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Executive summary

Forests and woodlands are a key component of the global
carbon cycle, and their effective management at global and
regional scales is an important mechanism for reducing
atmospheric greenhouse gas (GHG) concentrations.
Forests constitute a substantial stock of carbon (C) in the
trees, other vegetation and in soils; growing more trees
will result in more carbon removal from the atmosphere.
Forestry products also represent a considerable C stock;
moreover, the use of woodfuel can substitute for fossil fuel
combustion and wood products can substitute for other
more fossil-fuel intensive materials.

Understanding what determines the size of forestry C
stocks and their components, and the processes and
controls on the exchanges of carbon dioxide (CO,) and
other GHG in forests and woodland, is critical in assisting
the forestry sector to contribute to reducing anthropogenic
climate change.

The objective of this review is to provide that
understanding by summarising key information on C stocks
and fluxes in UK forests, and the fluxes of other GHGs, and
how these are affected by changes as tree stands grow, and
by forest management decisions and forestry operations.
The review also aims to highlight evidence gaps and
limitations in the available information and consequent
future research needs and directions.

The report discusses the processes determining the size and
changes in the main ‘in-forest’ carbon stocks: trees, woody
debris, litter and soil, and in the ‘out-of-forest’ carbon
stocks of harvested wood products and their potential
GHG emissions abatement benefits through substitution.

A variety of figures for the C stock in UK forest biomass,
litter and soils and in other components of forestry have
been quoted in the past; information in this review
provides the most accurate figures to date and is important
in updating statistics on in-forest C stocks reported by the
Forestry Commission.

Approximately half of the dry mass of vegetation (biomass)
is carbon. The main biomass component in woodland

is the stemwood, which is well characterised by forestry
mensuration measurements. However, the harvestable stem
only accounts for approximately 50% of the total tree C.
Therefore, characterising the partitioning between
components is central to estimation of stand C stocks.

Various empirical relationships and coefficients are

used to calculate total tree C stocks from standard stem
volume measurements. Timber C content must be taken
into account as it varies by a factor of nearly 2, with
broadleaved species typically higher than conifers. Carbon
in the branches, non-merchantable stem and foliage

may contribute 30-70% of the above-ground biomass
(although foliage is a small component). Roots may
comprise 20-35% of the total C stocks in trees, with larger
proportions in broadleaves than in conifers. The empirical
relationships between stem biomass and total tree C stocks
are better established for the main commercial conifer
species than others. Relationships for broadleaved species,
presently ‘minor’ species, and potential ‘new’ species are
largely unknown. In addition, the influences of different
management and silvicultural practices for any species are
not well quantified.

While the main processes in woodland C cycles are
believed to be reasonably well understood, details on
some components, particularly below ground are lacking.
There are very few complete C balances for UK woodlands,
where the different C stocks and fluxes between them are
well quantified for particular stands. Direct measurement of
the CO; taken up by UK forests has also been very limited,
with just two long-term sets of measurements (one conifer
and one broadleaf plantation), and a few shorter records,
mostly over conifer plantations, although one recent
dataset is for a semi-natural woodland. Measurement and
characterisation of C fluxes and stocks in example stands
are very important in developing forest C cycle models
with sufficient robustness to examine management options
and climate change impacts.

Previous estimates for the total C stock in tree biomass

in UK forests range from 469 to 595 MtCO, (128 to 162
MtC). However, because below-ground tree biomass has
been underestimated in many reports, the best estimate
is 595 MtCO, (162 MtC). Of this C stock, 71% is in private
ownership, 29% is in broadleaved forest in England, and
32% is in Scotland's spruce and pine forests. The new
National Forest Inventory will be key in establishing more
reliable biomass C stock figures in the future.

UK forests absorb a substantial amount of CO, from
the atmosphere. Net CO; uptake by UK forests (after
taking account of the removal through harvesting of
approximately 6.5 MtCO, y'), has been estimated at



between 9 and 15 MtCO; y™', and work is under way to
improve these important estimates.

Using the estimates of total UK woodland area and tree
total C stocks, provides an average C stock per hectare of
approximately 209 tCO; ha™ (57 tC ha™"). Clearly, C stocks
in tree stands vary with species, age and growth rate, and
with management, so the range is as wide as from 0 to
1400 tCO; ha' (0 to 382 tC ha™').

Peak CO, uptake rates by tree stands (typically between
5and 20 tCO; ha'y, or 1.4-5.5tC ha™' y") occur
during peak timber increment (i.e. in the period after
canopy closure), and CO; uptake rates decline before
stand maturity, although C stocks continue to increase.
However, stand establishment and early growth up

to canopy closure can take many years. Therefore,
maintaining high CO, uptake rates in the long term

in forests depends on rapid establishment of trees,
management and harvesting trees at appropriate ages
and times.

The influence of different management regimes on C
stocks in trees is illustrated with the BSORT model. Stocks
are compared between ‘no-thin’ and ‘standard thinning’
regimes, for example typical conifer (Sitka spruce) and
broadleaved (oak) stands. More active management of
stands result in lower tree C stocks. The management
required to achieve peak CO, uptake rates is not the
same as that for maximising tree C stock.

The carbon stocks and fluxes related to harvested wood
products (HWP) are discussed. Carbon in HWP in use is
likely to be a significant ‘out-of-forest’ C stock, although
it is presently not well quantified. In addition, assessing
the proportion of the HWP stock originating from UK
forests is difficult because of the dominance of imports in
many sectors. Increasing wood content in products and
particularly in construction offers a way to store C in the
long term, but it should be noted that the sequestration
is potentially reversible, depending on what happens at
the end of the product life.

The potential of wood substitution for fossil-fuel intensive
materials and for energy generation are discussed; this
offers substantial additional GHG balance benefits. The
important point about substitution is that, unlike C stocks
in-forest, which tend towards an upper limit (and are
also potentially reversible), the benefits of avoided fossil
fuel consumption are perpetual and accrue continually.
However, the calculation of the net reduction in GHG
emissions through biomass substitution for fossil fuels

needs to take into careful account the emissions in
harvesting, transport, processing and combustion.

Litter from foliage, branches and roots is an important
component of forest C stocks (typically 30-45% of the

C stock in trees alone). Litter is therefore a much more
important component than in arable land use, for
example. Litter decomposition rates are highly variable
because of environmental, soil and tree factors, but they
are critical to understanding the effects of trees and their
management on soil organic C stocks, and on nutrient
cycling and tree growth rate.

Data derived from the recent extensive BioSoil survey of
GB forests (166 plots) show that the organic C stocks in
the forest litter (L) and the top organic (F) layer averaged
56.3 and 63.1 tCO, ha' for conifers and broadleaves,
respectively (15.4 and 17.2tC ha™"). These values can be
scaled up to an estimated UK forest litter and top organic
layer stock of 168 MtCO, (45.9 MtC). This estimate is
approximately 80% higher than values reported previously
for national forest C litter stocks derived from models, and
is likely to be an improved estimate.

At most woodland sites, the soil contains more organic C
than the trees, particularly sites with organic soils (e.g. deep
peats and peaty gleys). Importantly, the BioSoil survey has
allowed new, more reliable estimates of forest soil C stocks
in GB across the main forest soil groups. The results are a
significant improvement because BioSoil used measured
bulk density at four different depths to estimate C stocks
down to 80 cm. Mineral soil groups had mean total C stocks
in the 0-80 cm soil depth between 487 and 570 tCO; ha
(133 and 155 tC ha''), organo-mineral (peaty gleys, peaty
podzols and peaty rankers) approximately double those
(1174 tCO; ha' or 320 tC ha™'), and organic soil (deep peats)
over three times as much (1644 tCO, ha™ or 448 tC ha™").

These values of soil organic C for the main soil groups
have been scaled up with information on forest cover and
soil group areas to provide estimates of total GB forest

soil C stock (to T m) of 2302 MtCO;, (627 MtC) for a forest
area of 2.66 Mha. Most of this is in Scotland (1417 MtCO;,
386 MtC); in England and Wales forest soil C stocks are
693 and 192 MtCO; (189 and 52 MtC), respectively. These
numbers represent soil C stocks to T m depth only not
total soil C stocks, which for some areas of deep peat

soils (particularly in Scotland) will be much higher where
organic material extends below 1 m depth.

Comparisons are made with national scaled-up forestry
soil C stocks estimated using other national soil surveys.



1. See Symbols and abbreviations for explanation of global warming potential.

The BioSoil-derived estimate of total national soil C
stocks down to 1 m depth is substantially larger (GB
average of 29%) than previous estimates using National
Soil Inventory data, but 12% lower than those used

in the FAO Forest Resources Assessment and similar
reports. The BioSoil based estimate is likely to be the
best current estimate of specifically forest soil C stocks
in GB. Furthermore, when the new National Forest
Inventory provides updated forest areas, the BioSoil
information will enable provision of an accurate figure
for UK, country or regional forest soil C stocks.

Summing C stocks from trees, litter and soil indicates
that the mean C stock in UK woods and forests is 1131
tCO; ha' (308 tC ha™"). The soil contains (to T m depth)
approximately three-quarters of the total ‘in-forest’ stock,
which is estimated for the UK at approximately 3223
MtCO, (878 MtC) for a forest area of 2.85 Mha.

