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Introduction

Native woodlands, particularly old growth or ancient woodlands are important as reservoirs of
biodiversity and carbon and native woodlands of all ages can function as Greenhouse Gas (GHG)
stores. Our understanding of the amounts of GHGs being absorbed and stored by native trees and
different native woodland types, young and old, is at best sketchy. In a time when governments in
Scotland and the UK are acting to meet net zero targets and natural capital is viewed as a
mechanism for attracting billions of pounds of investment, it may be prudent to get a handle on how
much carbon is being stored in semi-natural and ancient woodland, and to be able to estimate the
scale of GHG uptake more accurately from new native woodland creation.

This report

This report is the first of a two-part series, prepared by the Forest Policy Group for the Native
Woodland Discussion Group with funding from Future Woodlands Scotland. It was commissioned to
give forestry practitioners, land managers and policy makers an overview of how native woodlands
function in respect of greenhouse gas (GHG) uptake and storage, specifically carbon dioxide
sequestration.

It flags up some of the gaps in knowledge and the uncertainties in carbon accounting and provides
examples of the scale of uptake and storage of GHG by different types of woodland. The basic
concepts of carbon sequestration and storage are discussed, as are the different methods for
estimating carbon in woodlands. It touches on the effects of woodland creation on forest soils; gives
and outline of the potential role of natural regeneration in sequestering carbon dioxide and looks at
the data on old and ancient woodlands.

Methods

A literature search was done through Academia and Google Scholar using the search terms listed
below, this was combined with grey literature and other documents known to the author. Reference
lists from recent GHG literature reviews such as Thom & Doar (2021) Quantifying the potential
impact of Nature Based Solutions on Greenhouse Gas Emissions from UK habitats, and Gregg et al.,
(2021) Carbon storage and sequestration by habitat: a review of the evidence (second edition), were
used to work backwards to original sources, which were checked as thoroughly as time allowed.
Keywords were Greenhouse gases, native woodland, carbon sequestration, land use, natural
regeneration, ancient woodlands. Studies that were relevant to native woodlands in Scotland and
the UK were referenced although an absence of long-term studies of ancient woodlands meant it
was necessary to refer to global literature on old growth forests.

Key messages

e Semi-natural woodlands are by their nature complex. They vary in tree and shrub
composition and stocking density, in their architecture, canopy structure, soils and ground
vegetation. This makes biomass difficult to measure and carbon calculations complex.

e Woodland Carbon Code (WCC) predicts carbon uptake and storage of new native
broadleaved woodlands by using proxy data, derived from timber-producing species.

e The growth (productivity), of native tree biomass or carbon is neither well understood nor
researched and it is unclear whether predictions of future carbon uptake within newly
created native woodlands are accurate across different tree species mixes and woodland

types.
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o Modelled predictions of commercial conifer plantation carbon uptake, not storage, are likely
to be more accurate than those for native woodland in part because of simpler branching
architecture compared to broadleaves, planting in monoculture with regular spacings, and
abundant biomass data from lengthy and detailed research.

e Terrestrial Laser Scanning (TLS) provides a non-destructive, accurate and rapid technique to
acquire above-ground biomass data in difficult-to-measure native woodlands. It could
provide empirical data for Woodland Carbon Code calculations and give forest managers
greater certainty regarding climate change mitigation claims.

e Native woodlands can become significant carbon stores above and below ground. The scale
of storage varies widely. Established wet birch woodland or scrub on upland peat soils may
have low rates of carbon sequestration but a large below ground carbon storage function;
‘high’ oak forest on mineral soils in the lowlands can achieve high rates of above ground
carbon sequestration and storage.

e Carbon sequestration rates on poor organo-mineral soils are commonly higher in
commercial conifer plantations than in native woodlands.

e Because of uncertainties associated with carbon longevity in timber product, and the
impacts of establishment, harvesting and restocking techniques on organic soils, commercial
conifer plantations may not act as stable carbon stores.

