range estimate over
this period for broad -leaved woodland options over this period changesto -0.1tCO >
ha-! yr-1., whilst the upper -range estimate for coniferous woodland options

increases to 118.2tCO  hat yr-1.

Effects of initial soil carbon losses offsetting carbon sequestration in other carbon
pools are particularly noticeable in w oodland creation programmes over longer
periods (25 years), where carbon stocks in the woodlands created later in the
programme do not have enough time to recover losses of soil carbon before 2050.

Longer time horizons

Over longer time horizons (e.g. 2022 to 2100) carbon sequestration (all carbon

pools) in the different woodland options are closer to one another (see Figures 2.4
and 2.5 and Tables 2.4a & 2.4b and 2.5a & 2.5b ). This occurs because most of the
faster growing woodlands are assumed to be under management for production and
areas of trees are being felled by thinning or clearfelling, diminishing the rate of

carbon sequestration in these woodlands when this occurs. At the same time, the

slower growing and relatively lightly managed broad -leaved wo odland options
continue to grow and sequester carbon in later decades during this period. Often,
broadleaves are slower growing than coniferous trees , but broad -leaved trees are
also longer lived and more enduring, so that carbon sequestration in broad -leaved
woodl ands can eventually O6catch upd with conif

It should also be noted that the harvesting of trees will result in net losses of

carbon from individual managed woodland stands in some years. These losses will
eventually be recovered whe  n the successor stands of trees become established,

but by this stage carbon stocks in the woodland are cycling between gains and

losses, with the result that additional carbon sequestration can be modest from this

point onwards. Losses of carbon stocks fr om harvesting in individual woodlands are
not apparent in Figures 2.2 to 2.5 because the effects of harvesting and tree
growth/regrowth are evened out by averaging over quite long timescales (i.e.

calculating mean rates in woodlands for the period 2022 to 2100).
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lhectare plantetdi mpe BORRzONn 2022 to 2100

Results for this woodland creation scenario and timescale are presented in Figure
2.4 and Tables 2.4a & 2.4b.

In the period 2022 to 2100, the magnitude of carbon sequestration in all woodland

carb on pools (not including wood products) in the broad -leaved woodland options
created in 2022 is in the range 3.9 to 5.5 tCO 2> hat yr-1; for the coniferous
woodland options the range is 3.6 to 10.6 tCO 2 hat yr-1. If carbon retained in wood
products is allowed for, these ranges change to 4.4 to 5.7 ha “lyr-land5.2to

14.0 tCO2 ha! yr-1, respectively.
1 hectare per ye2abyemlsdmatrednfgon hi m@2RBori zon 202

Results for this woodland creation scenario and timescale are present ed in Figure
2.5and Tables 2.5a & 2.5b.

For a programme of creating 1 ha of woodland per year over 25 years, the

magnitude of annualised carbon sequestration in all carbon pools (not including

wood products) in the broad -leaved woodland options in the per iod 2022 to 2100 is
in the range 81 to 114 tCO » yr-1; for the coniferous woodland options the range is

7310 185tCO > yr-i. If carbon retained in wood products is allowed for, these

ranges change to 86 to 119 yr 1 'and 116 to 266 tCO 2 yr-1, respectively.

Wood prodarchhonsahdtitution effects

Wood products can provide a significant store of carbon and can avoid emissions

when they substitute for other materials. These effects are most apparent for new
coniferous woodlands managed for production over lo nger timescales (2022 to
2100), when these woodlands start to produce timber. If these contributions are
also included in mitigation estimates for this period, the magnitude of th e total GHG
mitigation estimated for the managed coniferous woodland options created in 2022
increases to between 7.4 and 18.9 tCO 2 ha! yr. For a programme of creating 1 ha
of managed coniferous woodland per year over 25 years, these estimates are

between 161 and 36 4 tCO: yr-! (again, over the period 2022 -2100) . As noted in
Section 2.2.3 , the substitution impacts of wood products (and wood fuel) were

modelled as diminishing over time, on the assumption that the wider economy

would become decarbonised. Howe  ver, if this happens, harvested wood will

continue to provide alow  -carbon source of materials and energy.