Organic C can be lost from soils through CO, emission
during decomposition, through loss of soil particulate
organic matter in erosion (usually very small in vegetated
soils), and through loss in solution (dissolved organic
carbon, DOC). Dissolved C flux from the surface layers
can be substantial, although the carbon can be adsorbed
and stabilised lower down in the profile, dependent

on soil mineral composition. In British conditions, the
annual flux of DOC can be important in the overall

C balance of forest stands, although it is usually
considerably less than 10% of the typical net CO, uptake
rates by the trees. Such relatively large fluxes are found
in organic soils, but on mineral soils typical annual DOC
fluxes are usually <1% of likely tree net CO, uptake.

Available information on the fluxes of the three
important greenhouse gases carbon dioxide (CO»),
methane (CH,4) and nitrous oxide (N,O) from forests is
examined. The exchange of CO, with the atmosphere
occurs for both the trees and the soil but CH,; and N,O
emissions are largely from the soil alone. The aerobic
production of CHy in plants is very small, but in flooded
or waterlogged forests it is likely that trees form a
pathway for CH4 produced in the soil to be emitted,
although the size of this flux is not yet established.

The review highlights the paucity of comprehensive
GHG balances for forest stands in the UK. Soil CH,4
emissions can be important on waterlogged, organic
forest soils, but the limited evidence available suggests
their contribution to the global warming potential

(GWP)"is usually small compared to the CO, emissions
from the soil. Although the evidence base is not large,
soil N,O emissions are usually low from most UK

forest soils, although some forest operations may result
in temporary increases. The low N,O emissions are
primarily because fertiliser is not used and atmospheric
N deposition is relatively small, although it is increasing.
Thus the contribution of N,O fluxes from UK forests to
the GWP is small.

There are presently insufficient measured data from a
range of UK climate, land-use and soil type conditions
to quantify with confidence soil C changes during
afforestation. This is partly because of the difficulties
of detecting relatively slow changes in spatially
heterogeneous soils. In particular, the effect of soil
disturbance during planting is not well characterised,
especially for current ground preparation practices,
and there is little information on which to base
recommendations for different soil types. The more soil
disturbance there is during site preparation, the more
soil C loss is likely.

After afforestation it is likely that on mineral soils,
particularly those with low C contents due to previous
long-term cultivation, there will be an increase of soil

C, from soon after planting. Rates of C accumulation
reported are in the range 0.2-1.7 tCO, ha™' y' (0.05-0.46
tC ha'y"). On high C content soils there is likely to be a
period of net C loss following planting, and the duration
over which the stand (trees + soil) is a net source of CO;
before becoming a sink will depend on the initial amount
of soil C, the degree of soil disturbance including drainage
and consequent aeration, soil nutrient status and the
productivity of the trees.

Stocks of carbon in the biomass of other vegetation types
such as permanent grasslands and heather moorland are
typically 30 and 40 tCO, ha (8-11 tC ha™"), respectively,
although they vary substantially with management and
environment. Detailed C balance assessment of C stock
changes during afforestation may need to take this into
account but, although substantial, such C stocks are
typically exceeded by those in even young stands of trees.

The review compiles available information on the

GHG fluxes from fossil fuel combustion during forestry
operations (road building, ground preparation, thinning,
harvesting and timber haulage). The analysis shows that
haulage from forest to primary processor is the largest



contributor, but all together these GHG emissions in the UK
are small, totalling approximately 0.22 MtCO,e y™', which is
only 1-2% of the net annual CO, uptake by UK forests.

Information on the GHG emissions due to forestry
management and forestry operations has been
incorporated into a complex ‘C accounting model’
(CSORT) that calculates C balances of example forest
stands and their components, through growth cycles,
taking into account fossil fuel emissions in forest
operations and transport, and harvested wood product
substitution benefits. Example calculations are shown for
Sitka spruce stands with two forest management options
(minimal intervention compared to standard thinning
and felling). The assumptions and approaches behind
the model are described in detail.

Example results are presented from the CSORT model
of C content in the different forest components, and the
mitigation benefits through substitution under different
management regimes and yield class, for Sitka spruce
and oak. Emissions from fossil fuel use during forestry
operations have very little impact on the C balance. The
modelled contributions from harvested wood products
are larger when substituting for fossil fuels than the C
sequestration benefit in the products themselves.

The report concludes by highlighting important gaps
in information and noting areas where more evidence
is required and tools need to be developed. The main
requirements are:

- more data on soil organic C changes, soil C residence
times and GHG fluxes for different soil types during
afforestation and under different forest management
practices with which to parameterise, develop and
validate forest soil C models for UK conditions;

- data on full C and other GHG balances through the
year for contrasting example forest stands on mineral
and organic soils, to develop and parameterise
models to assess management options, and the
impact of climate change;

- models to quantify the effects of soil disturbance and
harvesting forest residues on soil C changes;

- more information on C stocks and C and GHG
balances of semi-natural woodlands, as much of
the existing information is derived from intensively
managed production forests;

better characterisation of C stock changes during
early tree growth, both in trees and in other
vegetation that is being replaced, to support
assessment of afforestation GHG balance benefits,
particularly for the new types of woodlands
currently being considered;

more information on C stocks and their changes
in stands after maturity, so that the benefits

of extended rotations and non-intervention
management options can be better assessed;

more information, including information on biomass
partitioning and yield time courses, to extend forest
C accounting models to new silvicultural systems, a
wider species range and new management options;

improved quantification of C stocks in HWP and
in the different major components with differing
lifetimes and end uses;

better information on the GHG balance benefits
of forest products including woodfuel substituting
for energy-intensive materials and for fossil-fuel
derived energy;

incorporation of fluxes of the other two main GHGs
(N,O and CHa) in forests into C accounting models;

improved approaches to scale-up estimates of
forest C stock components for national reporting
in order to integrate with forest inventory
improvements, and to assess impacts of projected
climate changes on C stocks and fluxes.



1. Introduction and objectives

1.7 Background

There is intense, global interest in the role of forests

in climate change, because forests have a major
influence upon the world's climate (e.g. Bonan, 2008;
Nabuurs et al., 2008; Nobre et al., 2010). Scientists are
working on understanding the processes, functions and
biodiversity of forests, and on optimising management
to provide robust ecosystem services (e.g. carbon (C)
sinks, soil stability and water yield); forest managers
want to improve performance and deliver sustainable
management of the forest resource; policy makers wish
to devise guidelines for best practice and instruments
for reducing deforestation, while the public voice
concern over the fate of favourite woodlands and iconic
landscapes. While forests are multifunctional, it is the
role of forests as carbon sinks? and stores that is of
primary importance for climate change mitigation (e.g.
Loustau, 2010). In part, this is due to the requirements
of the Kyoto Protocol for signatory countries to have
effective carbon inventories, in which sinks such as
forest growth are set against sources, such as fossil

fuel combustion, deforestation and emissions from
agriculture and industry.

Carbon science is pivotal for much of forestry. Most
obviously, tree growth represents the net accumulation
of carbon because approximately 50% of the mass of
wood is carbon, so that assessing and predicting forest
productivity provides one form of ‘carbon accounting'.
Carbon cycling also underpins many forest processes
and functions: solar energy is stored in biomass by
photosynthesis, tree water use is largely because of the
requirement for transpiration during photosynthesis, and
soil health and fertility are dependent on soil carbon
content to a substantial degree.

Clearly, for carbon inventory purposes we need to
know the carbon stock in trees, in soil, in timber and
in other forest products. We also need to know the
consequences of different management options for
the carbon balance of forests to maximise the climate
change mitigation potential (see summary by Nabuurs
et al., 2008; Read et al., 2009). The four main strategies
available are:

2. For explanation of terms sink, source etc., see Box 1.1.

1. Increasing forest area.

2. Increasing carbon content per unit area at stand and
landscape scale.

3. Expanding use of forest products to substitute for fossil-
fuel intensive materials and fossil fuels.

4. Reducing emissions from deforestation and degradation
(e.g. Canadell and Raupach, 2008; Nabuurs et al., 2008).

However, there are wider links between forestry and climate
change, in particular the emissions of other greenhouse
gases (GHGs, particularly methane, CHy, and nitrous oxide,
N,O) through natural processes, largely in the soil and during
fossil fuel consumption. Forests also affect the surface energy
balance through the partitioning of solar energy, particularly
the balance between reflected radiation, heating of the air
and evaporation. Forests therefore influence climate directly,
and they influence atmospheric chemistry through the
emission of volatile organic carbon compounds. These affect
the concentration of tropospheric ozone, which is also a GHG
(see Jarvis et al., 2009 for more detail).

The requirement to minimise GHG emissions may have
to be considered in management decisions. However,
understanding management-induced changes in GHG
budgets is very difficult because of site variation and history,
and issues over where to draw the system boundaries (e.g.
Lindner et al., 2008). Furthermore, wider considerations
for an integrated, climate-change-driven land-use policy
will require information on forestry’s contribution as part
of the range of options, particularly on the balance with
agricultural food production, but also including activities
such as renewable energy production.