e Native trees planted on peat soils can change chemical composition, such as nitrogen
availability, and microbial and mycorrhizal populations, potentially leading to a loss of soil
carbon.

e Scots pine woodland may not deplete soil carbon on peat soils, such as broadleaved trees
may do, and this is due to needle deposition,

e Establishing new native woodlands has a GHG cost. Mechanical cultivation, deer fences
and/or plastic tree tubes, ongoing deer management and herbicide before and after
planting.

e Natural regeneration can be a more ‘carbon friendly’ method of establishing woodlands
than direct planting but is more problematic in respect of which species of trees arrive, tree
spacing and stocking density. This makes carbon predictions tricky.

e Ancient woodlands store relatively high quantities of carbon and old unmanaged woodlands
may continue to act as carbon sinks where there is no harvesting or soil disturbance. The
extent to which they do this in Scotland is unclear.

o Ancient woodlands which accumulate deadwood are likely to emit more GHGs than younger
native woodlands.

e Many of Scotland’s existing native woodlands are overgrazed and senescing, they may not
be acting as carbon sinks and may potentially be net GHG emitters.

e Regenerating or planting trees within degraded native woodlands could increase carbon
sequestration, carbon storage and levels of biodiversity.

Native woodlands

Native woodlands are regarded as those predominantly composed of tree species that colonised
Scotland naturally since the last Ice Age some 10 to 12,000 years before present (BP). Woodlands
containing native species cover some 5.8% of Scotland’s land area, and 4% of Scotland’s land cover is
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semi-natural woodland! (Bunce et al., 2014). In 20212 forest cover in Scotland was 19% of which 30%
was classified as woodland containing native species.

There are a few classification systems categorising native woodlands. In 1991 Rodwell et al.
produced the National Vegetation Classification (NVC) system. Volume 1 of British Plant
Communities describes 25 woodland/scrub communities, detailing vegetation assemblages of each
woodland type. In 2003 The Forestry Commission produced a simplified classification system with
seven woodland types — montane scrub, native pinewoods, upland birchwoods, upland oakwoods,
lowland mixed deciduous woodlands, upland mixed ashwoods and wet woodlands. NVC woodland
types can be grouped within the FC Woodland Habitat Types, after Wilson (2015).

Figure 1. Loch Maree woodlands. Walkhighlands

Carbon terminology and units

The terms ‘carbon’ and ‘carbon dioxide’ are used interchangeably, which can be confusing - one
tonne of carbon is equivalent to 3.67 tonnes of carbon dioxide. Some research papers use grammes
or kilogrammes, some tonnes, and others megagrams — which is equivalent to a tonne. When
discussing carbon dioxide uptake or sequestration, tonnes of carbon dioxide (tCO,) is commonly the
unit of measure. Carbon storage or stocks are expressed as tonnes of carbon (tC). Carbon fluxes —
gases in and out - are expressed in tonnes of carbon dioxide equivalent, (tCO2e) which is the unit

! Semi-natural woods are composed of locally native trees and shrubs which derive from natural regeneration
or coppicing rather than planting. The management of semi-natural woodlands: 3. lowland mixed broadleaved
woods - Forest Research

2 Woodland Statistics - Forest Research



https://www.forestresearch.gov.uk/publications/the-management-of-semi-natural-woodlands-3-lowland-mixed-broadleaved-woods/
https://www.forestresearch.gov.uk/publications/the-management-of-semi-natural-woodlands-3-lowland-mixed-broadleaved-woods/
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used in carbon trading. Carbon units can be combined with area such as hectares (ha) and time to
give tonnes of CO; or C, accumulated, or stored, per annum, i.e., tCOhayr?,

GHG measurement and calculation are bedevilled by complex terminology. The following
are some commonly used terms:

e Carbon accumulation, sequestration or uptake is the process whereby atmospheric
carbon dioxide is assimilated into trees. Woodlands and forestry plantations have the
potential for high annual accumulation rates which can, depending on the fate of the
woodland, result in high carbon storage.