Comparing woodland options

It must be stressed that these woodland options are not interchangeable in the

same locations or on the same sites within the UK. Rather, different options will be
better suited to different regions of the UK and particular site types. For this

reason, care must be taken when interpreting simple comparisons of the climate
change/GHG mitigation potential of the different woodl and options such as those in
Figures 2.2 to 2.5 and Tables 2.2a & 2.2b to 2.5a & 2.5b.
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The model -based assessment above suggests a number of conclusions about
options for creating and managing woodlands with the aim of sequestering carbon
and/or mitigating ~ GHG emissions:

1 All of the example woodlands considered deliver substantial carbon
sequestration over  the period up to 2100

1 When the example woodlands are compared, there are differences in the
rates of carbon sequestration, and how the rates develop over time. In
shorter timescales (e.g. up to 2050), a fast -growing Sitka spruce plantation
can exhibit the highest carbon sequestration rates. In contrast, carbon
sequestration in broad -leaved woodlands created by natural colonisation may
be relatively modest initially. However, over longer timescales, the
assessment suggests that the carbon sequestration and wider GHG emissions
mitigation contributed by different woodland options become closer to one
another. In terms of carbon sequestration directly in woodla nds, ¢ ontributions
from a range of woodland options could work together to deliver sustained
carbon sequestration at all stages during the period up to 2100 . This
conclusion is supported by detailed analysis in Section 3.7 of  the full
Assessment Report.

1 Carbon sequestration rates and their development over time depend on
certain factors related to how woodlands are created on different sites and on
how the woodlands are managed once established, e.g. with thinning or
felling or with the avoidance of such in terventions.

1 The different rates and patterns of carbon sequestration estimated for
different woodland types provide some flexibility when planning woodlands to
allow for wider objectives for woodland creation and management ( e.g.
recreation and wellbeing, biodiversity, water protection, timber and biomass
supply), alongside delivering overall long -term carbon benefits.

27 I mplications for 1 mpl ementat.

It is beyond the scope of this assessment to comment on how forest policy and

pra ctice should be developed to support woodland creation and management with
GHG emissions mitigation as a key objective. However, from a purely technical
standpoint, it is possible to identify some high -level principles for woodland and
wood product managem  ent suggested by the assessment presented in this report.

This assessment has shown that different types of woodland and woodland

management can contribute towards GHG emissions mitigation in different ways

and over different timescales. The range of possible woodland options offers

flexibility for matching tree species and management objectives to sites, climatic
conditions and most importantly local and regional expectations for what woodlands

will provide. This principle can be summarised as illustrated in Figure 2.6, which

has been adapted from Matthews and Ro bertson (2006). The figure shows how
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there is, effectively, a continuous scale of woodland management options, from

semi - natural woodlands managed minimally as biological reserves and for high

carbon stocks, through other types of multipurpose managed wood lands that
provide a mix of carbon sequestration, wood products and wood energy, to fast -
growing forestry plantations managed for maximum timber and biomass

production.

Timber and
biomass
production (for

LS e Mleate), displacement)

~ (for sequestration
- and displacement)

Conservation (for
high carbon stocks)

Priorities for GHG emissions mitigation

Slow- ‘Continuous Moderately- Fast-
growing cover’ growing growing
and semi- woodlands commercial commercial
natural woodlands woodlands
woodlands

Figure 2.6. Relationships between woodland options and addressing GHG emissions mitigation.
Adapted from Matthews and Robertson (2006) and based originally on the ideas of Bernhard
Schlamadinger.

The diagram in Figure 2.6 illustrates the key interrelationship between the potential

growth rates of trees (determined in many situations by s ite and climatic
conditions) and the 6best fitdéd options for woo
emissions. For example:

9 Sites and climates that can support very fast growing trees provide
opportunities to grow woody biomass rapidly to displace other pro ducts.
Looking at the diagram the other way (y -axis), if a role is identified for
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creating a resource of fast growing forests in a particular locality, then sites
that support fast tree growth will need to be available.

1 On the other hand, sites and climate s where trees are likely to grow slowly
are well suited to the creation of woodland reserves and semi -natural
woodlands, by establishing enduring broad -leaved tree species and managing
them for high carbon stocks.

1 Meanwhile, growing woodlands and managing them for commercial wood
production, either involving clearfelling or continuous cover management
practices, can support GHG emissions mitigation through a combination of
enhanced carbon stocks and increased timber and wood energy supply.

Asillustratedab ove, the diagram 6éworks both waysodo, i

1 Particular types of sites and woodland (x -axis) tend to suggest management
to contribute towards GHG emissions mitigation in different ways

1 Equally, particular objectives for delivering GHG emissions mitigation (y -axis)
tend to suggest certain types of sites woodlands (including tree species) and
approaches to woodland management.

Whilst this simplistic illustration may help to visualise the potential contributions of
different woodland options, it is important t o recognise that this becomes a highly
constrained problem when the theory meets reality, and when wider objectives for
woodland creation and management are also considered.
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S Evidence from publ i she
and assessments

The full Assessment Report includes a thorough review of evidence from published
field studies and other assessments that have been made on forestry carbon
balances. This section presents a summary of the essential evidence from other
studies and analyses in support of the assessme nt in Section 2.