1.2 Report origins, objectives
and boundaries

This report arises ultimately from the reasons outlined
above and the consequent demand for information on
carbon and other GHGs in UK forestry. The need arose
from several requests from within the Forestry Commission
(FC) for figures for carbon stocks and GHG fluxes in forests,
timber and soil, and information about the implications
for policy (e.g. afforestation targets, open-ground and

peat bog restoration) and forest management options.
While there is substantial information on carbon in



UK forests from Forest Research (FR) and FC work on
forest mensuration and production forecasts and on
carbon accounting, the focus has been on the trees and
particularly the timber, and there is little detail on the
soil, other components of the forest or on GHGs other
than carbon dioxide (CO,). The information was also
rather scattered in different reports and across different
programmes. Several previous FR research programmes
funded by the FC were working on carbon-related
aspects, so FR staff proposed the production of a single,
comprehensive, integrated technical report with a
particular emphasis on UK conditions. In particular, the
report uses new soil carbon information that started to
become available in 2008 from the BioSoil programme.
The Review had the agreed main objective:

To produce a summary of the key information
known and not known on the stocks and fluxes of
carbon and the fluxes of other greenhouse gases
in UK forests, and how they are affected by forest
dynamics, management and operations.

A first phase’ interim report was circulated for comment
to key staff in the FC in August 2008, and the draft final
report was circulated in October 2008, for comment

and external review. That report helped form the
priorities for the present substantial integrated research
programme in Forest Research: ‘Managing forest carbon
and GHG balances (ManForC)', funded by the FC. This
report has been substantially updated and expanded to
complement the carbon and GHG-related information

in the UK Assessment of the Role of Forests (Combating
climate change - a role for UK forests, Read et al., 2009). In
particular it provides more details about soil C stocks and
in-forest processes, the effects of forestry management and
activities, and the development of the FR forest carbon
accounting model CSORT.

The emphasis of the review is on production forests, and
it does not consider explicitly semi-natural woodlands,
although many of the fundamental processes discussed
will apply of course. However, information on these
woodlands is more limited. The review primarily considers
carbon information in wood and timber production up to
the forest roadside, and includes analyses of operational
costs and processing of wood products beyond the forest,
including ‘substitution’ benefits. The main subjects that are
not covered in the review are:

1. Air quality and air pollution effects on C and GHG
balances.

2. Consideration of natural or man-made GHGs other than
CO,, CH4 and N;O).

3. Urban woodlands and brownfield restoration by tree
planting, and their climate change benefits.

4. The effects on UK forestry C stocks of the international
timber trade.

5. Impact of future climate or other environmental changes
or atmospheric gas concentration on forest C stocks and
GHG fluxes.

6. Detailed consideration of short rotation coppice and
short rotation forestry?

7. Scenarios of future forest and woodland areas.

8. Economics aspects, including C economics.*

Several of these have been covered in Combating climate
change (Read et al., 2009). Note that given its wide scope,
the report does not attempt an exhaustive literature review.
While individual sections report key findings from the
relevant literature to 2010, in several places for brevity

the report points only to accessible recent references, not
necessarily to original papers.

This final report is the work of several FR staff identified on
the title page. It is not appropriate or possible to identify all
the authors for every section. The lead authors on particular
components were:

1. James Morison: introduction and background, forest C
cycles and components, and C stock estimate comparisons.
Elena Vanguelova: soll, litter, and all BioSoil information.
Mike Perks: forest operations, forest management impacts.
Sirwan Yamulki: forest greenhouse gas fluxes.

Robert Matthews: harvested wood products,

s W

substitution, stand C dynamics, use of CSORT,
management option calculations and country C stocks.
6. Tim Randle: modelling scenarios and description of CSORT.

James Morison coordinated the work; contributed
introductory, linking and summary materials; reviewed,
edited and finalised the report.

Chapter 2 introduces the forest carbon cycle and the
various components, and provides various approximate
estimates for the C stocks and flux quantities in forestry
in the UK to place the later detailed discussions in
context. Chapter 3 describes the main components in

3. A review of Short Rotation Forestry (SRF) information has recently been published by FR (McKay, ed. 2011), as part of the new, extensive Defra and

Scottish Government funded trials, see www.forestry.gov.uk/stf.

4. For information on FR’s expanding work in this area, see the recent reports by G. Valatin on Forests and carbon: a review of additionality (Valatin, 2011)
and on Forests and carbon: valuation, discounting and risk management (Valatin, 2010).



the forestry C balance, and discusses the factors affecting  research to strengthen our ability to understand and
them. Chapter 4 examines the fluxes of C and the other manage forest C and GHG balances for improved
two key GHGs (N,O and CH.)in forests and how they emissions mitigation.

are affected by forestry operations. Chapter 5 describes

the approach and calculations behind the forest C

accounting model CSORT that is used to estimate the 1.3 Basic terms and definitions

effect of different management options on C balance

in different woodland types. Chapter 6 summarises key Key definitions and the meanings of key terms used in this
points arising from the review and outlines the major review are given in Box 1.1; there are also lists of symbols
evidence gaps that need to be addressed by continuing and abbreviations, and a glossary, at the end of the report.

Box 1.1 Key definitions and meanings of terms used in forest C and GHG research

Carbon flux: the rate of exchange of carbon between different pools, or in and out of the system. Usually expressed as a mass
change per unit time per unit land area (tCO, ha™ y™).

Carbon pools: the different components of the system.

Carbon sinks and sources: a carbon sink is any system which causes a net C transfer from the atmosphere to the system. A
growing forest is normally a sink, but there are situations where a forest can beco me a carbon source, transferring C to the
atmosphere (e.g. through deforestation or fires).

Carbon sequestration: is said to have occurred if C is removed from the atmosphere and adds to C stock within one or more
reservoirs (trees, soil etc). In its legal usage it refers to temporary seizure, thus the C removal can be reversed; in climate science
‘sequestration’ usually implies periods of years.

Carbon stock: the amount of carbon in the system or its components at a given time. Either expressed as mass per unit land area
(e.g. tC ha™), or as a mass for a defined area (e.g. MtC). In order to compare stocks with CO, emissions, they can be expressed as
mass CO,, as used here, by multiplying by the ratio of the molecular masses of CO, and C (44/12); thus 1 tC = 3.667 tCO,.

CO,e (CO; equivalents): To express the emissions of other GHGs as well as CO,, it is conventional to use ‘tonnes CO, equivalent’
(tCO.e) which combines the effect of various GHGs with a weighted sum taking into account their differing warming effect, or
‘global warming potential' (GWP). For CH, (methane) and N,O (nitrous oxide) these are 25 and 298 times, respectively, the GWP
of CO, (IPCC, 2007). In this review we use CO,e only where other GHGs have been included.

Forest: a landscape which has a high proportion of woodland, but which may also include other land cover types and uses.

Litter: consists of all debris and material on the ground under woodland that has come from the trees and other vegetation:
branches, twigs, leaves, growth and decay of vegetation. In soil science ‘litter’ on the surface of the soil is part of the organic or O
horizon (see Box 3.1).

Soil: consists of the inorganic and organic matter forming the ground under trees (not including litter), above the bedrock or
other parent material.

Soil carbon: is an abbreviation for soil organic carbon (SOC) as it should be noted that soil also contains inorganic C in minerals
and the soil solution. SOC is the C content of organic matter derived from decomposing plant, microbial and animal material. It
does not include live roots, nor the litter which is present on the soil surface.

Stand (forest stand, or stand of trees): a measurable unit of trees with some form of homogeneity, often managed in the same
way. For example, a stand of trees may be formed of one species, or several species evenly mixed. A stand may also contain trees

all of the same age.

Woodland: an area of any size of land covered by trees.



2. Forestry and carbon

2.1 Introduction

There are several main components of the carbon

(C) cycle in forestry (Figure 2.1): in the forest the
components are trees and other vegetation, litter and
soil and outside the forest the components are the
harvested wood products (HWP) of woodfuel and
timber, both in use and in landfill sites after use. The

C stock® in forestry at any moment is the sum of the
quantities in these components. The various component
C stocks can have very different ages and residence
times. For example, leaves of some deciduous tree
species have lifespans of less than a year (including their
breakdown), while obviously the woody frame of some
longer-lived species frequently has a lifetime of centuries,
as can some timber products. Some soil C components

change on millennial time scales. It takes decades to
grow trees; therefore C fluxes associated with growth
when calculated per year are small compared to stocks.
The exceptions are C fluxes due to natural disturbances
such as fires and landslides and anthropogenic
disturbance such as harvesting, which can all reduce the
C stock of an area rapidly. It should be made clear that
the C stocks of interest are the organic carbon, not the
inorganic C, which is held primarily in minerals in the
soil, such as carbonates, that are relatively stable.

Figure 2.1 does not show the fluxes of other GHGs, nor the
detail of the natural and forest management processes that
determine the fluxes and consequent changes in component
stocks shown. It is the purpose of this review to give some of
that detail of processes and quantities involved.

Figure 2.1 Main organic C stock components and C fluxes between components in forestry; disturbance includes natural (e.g. fire,
landslip, flooding, storm). The green arrow indicates C flux into the forest; red arrows indicate fluxes out of the forest. For simplicity,
vegetation other than trees is not shown, nor leachate losses from landfill.
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5. See Box 1.1 for explanation of terms used, such as stock, source, sink.
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2.2 The woodland C cycle

The contribution made by woodland to the carbon balance
at any scale depends on the rate at which CO; is removed
from the atmosphere and/or the quantity of C retained in
the woodland. The C stocks in the forest include the above-
and below-ground components of trees, other vegetation
and the soil (as shown in Figure 2.2).