e Carbon stocks or carbon stores are made up of 1. Above ground biomass, 2. Below
ground biomass, 3. Litter (dead and decaying matter on the soil surface) and 4. Soil
carbon. Soil carbon is the largest carbon stock in the UK, accounting for approximately
95% of land carbon (Ostle et al 2009).

e Carbon flux is the process of exchange between the land carbon stock and the
atmospheric carbon stock. Ways of measuring carbon fluxes include Gross Primary
Productivity GPP - conversion of CO; into plant biomass, Net Primary Productivity NPP -
balance between plant uptake of carbon dioxide and respiration, and Net Ecosystem
Production NEP — which includes micro-organism respiration in the soil. GHG fluxes
include two potent gases arising from land and animal management — methane (CHa)
and nitrous oxide (N,0O).

Box 1. Carbon terminology

Factors that influence carbon sequestration and storage in woodlands

To assess or predict the scale of GHG uptake or carbon storage by existing or new native woodland,
we need to understand how GHGs are captured, stored, or emitted. Trees grow as their leaves
absorb carbon dioxide (CO,) from the atmosphere and through photosynthesis turn it into sugars
some of which are converted into cellulose and ultimately stored as carbon in wood. The process of
respiration, which produces CO,, involves using the sugars produced during photosynthesis plus
oxygen to produce energy for plant growth. In many respects we can think of respiration as the
opposite of photosynthesis. While photosynthesis takes place in the leaves and stems only,
respiration occurs in the leaves, stems, and roots of the plant.

GHGs are also emitted when leaves and needles, shed by trees, decompose. Deadwood is estimated
to contain some 8% of the carbon stored in forests®, and when it decays it emits GHGs, including
methane (CHa).

3 Decaying forest wood releases a whopping 10.9 billion tonnes of carbon each year. This will increase under
climate change (theconversation.com)
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Figure 2 is a simplified illustration of the different processes involved in GHG uptake and GHG
release in a woodland.
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Figure 2. The carbon cycle of the forest ecosystem. Source: Onarheim (2018).

Factors affecting tree growth and the capacity of trees, woodlands, and soils to absorb carbon
dioxide and store carbon are many, and include,

1. tree species, the rate at which it grows and allocation of carbon in different parts of the
tree such as in leaves, branches, and stem,

2. tree spacing, number of trees per hectare and proportions of different species,

3. site factors - soil type, soil moisture, soil nutrient status, temperature, climatic factors such
as oceanicity or continentality, elevation, and exposure to wind,

4. the decomposition and decay rates of leaves, deadwood, and roots,

5. the longevity of a tree or forest — how long the tree grows before it starts to decline or is

felled,
6. forest management — minimal intervention, thinning, species management.

Different tree species sequester carbon dioxide at different rates. Light demanding species such as
birch and ash grow relatively quickly on open sites, although the fastest growing species are not
necessarily those that will store the most carbon in the long term. Beech is relatively slow growing
but as it ages it accumulates considerable amounts of biomass.

Mycorrhizal networks are important in the uptake and transfer of carbon, however the recent
explosion of interest in the existence of a forest wide web and how nutrients and carbon are

8
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transferred between trees by fungal networks may be premature. Whilst early research suggested
interspecific transference of carbon (from Sheldrake, M., 2020), Karst et al. (2023), suggest this may
stem from bias and overinterpretation. Unsurprisingly there is a need for further, more rigorous
research.

In comparison to conifers, broadleaves typically produce smaller quantities of stem-wood and have a
higher proportion of wood in branches and roots. Some native broadleaves sequester more carbon
per unit of volume than conifers because of their greater wood density* (Morison et al. 2012). The
carbon sequestration rate, or timber productivity of a tree species can vary greatly depending on site
factors. It is important not to conflate carbon sequestration and timber production, particularly
between conifers and broadleaves (Gregg et al., 2021).