The two key sources of evidence from field studies are:

1. A synthesis of estimates of carbon stock changes occurring in woodlands
over time derived from long -term monitoring plots and chronosequence
studies in woodlands in Britain

2. Direct measurements of CO » fluxes in woodlands taken at a selection of
sites in Britain and Ireland.

These evidence sources are discussed in Sections 3.1 and 3.2, respectively.

There are also two main recent examples of published assessments of the GHG
emi ssions mitigation potentials of different woodland options relevant to the UK.
These are discussed in Section 3.3.

31 Esti mates of carbon stock <c¢h

The full Assessment Report describes how data from long term monitoring plots and
chronosequen ce studies in woodlands were synthesised to assess how carbon
stocks in woodlands develop over time.

The assessment examined the magnitudes and changes in carbon stocks that occur

on an area of land over a period of 100 years from the time when a new woodl| and
is created. A selection of woodland types relevant to UK conditions were assessed.

All of the carbon pools in the woodland were covered, and carbon stocks in wood

products were also included, where these were relevant. As far as possible, the

results p resented here are based on actual measurements taken over time in

woodlands. Further details of methods are given in the full Assessment Report.

Nine examples of woodlands were selected, representing contrasting examples of
tree species, site and soil type s and woodland management, including:

1 Oak woodlands on mineral soils in southeast England managed according to
different thinning prescriptions

1 Mixed broad -leaved woodlands on mineral soils in southeast England created
by abandoning agricultural land and a llowing trees to naturally recolonise the
sites, with minimal subsequent management
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1 Spruce and pine forests on organo -mineral soils in northern England and
northern Scotland, managed for wood production with thinning, and with
clearfelling in the case oft  he example spruce woodland.

The main sources of data on tree carbon stocks were permanent mensuration

sample plots maintained by Forest Research (Craig & Baden, 2020; Matthews &

Mackie, 2004) and the periodic measurements taken in the Rothamsted classical
experiments on natural recolonisation of agricultural land by trees (Harmer etal. ,
2001; Poulton et al. , 2003; Poulton, 2006).

Data on litter and soil carbon were derived from chronosequence studies

(Vanguelova etal. ,2019; RagauskaitqQ, 20%% . ,2828¢auskaitq

Carbon stocks retained in wood products were modelled according to methods
defined in IPCC (2019).

Estimates were compiled into consistent sets to represent the development of
carbon stocks in the nine example woodland types. These are repo rted and
discussed in detail in the full Assessment Report.

3.1.1 Pictorial representation of carbon stocks in example woodlands

Figures 3.1 to 3.2 provide pictorial illustrations of how carbon stocks and periodic
carbon sequestration rates develop over time, fo r two examples of the woodlands
covered in this assessment:

T AStraitso (Fangakweodléhddnya  surface -water gley soil
(previously grassland) in Alice Holt forest (southeast England), yield class 6,
managed with thinning

T ACul bi ndo ( Fii gyScatsepineBwo@and on a peaty podzol (previously
sand dunes) in Culbin forest (northeast Scotland), General Yield Class 8
(Local Yield Class 7), managed with thinning.

Forestry life cycle stages are illustrated in each figure for

1 Vegetation and soil that existed before the woodland was created (either by
tree planting or by abandoning the previous land use and allowing natural
colonisation with trees)

T AYoungodo woodland (represented notionally
time of initial creation)

Mi d-dlgedo woodl and (after 45 years)

=A =2
St

Mat ureo woodland (after 100 years).
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Total carbon Total carbon Total carbon | Total carbon
154 204 246 368
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Figure 3.1. Straits T oak woodland planted on clay soil, standard thinning: lllustration of the development of carbon stocks over the life cycle of the
first rotation of an oak woodland in southeast England, yield class 6, planted at approximately 1.2 m spacing, replacing grassland on a gley soil, regularly
thinned with Standard thinning. Life cycle stages (young, middle-aged and mature) are represented by stand ages of 25, 45 and 100 years, respectively.
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Total carbon Total carbon Total carbon Total carbon
195 194 256 415
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Figure 3.2. Culbin i Scots pine woodland planted on sandy soil, Standard thinning: lllustration of the development of carbon stocks over the life cycle
of the first rotation of a Scots pine woodland in Northeast Scotland, yield class 7-8, planted at approximately 1.4 m spacing, replacing grassland on a peaty
podzol soil, regularly thinned with Standard thinning. Life cycle stages (young, middle-aged and mature) are represented by stand ages of 25, 45 and 100

years, respectively.
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