Trees (and other woodland vegetation, not shown in
Figure 2.2) take up CO, from the atmosphere during
photosynthesis. Much of the carbon that is taken up

by the tree through photosynthesis is released again as
CO, through above-ground and root respiration, which
provides the energy for tissue growth and maintenance.
The remaining carbon is partitioned between (or allocated
to) leaf, root, seed, stem and branch biomass. Most

of the carbon in woodland-grown trees is in the stem
(approximately 50%, see examples in Figure 2.3), with
substantial amounts in branches and below ground

in roots (the latter is approximately 25% across many
temperate forest examples, Cairns et al., 1997, Mokany,
Raison and Prokushkin, 2006). In broadleaved species the
branches can comprise 20 to 25%, depending on growth

Figure 2.3 Proportions in different components of the tree biomass
for example stands of Sitka spruce and oak. Sitka spruce data from
a 30-year-old stand, YC® 22, in Dooary, Ireland, total tree C stock
=5391CO; ha' (Black et al., 2009); oak data from a sample of 20
trees harvested from an 80-year-old stand, YC 6, Straits Enclosure,
Hampshire, C stock = 482 tCO, ha' (E. Casella, FR). Dead above-
ground material includes needles and branches in this example

for Sitka spruce. Fine root mass was not determined in the oak
stand, and coarse root biomass was estimated using an empirical
relationship from McKay et al. (2003).

. fine roots foliage
coarse roots branches
. dead above ground . stem
100% 7 e o
80% -

60%

40% -

20% A

0%

Sitka spruce Oak

Figure 2.2 Diagram showing the processes and fluxes maintaining or modifying the different C stocks in a forest, and the fluxes of
the other key greenhouse gases, CH, and N,O. Green arrows indicate C flux into the forest and between various C stocks; red arrows

indicate C fluxes out of the forest.
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form (e.g. Figure 2.3). Live foliage is a relatively small
fraction of tree C stock (approximately 5%), but on some
conifer species the dead foliage remains on the tree for
some time and contributes more to C stock.

During growth and subsequent senescence leaves and other
above-ground components such as flowers, fruits and seeds
are shed (litterfall), accumulating as litter on or in the soil,
the rest being retained in the longer-term pool of woody
material. Roots directly add organic material to the soil
through exudation (so-called rhizodeposition, which is used
by rhizosphere organisms such as mycorrhizae, other fungi,
bacteria and invertebrates), through fine root turnover, and
through coarse root shedding or death.

Decomposition of these litter and root exudation
components releases CO,. This flux of CO; is often referred
to as 'soil respiration, although it results from microbial
metabolic activity (fungi and bacteria), aided by soil
invertebrate activity, which helps to break up and mix
material. Note that measurements of ‘soil respiration’ usually
include the respiration of the roots and any soil invertebrates.
During decomposition the organic carbon remains in a wide
variety of different components of soil organic carbon (SOC),
with different lifetimes. In addition, some of this carbon will
be dissolved in the soil solution (dissolved organic carbon,
DOC). Soil microbial activity can also result in the net release
of the greenhouse gases CH, and N,O, although only the
former is formally part of the carbon cycle. However, the
mass of carbon exchanged via methane fluxes is normally
very much smaller than that in CO; exchanges (see Section
4.2), so is usually ignored for C balances.

Several terms are conventionally used to represent the
different CO; fluxes in the system illustrated in Figure 2.2
(see Box 2.1): the net primary productivity (NPP) is the
difference between the gross primary productivity (GPP)
and the respiration by the trees and other vegetation
(autotrophic respiration, Rs), and the net ecosystem
productivity (NEP) is the difference between NPP and the
respiration by animals and micro-organisms (heterotrophic
respiration, Ry). NEP is therefore the rate of carbon
accumulation in the system.
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Box 2.1 Terms used in ecosystem carbon balance work

and abbreviations used in this report

GPP:

RA.'

RH.'

R i

RR.'

Rs.'

NPP:

NEP:

NEE:

NECB:

NBP:

DIC:

DOC:

POC:

PC:

Note 1:

Note 2:

gross primary productivity (uptake of CO,from
atmosphere during photosynthesis)

autotrophic respiration rate (loss of CO, by
plants, above and below ground)

heterotrophic respiration rate (loss of CO, by
animals and microbes, mostly in soil)

total ecosystem respiration rate (= Ry + Ra),
(sometimes shown as Rec,)

root respiration rate

soil respiration rate: combined root and soil
heterotrophic respiration rates (=~ Ry + Rg)

net primary productivity (= GPP - R,), see note 1

net ecosystem productivity (= NPP - Ry, or =
GPP - Ra- Ry)

net ecosystem CO, exchange rate with
atmosphere, see note 2.

net ecosystem carbon balance (= NEP - DIC

- DOC - VOC - PC - D;, where D; represents
disturbance such as harvesting, thinning, fire,
windthrow etc, and other terms are rates of flux
of particular components)

net biome productivity (= NEP - D;), applicable
at a larger spatial scale, to include removals from
forest areas due to natural and management
disturbance (D)

dissolved inorganic carbon in soil solution or
water bodies

dissolved organic carbon in soil solution or
water bodies

particulate organic carbon in soil solution or
water bodies

particulate carbon (e.g. soot from fires,
dust, erosion)

Some authors suggest that NPP should also be
net of volatile organic carbon (VOC) loss from
vegetation, i.e. NPP = GPP - R, - VOC, but the
latter is usually a small component.

for example, measured by eddy covariance
methods. In terrestrial ecosystems where there is
little exchange of inorganic C, NEE is a measure of
NEP, although NEE is often expressed as negative
when CO; is being taken up by the vegetation.

References: Chapin et al., 2006; Hyvonen et al., 2007;
Lovett, Cole and Pace, 2006.



2.3 Example woodland C
balances

There are surprisingly few comprehensive recent
measurements of woodland carbon balances in the UK,
either for managed or semi-natural woodlands. However,
typical woodland carbon balances are given in Figure
2.4, based on measured and modelled elements of (a) an
upland Sitka spruce forest in northern England, and (b) a
lowland oak woodland in southern England (a managed
80-year-old plantation).

It is not possible to ‘close’ (or balance) the carbon budget for
all the component fluxes of interest for either the conifer or
deciduous forest examples, partly because of the difficulties
in measurement of several components. For the Sitka spruce
stand, the data are compiled from several studies, and there
is no complete set of information at one particular site,

so the variation in values obtained for component fluxes
reflects the impacts of management and the influence of
varying soil and biotic factors across the reported studies.

It is evident that for both examples there are large C stocks

in the trees (approximately 300 and 500 tCO; ha™!, for Sitka
spruce and oak stands, respectively). There are larger stocks in
the soil, particularly for the Sitka spruce stand, which has 3-4
times the amount of C in the peaty gley soil than in the trees,
while for the oak woodland the tree C stock is approximately
85% of that in the soil. Litter stocks are approximately 15% of
the stock in the trees in these examples.

The relatively large annual fluxes into and out of both stands
are clear (GPP and total respiration, Ry, respectively, see Box
2.1); the net growth (NEP, equivalent to the C sequestration
rate) is the result of large photosynthetic CO, uptake less
large respiration and decomposition losses. Respiration by the
vegetation (autotrophic respiration, Ry, from above-ground
parts and roots) is typically 50-70% of the GPP (see e.g. Litton,
Raich and Ryan, 2007; Luyssaert et al., 2008; also DeLucia et
al., 2007, for a review of ‘carbon use efficiency’, the ratio of
NPP/GPP). A reasonable assumption is that approximately half
the soil respiration is from root activity. For the Sitka spruce
example, there is very large variation in estimates of soil
respiration, because of differences in soil conditions between
the various studies used here. Long-term data that captures
both spatial and temporal variation are rare (see Section 4.2).

The net CO; uptake by the trees (NPP) is allocated to stem,
branches and roots. The calculation of below-ground
allocation also includes the litterfall contribution; depending
on microbial decay rates (resulting in perhaps half of the soil
respiration flux), and dissolved soil organic C (DOC) losses

there may be a net accumulation of soil or litter C stocks.
In both of these examples, the estimated DOC loss is very
small (see Section 4.3 for more information).

In the oak stand, the above- and below-ground C
allocations (including litter) sum to an increment of 27 tCO,
ha'y™, slightly less than the NPP (31 tCO, ha™' y'), probably
because the latter includes growth of shrubs and other
vegetation, although that is probably a larger component
than these sums suggest. In the Sitka spruce studies, with
dense canopies, vegetation other than the trees does not
contribute significantly to the C balance.

Figure 2.4a A summary of the carbon fluxes (in tCO, ha' y') and
stocks (in tCO, ha") associated with the main components of a
mature (40-year-old), second rotation Sitka spruce plantation
(general yield class 14 m? ha™ y') on peaty gley soils in northern
England. Boxes represent average annual flux, octagons represent
carbon stocks.

Atmospheric CO,

Gross ; Total ecosystem
photosyp';hetlc respiration
productivity Rray &= 46.6
GPP,, =624
Net primary —
productivity Respiration
NPP 8*= 396 (above—ground)

Ra ABG*= 33.0
Net
ecosystem Soil respiration
productivity Rl = 49.8-81.7
NEP,, = 9.9 R =19.8
Total
above-ground Tree C stocks®"¢
carbon T =275-360
allocation® = 4.8

Litter C stock® = 56

Total below-ground
carbon allocation,
Roots = ?