Measuring flows of carbon in woodlands

Measuring flows of carbon in woodland can be termed carbon accounting, which is often used by
governments at a national level. There are three ways in which woodland carbon can be accounted
for,

1. Periodic direct measurement of woody biomass, which can be,

a. destructive - cut it down, chop it up, dry it and weigh it to derive the weight of
biomass and carbon,

b. non-destructive — estimate tree biomass, tree canopies and root volumes, based on
allometry, i.e., relationships between different parts of the tree, then convert
volumes into biomass and carbon. Or use Terrestrial Laser Scanning (TLS) which can
map 3D forest structure in situ.

2. Inventory based carbon accounting models, which use empirical data from field
measurements, and/or extrapolation where data is scarce or absent.

3. Direct carbon flux measurements using flux towers above the level of the forest canopy —
measuring the exchange of gases (termed eddy correlation) in and out of the forest,
including the soil.

Direct measurement of woody biomass

Forest mensuration, the practice of measuring trees and calculating the volume of merchantable
timber, needs little explanation — it has been done in the UK for hundreds of years. The estimation of
stem volume is routine, timber density values are well understood, and calculating stem biomass
and stem carbon stock is relatively straightforward. Mensuration tables and/or formulae for seven
broadleaved species and 12 conifers were described in Matthews and Mackie (2006) and Jenkins et
al. (2011 & 2018).

Estimating the total biomass of a broadleaved tree or a native woodland is less straightforward. As
described above, it has relied on establishing empirical relationships between stem volume and the
biomass of canopy, branches, and roots (Morison et al., 2012). Matthews et al. (2022) acknowledge
the uncertainties associated with data for roots, branches, and tree canopies.

Biomass Expansion Factors (BEF) describe the ratio of biomass in a tree canopy and roots in relation
to stem timber biomass. Jenkins et al. (2018) in the Carbon Assessment Protocol, describe how

4 Sitka spruce seasoned wood density = 450kg/m3, English oak seasoned wood density = 740kg/m3, Birch
seasoned wood density = 670kg/m3 (Wood - Densities of Various Species (engineeringtoolbox.com) )

9
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biomass estimates for native broadleaves have been derived using surrogate values. Crown biomass
values for ‘minor’ native broadleaves are mapped against values for oak or beech e.g., estimates for
birch use oak as a proxy for crown biomass functions.

The Woodland Carbon Code (WCC) maps native broadleaves against Red alder as a proxy for root
biomass functions. There is relatively little information on root biomass of native trees in the UK, in
part because destructive sampling of roots is labour intensive and expensive.

Carbon accounting

There are a number of carbon accounting models used for woodland carbon in the UK. They use
theoretical and empirically derived models of carbon flows and roughly speaking they can be
subdivided into two types — Process Based Models (PBMs) which are based on physiological
processes, and Carbon Accounting Models (CAM). CAMs have tended to rely on the Forestry
Commission’s yield tables (Edwards and Christie, 1981) for basic growth and yield predictions. Below
are examples of CAM models used in the UK,

e C-FLOW —developed by CEH (Edinburgh), currently used for national reporting of carbon
stock changes associated with forest biomass,

e CARBINE - developed by Forest Research, based on forest growth and yield models,

e C-SORT —is under development, focusing on carbon sequestration in wood products.

Using the Woodland Carbon Code (WCC)

The practitioner’s method for calculating woodland carbon sequestration is the Woodland Carbon
Code (WCC)®. It uses an Excel based model to calculate numbers of woodland carbon units, which
can be monetised and are independently verified. It is based on the Forest Research C-SORT model
(Morison et al., 2012) and the Carbon Assessment Protocol (Jenkins et al., 2018) whose tree data is
based on long term measurements for timber production.

Data is presented in look-up tables, with calculated carbon sequestration rates and carbon storage
according to tree species, age, spacing and thinning regime®. As described above, native tree species
data is based on estimates, surrogates, and proxies.