Woody debrist = 10-21

Soil C stocks
SOCE=1174

Soil DOC
SOCF=0.18-0.86

Data presented are a synthesis of published work by M. Perks, FR, taken from
A Ball, Smith and Moncrieff (2007); B Kowalski et al. (2004); C Magnani et al.
(2007); D Zerva et al. (2005); E this report, Sections 3.4 and 3.5; F Jarvis and
Linder (2007); G Dewar and Cannell (1992). Values with * denote derived
estimate. Note: Soil respiration includes root respiration; unknown allocation
to roots.
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Figure 2.4b A summary of the carbon fluxes (in tCO, ha'y") and
stocks (in tCO;, ha") associated with the main components of a 70-
80-year-old deciduous oak plantation (general yield class 6 m* ha
y') on a surface water gley soil at the Straits Enclosure in Hampshire.

Atmospheric CO,
Gross Total ecosystem
photosynthetic respiration
productivity R: ©*=57.9
GPP<*=76.4 A\
Net primary
productivity Respiration
NPPF* =~ 31.2 (above-ground)
RpnBex= 27.28

Net
ecosystem
productivity
NEPC= 185 Soil respiration

Ry =30.7
Total N
altl)ove-.ground C Tree C stocks
allocation Total T = 494
Stem =9.9 Tho = 353
Branches = 1.8 | Tac=141

Litter C
stockA = 62

Total below-ground
carbon allocation =

A Soil
carbon = +1.1

Roots = 1.8
Litterfall® = 13.7

Soil C stock 35
SOCA =576
Soil DOC
SOC* = 0.005

Updated from Broadmeadow and Matthews (2003); sources indicated by a
superscript: A From this report Sections 3.4 and 3.5; B Estimated as difference
Raass = Rr - Reoi; C Mean of 11 years eddy covariance data (1999-2009); D
Average of 3 years' data, provided by automatic soil chambers, Heinemeyer
etal. (2017), note that soil respiration includes root respiration; E Average of
3 years' data (2007-9), R. Pitman, FR; F Estimated using mean ratio NPP/GPP
for 3 years', Heinemeyer et al. (2011). G Estimated from plot mensuration and
tree sampling in 2009 and standard allometric relationship between diameter
at breast height (DBH) and root biomass for oak (see McKay, et al. 2003).
Values with * denotes derived estimate.

The net ecosystem productivity (NEP) was directly measured in
these examples with the so-called eddy covariance method.’
This provides continuous measurements of net CO; flux at
such woodland sites, and allows the different components of
the C balance to be assessed. An example is shown in Figure
2.5, which shows how NEP is comprised of GPP less Rr. The net
annual accumulation of C is the integral of the net CO, uptake
in the growing season, and the loss during the winter leafless
period. The annual variation in the components is striking and
shows the effect of weather conditions on woodland CO,
exchange. The weather acts both directly on the trees and soil
in determining photosynthesis, respiration and development

rates (e.g. Granier et al., 2007), and indirectly through the influence
on the other components of the ecosystem, particularly insect
herbivores and fungal pathogens affecting leaf area and thus

light interception and photosynthesis (e.g. Pitman, Vanguelova
and Benham, 2010). Surprisingly, such long-term, multi-year
measurements only exist for two or three woodland sites in the UK
at present. Although globally there are many more ‘CO; flux sites’
(see www.fluxnet.ornl.gov/), very few have similar environmental
conditions or forests to those in the UK.

The Sitka spruce stands shown (Figure 2.4a) captured about 10
tCO; ha' v, but other values for this species in the UK vary from
10 to 26 tCO, ha' y' depending on stand age and productivity
(Magnani et al,, 2007). At the long-running Griffin Forest site in
Perthshire, the Sitka spruce is approximately 20 years old, growing
on a podzolised brown earth soil (Conen et al,, 2005). The yield
class (YC) is 14-16 m* ha" y" and the mean NEP is 24 tCO, ha™ y!
(Clement, Moncrieff and Jarvis, 2003; Jarvis et al., 2009) compared
to 18 tCO; ha y' for the deciduous oak woodland (Figure 2.4b).
Thus the oak woodland in SE England has a net uptake of CO,
that is 75% of the evergreen conifer forest in Perthshire (see Jarvis
et al., 2009, which also shows graphs of average daily NEP). The
relative size of these CO; uptakes is smaller than the YC difference
of 15and 6 m* ha™ y' might indicate, but the different density of
Sitka spruce and oak timber (density of 0.33 and 0.56, respectively,
Appendix A4) should be taken into account, suggesting that the
predicted maximum stem biomass yield of the oak woodland
would be 68% of the Sitka spruce stand, similar to the ratio of
observed NEP values. However, stand net CO, uptake contributes
to other components as well as stem timber growth, and in

the oak woodland measured CO, uptake includes that by the
substantial shrub understorey.

Recently, Black et al. (2009) have published data from a
chronosequence of Sitka spruce stands on surface water gley soils
in Ireland, varying in age from 9 to 47 years. The productivity was
much higher (YC 22-24) and they make an interesting comparison
with the above Sitka spruce studies on peaty gley soils. The
estimated GPP peaked for 16- and 30-year-old stands at 69 and
51 tCO; ha'y'!, quite similar to those shown in Figure 2.4a, and
NPP was also similar. However, net CO;, uptake (NEP) was higher,
with a maximum of 33 tCO, ha y' at canopy closure in young
stands (16 years old), dropping to approximately 7 tCO;, ha y!

in older, thinned stands. The main reason suggested by Black et
al. (2009) for these NEP differences is the lower autotrophic and
heterotrophic respiration rates at the Irish sites. Other data on

the C balance of a mixed deciduous woodland in England have
recently been published (Fenn et al., 2010; Thomas et al., 2010),
although for only 2 years of measurements. Interestingly, in that

7. Eddy covariance is the standard approach for continuously measuring the exchange of gases and energy between vegetation and the atmosphere (see

Jarvis et al., 2009) and Glossary.
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Figure 2.5 Measured net ecosystem productivity (NEP, net CO, uptake) and its components at the 70-80-year-old oak stand at the Straits
Enclosure CO; flux measurement site in Hampshire, measured by the eddy covariance method between 1999 and 2009. The gross primary
production (GPP) and total ecosystem respiration (Rr) have been derived from the measured NEP using the standard CarboEurope data
analysis approach (Reichstein et al., 2005). Data from M. Wilkinson and E. Eaton, FR, updated in 2011. For clarity, Rris shown as negative.

tCO, ha' 9d"
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ancient semi-natural woodland near Oxford, the GPP was very
similar to that at the Straits Enclosure (presumably because

of similar solar radiation, rainfall and temperature regimes).
However, Ry was larger so that net CO, uptake (NEP) was much
smaller (approximately 4.4 tCO, ha y”!, compared to 18 tCO;
ha' y"), which the authors attribute to the cessation of active
forestry management 40 or more years ago. However, they
point out that their measurements (both by eddy covariance
and comprehensive inventory methods) show that even this
ancient, mixed, semi-natural woodland is a substantial CO; sink.

Although Figures 2.1-2.5 add to our understanding of the

C components and transfer processes in woodlands, they

show only ‘snapshots’ of the C balance of particular stands at

a period, or averaged over a few years. What are required in
order to explore the effects of silvicultural practices, afforestation
policy or management decisions are accurate quantification

of C accumulation and stocks over time, through the life cycle
of stands, coupled to quantification of other GHG balances.
Furthermore, integrating these different components requires
models. These aspects are addressed in Chapters 3-5.

——— GPP R, NEP

2004 2005 2006 2007 2008 2009

2.4 Estimation of C stocks and
components

The estimation of forest C stocks is a large topic and
appropriate methods depend on the scale of study - whether
estimating stocks in a single stand, or at larger scales, such as
national inventories. Key items are the estimation of soil C
stock (for more information, see Section 3.5), litter stock (see
Section 3.4) and estimation of tree C stocks. Briefly, at the
stand scale estimation of tree C stocks requires measurement
of standard tree mensuration parameters, such as diameter

at breast height (DBH), tree or merchantable stem height

and number of trees per area, using appropriate surveying
and sampling protocols (e.g. Matthews and Mackie, 2006).
These data can then be used to estimate stem volume

using mensuration tables or formulae and then appropriate
empirical relationships can be used to estimate branch, crown
and root biomass (e.g. Figure 2.6a and b) to give whole-tree
biomass estimates, and therefore C stocks. Recommended
procedures for estimating woodland C stock for different tree
species at a range of scales have recently been published in
the Forestry Commission Woodland Carbon Code: Carbon
Assessment Protocol (Jenkins et al., 2011).
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The estimation of stem volume is routine and well established

in forestry practice, and timber density values are also quite well
known, so that stem biomass and C stock is likely to be well
estimated for a given stand. For example, mensuration tables
and/or formulae for 7 broadleaved species and 12 conifers are
described in Matthews and Mackie (2006) and Jenkins et al.
(2017). Estimating total biomass is less certain, relying on more
limited datasets to establish the empirical relationships required
between stem volume and biomass of components (McKay et
al,, 2003; Zianis et al., 2005, Somogyi et al., 2008); and as used

in BSORT or C-FLOW models, or to provide ‘biomass expansion
factors' (BEF, ratio of biomass in a particular component to
merchantable timber biomass, Levy, Hale and Nicoll, 2004). For
root biomass in particular, there is less information because of
the laborious nature of the work; McKay et al. (2003) list only
empirical relationships for six conifer species (Sitka spruce,
Norway spruce, Douglas fir, lodgepole pine, Scots pine, Corsican
pine) and one broadleaf (oak). More information is required for
a wider range of species, growing in UK woodland conditions, to
enable better tree C stock estimates.

The BEF approach can be applied for individual components of
C stocks or to total above-ground biomass estimates. The latter
approach is included in the IPCC good practice guidance for
LULUCF national GHG inventories (Penman et al,, 2003). It uses
a single BEF (in this case the ratio of total above-ground biomass
to merchantable timber biomass) and the density of timber, D,
to estimate total above-ground biomass from the merchantable
stem volume (V), and the ratio of the root biomass to
above-ground biomass, R, to derive total biomass. Using the
proportion of C in the dry biomass (F, well-determined to be
50%, Matthews, 1993), gives the total tree C stock, Cr(from Lewy,
Hale and Nicoll, 2004):

Cr=[V.D.BEFF] x (1+R)

Levy, Hale and Nicoll (2004) used an extensive dataset derived
from FR’s tree stability research programme on tree biomass
components for 13 conifer species growing across GB to
compile estimates of BEF and R.

The mean value of BEF for the different species ranged from
1.31to0 1.70 (Figure 2.7), with an average of 1.43 (which is also
the value determined for Sitka spruce). However, a key variable
determining BEF was tree height (as the proportion of biomass
in foliage reduces with tree size) and BEF also varied substantially
between sites. For these conifers, the non-merchantable portion
of the stem (diameter <7 cm) was almost negligible, and was
only significant in very small trees (Levy, Hale and Nicoll, 2004;
see also Table 4.2.5 in Jenkins et al.,, 2011). Relationships for
each species between BEF and height are given by Levy, Hale
and Nicoll (2004). The mean value of R ranged from 0.22 to
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Figure 2.6 For Sitka spruce (a) the modelled relationship between
total stem biomass (oven dry tonnes), DBH (diameter at breast
height) and tree height; (b) modelled relationship between biomass
components and DBH (calculated using procedures and empirical
relationships for Sitka spruce in Jenkins et al., 2011).
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Figure 2.7 Mean biomass expansion factors (BEF) and root to
above-ground biomass ratio (R) for 13 conifer species growing
in GB; data from Levy, Hale and Nicoll (2004). Error bars are s.d.
Species are: SS: Sitka spruce; NS: Norway spruce; CP: Corsican
pine; LP: Lodgepole pine; SP: Scots pine; WH: Western hemlock;
DF: Douglas fir; NF: Noble fir; GF: Grand fir; LC: Lawson cypress;
RC: Western red cedar; EL: European larch; JL: Japanese larch.
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0.41 between species (Figure 2.7), with an overall mean of 0.36,
and Sitka spruce (with the largest sample) showed the highest
mean value (0.41), although the median was lower, at 0.37. Itis
well documented that R varies with soil type and site conditions,
particularly nutrient status and hydrology. For example, Fraser
and Gardiner (1967) found that at one location in the Scottish
Borders, Sitka spruce R ranged from 0.39 for trees on a brown
earth soil, to 0.61 for lower productivity trees on deep peat.
There is ongoing discussion about whether BEF and R values
decline with stand age and/or with productivity (e.g. Tobin

and Nieuwenhuis, 2007; Lehtonen et al., 2007; Pitman, 2008).
Furthermore, the true size of root biomass stocks and the
likelihood of its substantial underestimation for trees have been
highlighted (Robinson, 2007). Nevertheless, these various reports
of BEF and R values illustrate that a substantial proportion of the
tree C stock is below ground.

Although focused on the main commercial species, the FR
dataset on BEF and R for conifer species used by Levy, Hale

and Nicoll (2004) is quite comprehensive, but for broadleaved
species nothing comparable exists for the UK. This is an
important gap that needs to be filled, either from other available
information sources or from new measurements.

2.5 UK forest carbon stock and
flux figures

In order to understand the potential of forest management
to change the contribution that UK forestry can make

to reducing net GHG emissions (so-called ‘emissions
abatement) it is necessary to appreciate the values for key
C stocks and GHG flux quantities. This section expands and
updates the material in Forestry Commission Information
Note 48 (Broadmeadow and Matthews, 2003), which
discussed UK forests, carbon and climate change.

2.5.1 Forest carbon stocks

At the ecosystem scale the average total C content
(including soil) of the temperate forest biome® is
approximately 280 tC ha™' (e.g. Saugier, Roy and Mooney,
2001; Grace, 2005) or 1030 tCO; ha™' (see footnote’).
Broadmeadow and Matthews (2003) stated that in managed
stands in the UK, averaged over several rotations, the
carbon stock can be ‘up to' 370 tCO, ha™ (Table 2.1). This is
a maximum average, not a typical average. A more typical
average is 220 to 260 tCO; ha™.

Table 2.1 Approximate values of C stocks in UK woodlands and forests.

C stocks per ha

Maximum in old-growth stands*

Maximum in managed stands averaged over several rotations*
Average in managed stands averaged over several rotations*
Average in standing trees across all forest and woodland area®
Average in litter and deadwood®

Average in soil (to T m)°

Average in trees, litter and soil

Total UK woodland and forest area®

Total UK C stocks in woodlands and forests

Standing trees®

Litter and deadwood

Soil (to T m)F

Total in woodlands and forests

In timber, joinery and paper (excluding landfill) outside forests®

Total stocks in forestry

200 730

100 370

60-70 220-60

a 57 209

b 17 63

c 234 859

(a+b+c) 308 1131
d 2.85 Mha

MtC MtCO,

axd 162 595

bxd 48 177

cxd 663 2432

(a+b+c)xd=e 878 3223

f 81 297

e+f 960 3520

Sources: A: Values from Broadmeadow and Matthews (2003), B: Derived in this section from McKay et al. (2003), C: From this report, Section 3.4, deadwood
value added in this section, D: From this report, Section 3.5, E: From Forestry Commission (2010a), area at 31 March 2010, F: Note that C stocks larger than in
table 3.10 because of larger forest area used, G: Value taken from Alexander (1997), see Section 3.6. Note that b and ¢ were derived from GB data only, and from
tree stands, so may result in an overestimate when used with total woodland areas which include some open spaces for rides, roads, unplanted areas and

felled areas awaiting replanting.

8. Biomes are the regional-scale terrestrial ecosystems with characteristic vegetation types that have evolved in particular broad climatic zones, see Glossary.
9. See Box 1.1, for explanation of use of tC, tCO; and tCO,e ha'' (CO; equivalent).
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In order to quantify the GB woodfuel resource McKay
et al. (2003) carried out a thorough assessment of the
standing biomass in GB forests (the Woodfuel Resource
in Britain report, WRiB). They used sub-compartment
database information for the public forests, and the
National Inventory of Woodland and Trees (NIWT)

data for private woodlands and empirical relationships
between stem volume and biomass of components. The
data are summarised in Table 2.2 and Figure 2.8, and
the key table is reproduced in Appendix 1. While the
stem forms the largest single component (average 55%
for conifers and 45% for broadleaves), it is clear that any
consideration of forest C stocks has to assess the different
components of tree biomass (Figures 2.8 and 2.3).

The total C stock in GB woodland standing biomass
estimated in WRiB was 584 MtCO, (159 MtC, excluding fine
roots and deciduous broadleaf foliage, Appendix 1). Of this
total, 71% is in private ownership, 29% in broadleaved
forest in England, and 22 and 29% in Scotland’s spruce
and pine forests, respectively (Figure 2.8c and WRiB).
Adding to this GB total another 11 MtCO; for the
Northern Ireland forest biomass (calculated from

FAO, 2010, above-ground biomass figure and an R
value of 0.3'9) gives a UK estimate of 595 MtCO, (162
MtC, Table 2.1). The figure of 162 MtC is only slightly
more than the 150 MtC given by Broadmeadow and
Matthews (2003) and repeated in Snowdon (2009).
However, it is 34 MtC (26%) more than the value of
128 MtC for 2005 given for the UK tree C stock in
recent Forestry Commission statistics based upon
inventory data and modelled estimates of growing
stock. These include Forestry facts and figures (Table 4.1,
Forestry Commission, 2010a), the report for the FAO
Global Forest Resources Assessment (FRA; FAO, 2010)
and the report for the State of Europe’s Forests 2011
(SoEF, Forestry Commission, 2010b).

A key reason for the difference is that the FRA statistics
calculate the [root + below-ground stump biomass (in oven-
dried tonnes, odt)] as 10% of [above-ground growing stock
(in m3)]. Although the comparison is not straightforward,
because of assumptions in the conversion of growing stock
to total above-ground biomass, this is effectively the same
as assuming R is 0.22 for conifers, and 0.09 for broadleaves.
Thus it gives much lower root biomass than the empirical
relationships used in WRiB, which give a GB average derived
R of 0.38. For conifers alone WRIB estimates give a derived
R =0.29, which is similar to the measured values reported
by Levy, Hale and Nicoll (2004, see Figure 2.7 above) giving
confidence in WRiB. Thus the previous Forestry Commission
statistics estimate of below-ground biomass is likely to be a
considerable underestimate.

Other reasons for the differences between WRIiB and

FRA may be using different estimates and thresholds for
woodland areas. Further work is necessary to reconcile
these figures. However, the new National Forest Inventory
will substantially improve the accuracy of these estimates
for the GB, with C stock estimates in conifers due in 2012,
and in broadleaves due in 2013. Furthermore, it will enable
uncertainties to be rigorously quantified.

If the UK total woodland C stock in trees is approximately
595 MtCQO; for a woodland extent of 2.85 Mha, the average
figure for UK woodland is approximately 209 tCO; ha''

(57 tC ha'!, Table 2.1). Coincidentally, this exactly matches
that given for the temperate forest biome by Dixon et al.
(1994). However, 209 tCO, ha'' is less than the value for
the ‘average managed stand’ given above, because some
forest areas are not planted (rides, roads, other open areas
and felled areas awaiting replanting), and large areas of
woodland are under-managed. Average soil C stocks for
woodland soils in the UK vary greatly with soil type (see
Section 3.5 and Table 3.8 later in this report), but a GB
average value is approximately 859 tCO, ha™ (down to 1 m,

Table 2.2 Summary of C stocks (MtCO,) in standing tree biomass of GB woodlands and forests (from McKay et al., 2003).

Y | sems | Other | Tow | Stems | Other | Tor | "
England 54 36 90 76 94 170 260
Wales 23 18 14 17 31 72
Scotland 111 98 19 25 44 253
GB 189 151 109 136 245 584

Data from McKay et al., (2003) Table 3; calculated assuming 50% of biomass is C; excludes fine roots and broadleaf foliage (assumed deciduous); excludes

privately owned woods <2 ha.

10. This value was chosen because 89% of growing stock in Northern Ireland is conifers, according to the FRA (FC, 2010b).

16



Figure 2.8 C stocks in the different components of standing tree
biomass in GB woodland: (a) as MtCO, (b) as percentage of total,
and (c) for the different countries. Data from Table 3 of McKay
etal. (2003, see also Appendix 1); assuming C is 50% of biomass.
No broadleaf foliage is included as these species are all assumed
deciduous and thus foliage has no permanent contribution.

a) M conifer
200~

broadleaf

1751

150
1251
100

MtCO

75
50

2. I
ol . B N

stem tips branches foliage

roots  stumps

biomass component

b)

tips M foliage M stumps

M stem branches roots

100%

80%

60%

40% |

percentage of GB biomass

0% -

conifer broadleaf

<) M England
400 1

Scotland Wales

350
300 -
250 A

200

MtCO,

150

100 4

50 +

conifer broadleaf

Table 3.10). This is over four times the average figure for C
stock in the trees. The carbon in the litter on the soil adds
an additional 60 tCO, ha™' (see Section 3.4), and to this
should be added the deadwood or coarse woody debris
component, estimated at 3 tCO; ha'! (Gilbert, 2007™). The
average UK woodland C stock'? is therefore 1131 tCO;
ha™!, about 10% more than the reported temperate biome
value (1030 tCO; ha'!, see beginning of this section). As
much of the woodland area in the UK is relatively young,
this may be surprising, but it is largely because of the large
soil C stock in peatland areas, more typical of the boreal
biome, which inflates this crude spatial average. If the deep
peat C stocks and areas are excluded, the average soil C
stock for GB is 778 tCO, ha™', and the average woodland
C stock is then estimated at 1051 tCO; ha™', closer to the
temperate biome average.

Scaling up using the UK areas for soil and forest types

(see later sections on litter and soil for details), the total
woodland C content (soils, litter, deadwood and trees)

is approximately 3223 MtCO, (878 MtC). There is some
uncertainty about this number, given the mix of data used,
from different dates, and the mix of GB or UK derived
figures. Also, it is probable that the C stock in UK forests
has been increasing as has occurred across Europe (e.g.
Nabuurs et al.,, 2008; Luyssaert et al., 2010), because
annual growth increment exceeds losses and harvesting
(see Table 2.3). Although woodland area might be
declining slightly in some areas due to restoration of open-
ground habitats, this is a small amount (estimated at 1128
hay', Matthews and Broadmeadow, 2009, <0.05% of total
forest area) and much less than present new woodland
creation rates (5400 ha in 2009-10, Forestry Commission,
2010a). The results of the new National Forest Inventory
will reduce many of these uncertainties considerably. In
addition, C stocks in harvested wood products (HWP) in
use and in landfill should also be considered; although
there is considerable uncertainty about their size, these
have probably also been increasing considerably (see
Section 3.6).

Clearly, the major component of forestry C stocks is the
soil, followed by the trees (Table 2.1, Figure 2.9). For the
‘in-forest’ C stocks, 55% are in Scotland, 33% England, 9%
in Wales and 3% in Northern Ireland. England and Wales
have similar proportions of C stocks in soil, trees and litter,
but in Scotland, the proportion of the C stocks in soil is
considerably larger, because of the extensive peaty soil
areas (Figure 2.9).

11. Assuming that the conversion for deadwood volume to mass in odt is 0.5, and to C is also 0.5.
12. This calculation assumes that average soil C stock ha™! in Northern Ireland is the same as that in England.

17



Figure 2.9 Estimated components of the UK forestry C stocks (MtCO,, data from Table 2.1) and proportions of in-forest stocks for the
four countries, and components for England, Wales and Scotland separately. HWP estimates are only known at UK level. Northern
Ireland data are not shown separately because the soil C stocks are approximate, not based on soil type, but estimated assuming average
soil C ha™ for conifers and broadleaf areas are the same as for England (see FRA section 8.2.3, FAO, 2010).

UK

M soil to Tm adjusted
¥ tree biomass
litter + deadwood
HWP

England Wales

2.5.2 Forest carbon fluxes

The average temperate forest biome net primary
productivity (NPP. see Box 2.1 for explanation of terms) is
2831tCO; hay' (7.7 tC ha'y ", Saugier, Roy and Mooney,
2001) and the net ecosystem productivity (NEP) (after
losses by animal and microbial respiration, see Box 2.1) is
approximately 10.3 tCO, ha y' (Bonan, 2008). Season-long
measurements of whole-stand CO; fluxes (net ecosystem
exchange, NEE, see Box 2.1) have been made during the
last 15-20 or so years using the eddy covariance technique
(see examples in Section 2.3). In temperate forests these
measurements show a wide range of annual CO; uptake
values between 7 and 26 tCO, ha' y' (Baldocchi and

Xu, 2005; Hyvonen et al., 2007). This wide range reflects
differences in climate, forest type and age, and management
history. In the UK the maximum rate of C accumulation

in rapidly growing forest is about 36 tCO, ha y', but the
average is considerably lower, approximately 10 tCO; ha'
y! (Broadmeadow and Matthews, 2003; see Section 2.3).
Multiplying the average figure by the total UK woodland
area and allowing for 10% of that area that is not planted
produces an estimated flux into woody biomass of 26
MtCO; y' (Table 2.3). Clearly this is a crude approximation,

18

UK total, litter and soils
3%

[7 England

[ scotland
Wales

N. Ireland

Scotland

Table 2.3 Approximate contribution of UK forestry to reducing
carbon and GHG in atmosphere.

Total UK net CO; flux into woody biomass +26
Flux out of forest from UK wood production -6.5
Approximate annual net uptake of atmospheric 419
CO; by UK forests*
Total UK CO, emissions (2009)° 481
% of current UK CO, emissions sequestered by

4%
UK forests

MtCO,e y!

GHG emissions from forest management 012
activities? i
GHG emissions from timber haulage® 0.10
Total fossil-fuel derived emissions in forestry 0.22

A Assumes that the wood production figure is in equilibrium with losses
from decay and combustion of HWP.

® This figure includes road building, ground preparation, thinning and
harvesting and includes emissions of other GHGs, see Sections 4.4
and 4.6.

¢ Estimated from Whittaker, Mortimer and Matthews (2010)
information, see Section 4.7.

© DECC provisional figures, released March 2010.



and better estimates can be derived using information

on tree species, age profiles and woodland planting and
removal rates (Matthews and Broadmeadow, 2009). Work
is continuing in this important area, and particularly on
projections for future net C uptake values.

The annual UK production of wood (2009 totals = 8.48
green Mt softwood and 0.53 Mt hardwood, Forestry facts
and figures, Forestry Commission, 2010a) corresponds to a
flux from the forest (D, a disturbance flux, see Figure 2.1) of
approximately 6.5 MtCO, y™'. This is approximately 25% of
the annual CO, uptake. The proportion of this C flux from
the forest that becomes an atmospheric emission (and
therefore a loss from overall forestry stocks) depends on
product use and lifetime. For the simplistic purposes here
it is assumed that additions to the HWP pool are balanced
by losses annually, so that wood production does not

add to stocks, although it is probable that HWP stocks are
increasing (see Section 3.6).

Fossil fuel used in establishment, production, harvest and
transport of the national wood production may represent an
additional emission of approximately 0.22 MtCOse y! (from
figures in this report, Section 4); small in comparison to net
forest CO, uptake rates (<1%).

Therefore the annual net CO, uptake by UK forests can be
estimated as 19 MtCO, y™'. This very crudely estimated value
is surprisingly close to the 15.1 MtCO; y™' estimated for UK
forests for 2008 under the LULUCF reporting process using
the C-FLOW model (CEH, LULUCF 2008; Snowdon, 2009)
which is estimated using a detailed method with separate
conifer and broadleaf forest areas and management
assumptions, but only considers forests planted after 1919
(see Matthews and Broadmeadow, 2009, p. 147). Using
the CARBINE model, which has more detail on forest types
and areas than C-FLOW, Matthews and Broadmeadow
(2009, p. 147) estimated a net CO, uptake by UK forests
and HWP of 9 MtCO, y " in 2010, and emphasised that
including material and fuel substitution benefits from the
wood produced would add an additional 9 MtCO, y™' net
reduction in GHG emissions ('emissions abatement).

The values for annual forest CO; fluxes can be put into
perspective against the current UK annual total CO,
emissions, which were 474 MtCO;, in 2009 (DECC final
figures'3). Thus current forest annual CO, uptake is
approximately 2-4% of national annual emissions. Given
that the UK Climate Change Act 2008 set a legally binding
target to reduce the UK's emissions of GHGs to at least 80%

below 1990 levels by 2050 (i.e. to <155 MtCOe), forestry
policies and practices which increase the net flux of CO;
into forests could make a significant contribution to the UK
GHG balance. If increased forest CO, uptake was combined
with an increase in the UK’s woodfuel production and the
substitution by timber for fossil-fuel intensive materials,
there would be a considerable contribution to UK emissions
abatement, particularly in the medium term as explored by
Matthews and Broadmeadow (2009) in the UK Assessment.

However, the figures above for forest C fluxes at UK scale
are approximate, and ignore much important detail that

will be critical in determining viable management options
and appropriate policy. The aim of this review and Forest
Research’s forest C and GHG-related research is to provide
that detail, highlight the gaps in evidence, and seek to fill the

key gaps.

13. DECC figures released 1st February 2017; UK emissions of all six GHGs covered by the Kyoto Protocol = 566 MtCOse.
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3. Key components of the forestry C balance

3.1 Introduction

The key components of the forestry C balance are described
in detail in each of the sections below: accumulation of C in
trees (and the influence of stand management), stocks of C
in litter, in soil, and in harvested wood products (HWP) and
the C impacts of substitution by wood products for fossil-
fuel intensive materials.

3.2 The dynamics of C
accumulation in tree stands

The pattern of C accumulation in a stand of trees over its life
cycle follows the growth of timber (the ‘increment), since

the dry weight of wood comprises 50% carbon (Matthews,
1993), and stemwood comprises a large part of tree biomass
(see Sections 2.2 and 2.4). Therefore, successive forest
inventories or models of forecasts of timber growth and yield
of forests can be used to estimate C stocks, C accumulation
(or sequestration) rates, and how the size of the carbon sink
changes with time.

Much quantitative information has been collected on the
characteristic time course of stemwood (or sometimes total
biomass) accumulation within stands following planting or
natural regeneration. Examples of standing volume time
courses for Sitka spruce and oak from standard yield tables
(Figure 3.1a) show the typical sigmoid ('S-shaped) pattern of
growth in even-aged stands. Stem volume can be converted
to mass and thus C stock in the stems, using wood density
data (Figure 3.1b). Because of the higher density of oak wood
compared to Sitka spruce (0.56 t m? compared to 0.33 t m=,
Appendix 4) the rate of C accumulation in the standing timber
of oak yield class (YC) 4 is similar to Sitka spruce YC 8, for
example (Figure 3.1b). In addition, broadleaves typically have
a larger non-timber fraction, particularly roots (Section 2.2),
so the total C accumulation rate will be comparatively larger
in broadleaves than conifers of similar yield class. Note that
such yield tables provide no data for early growth (before 20
to 25 years), and may be limited for some species in the data
available for later in the growth cycle.

Such yield table data are the basis for the BSORT model

of biomass accumulation in forest stands (Matthews and
Duckworth, 2005; see Section 5.3.2 later), which can be used
to illustrate the different phases of growth (and consequently
CO; uptake) in even-aged stands (Figure 3.2).
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Figure 3.1 Time course of standing timber for three yield classes
of thinned Sitka spruce and one of oak, obtained from standard
yield tables. Expressed as (a) volume and (b) C stock, calculated
from (a) using timber density and C content information.
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The hypothetical example in Figure 3.2 is for growth over

a 200-year period with no thinning or harvesting - what

can be thought of as a model of a stand managed as a
‘carbon reserve'. The initial growth rate immediately after
planting is relatively slow because of low interception of
sunlight until a full canopy develops (the ‘establishment
phase’), but generally accumulation accelerates until the ‘full
vigour phase’ is reached. During this phase, a high rate of C
accumulation is sustained for a number of years, although as
a sigmoid time course defines, the rate increases only until
the inflexion point on the C stock curve (Figure 3.2, lower
graph). The duration and magnitude of the full vigour phase
is determined to a large extent by the combination of tree
species, site characteristics (e.g. nutrient availability) and
climatic conditions. The full vigour phase ends as tree sizes
become so large that C losses due to respiration, senescence
and death begin to approach the same size as C inputs from



Figure 3.2 (a) Modelled pattern of carbon accumulation in a stand of Sitka spruce (nominally YC 12), left unthinned for 200 years
as estimated through the extended yield tables and BSORT model. The stand is assumed to be planted on bare ground with an
initial spacing of 2 m. The different components are shown cumulatively: thus the green line shows root + stem + branch. Four
phases of growth are shown: (a) establishment phase; (b) full vigour phase; (c) mature phase; (d) old-growth phase. (b) CO, uptake
rate, calculated by differentiating the total C stock in the upper graph
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photosynthesis (the ‘mature phase); i.e. the NPP:GPP ratio
declines with age (e.g. Makeld and Valentine, 20071; Black et
al., 2009). Net growth and C accumulation in the stand slows
considerably during this phase. Eventually the tree stand may
reach a state where C losses more or less balance the gains
(the ‘old-growth phase’), and the tree stand becomes ‘carbon-
saturated’, with the stand C stock approximately constant, and
the net CO, uptake close to zero. In the example shown in
Figure 3.2 the establishment of a forest stand results in a tree C
stock increase on the site from near zero to about 1000 tCO-
ha™'. The carbon stocks in soil and debris are not included in
this example, but C may continue to accumulate in the soil,
as the time for soil C to reach equilibrium is typically much
longer than that for forest biomass (see Luyssaert et al., 2008).

The discussion of Figure 3.2 leads to two important
general points:

1. Planting a stand of trees on an area results in a change in
the C stock of that area. Carbon sequestration only occurs
while C stocks increase, and the rate is at its maximum
in the full vigour phase. Stands of trees alone do not
indefinitely sequester C from the atmosphere (but there
may be sequestration in soil over a very much longer
period - see later).

2. The duration and rate of C accumulation during the full
vigour phase of growth are determined by a combination
of tree species, site and management characteristics and
climate. The size of the average C stock maintained during
the old-growth (or ‘over-mature’) phase is also determined
by these factors. If tree species, site types and climatic
conditions are selected to maximise the duration and rate
of C accumulation during the full vigour phase, this may
not necessarily (and indeed is quite unlikely to) result in
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a high average C stock during the old-growth phase. It is
probably more important to select tree species, site types
and climatic conditions to maximise the C stock ultimately
attained. This is where the sector needs additional
information to inform these decisions.

3.3 Impacts of stand management
on tree carbon stocks

While site conditions and species are key determinants of

C stocks and sequestration potential of woodland, stand
management also has profound impacts, particularly
decisions about thinning, application of silvicultural systems
and rotation length for clearfell systems. Factors such as
yield class (which has the largest influence on growth rate,
the density of the wood and the risk of disturbance) and site
type tend to be secondary influences, particularly as they
will often be considered when making decisions about stand
management. The potential impacts of stand management
on the development of C stocks and sequestration over time
can be explored with models such as CSORT (for an outline
of the model see Section 5.3). Example estimates are shown
in Figures 3.2-3.4 for stands of different species and yield class
under a range of management prescriptions:

1. New Sitka spruce woodland, left unthinned and unfelled
so managed as a ‘carbon reserve’ (Figure 3.2).

2. New Sitka spruce woodland managed for timber
production as an even-aged stand with no thinning
(Figure 3.3a).

3. As 2 but with regular thinning (Figure 3.3b).

4. As 3 but followed by conversion to selection silviculture
(Figure 3.3¢).

5. As 3 but for oak, not Sitka spruce (Figure 3.4).
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Note that these figures give only the tree C stocks, and do not
assess where the C 'goes’ after for instance thinning or felling.
Calculations of this wider C balance are given in Chapter 5.

Figure 3.3 Time course of carbon accumulation in the biomass of
an average (YC 12) stand of Sitka spruce in Britain estimated using
the BSORT model. The stand is assumed to be planted on bare
ground with an initial spacing of 2 m, felled and replanted on a
50-year rotation. (a) stand left unthinned; (b) thinned according to
standard management tables (MTs, Edwards and Christie, 1981);
(c) thinned then, after an initial even-aged rotation of 50 years,
converted to LISS (selection). The different components are shown
cumulatively: thus the green line shows root + stem + branch.
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