5 Home - UK Woodland Carbon Code

6 Carbon is classified as a PIU (Pending Issuance Unit), carbon not yet sequestered, or a WCU (Woodland year
periods. Carbon Unit), carbon sequestered and verified. These units are expressed as tonnes of carbon dioxide
equivalents per hectare, tCOze/ha.

10
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Figure 3. New native woodland, Glen Devon. Future Woodlands

The WCC details GHG emissions resulting from forest operations. Woodland establishment involves
site preparation, tree tubes, fencing, road construction and fuel; and the WCC has two soil type
defaults — organo-mineral and mineral. Site preparation is rated by disturbance value, from

o Negligible - hand screefing, to,

e Low -including hand turfing, inverted, hinge & trench mounding, patch scarification,

subsoiling, drains, to

e Medium, and High to Very High - agricultural ploughing.
The Low disturbance category contains drainage as an activity, which is curious, as drainage in peaty
soils is a major contributor to carbon loss through peat drying and loss of Particulate Organic Carbon
(POC) and Dissolved Organic Carbon (DOC) via the drains, (Evans et al., 2017). Creating native
woodlands on peaty soils often entails hand turfing and mechanical mounding — included in the Low
disturbance category — although native woodland creation rarely involves drainage.

The WCC Carbon Calculation Spreadsheet (Version 2.4, March 2021)” provides one example of a
mixed native woodland carbon budget (Example 1 Mixed Native Woodland). This is a mix of
Pedunculate oak, hazel, birch (Silver/Downy), aspen, alder, rowan, Goat willow and sycamore®. Users
can alter the WCC spreadsheet to construct mixes of tree species, albeit with a limited choice of
native tree species. Examples of WCC calculations for Scottish native woodlands are given in Table 2
below.

Predicting carbon uptake using other models

Matthews et al. (2020) modelled the potential carbon benefits/debits of planting a range of tree
species on different soil types and land classes across Scotland, using 1:250000 soil maps, a suite of
different forest management types and the Aberdeen University ECOSSE soil carbon model.
Assumptions about tree establishment/cultivation techniques were made for 11 forest management
types (FMAs), including Native Conifer (Scots pine YC4), Native Broadleaf (Sycamore, Ash and Birch
YC4), and Production Sitka spruce (YC16). Their approach to modelling tree growth on ‘semi-natural’
land (unimproved land) included simulating land drainage where soils had a high-water table, as
would be the case for much of the North-West Highlands. This work suggests that carbon
sequestration potential of new afforestation is most effective using high yielding conifer species on

7 3.3 Project carbon sequestration - UK Woodland Carbon Code
8 The inclusion of sycamore, which is recognised as a naturalised, but not native tree species, is not explained.

11
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the best quality agricultural land and is least effective when using commercial forestry techniques
(deep drains and mounding) to establish native woodlands on wet upland peaty soils.

Matthews et al., (2022), produced a Summary Report, Quantifying the sustainable forestry carbon
cycle as a precursor to a full forestry carbon report expected in 2023. Using the Forest Research
CARBINE model the authors synthesised modelled information from 12 different woodland
scenarios, from native woodland regeneration (termed natural colonisation in the report) through to
commercial conifer Sitka spruce. Scenarios likely to contain native woodland included, broadleaves
(with light management), natural colonisation (natural regeneration) and production broadleaves.
Some observations on the scenarios for the period 2022-2100, for 1ha of woodland created in 2022.

e The Productive Broadleaves option is modelled using a Yield Class of 4, Yield Class 6 is the
minimum recommended by Scottish Forestry for Productive Broadleaves in the Forestry
Grant Scheme, Woodland Creation option®.

e The Natural Colonisation scenario (rapid) — natural regeneration — has the same annualised
net carbon stock change = 5.7tCO?Ha-'yr as that for Planted Broadleaves (light
management).

e The Natural Colonisation scenario (gradual) has a higher net carbon stock change than that
for Production Broadleaves, 4.7tCO?*Ha-Yyr!versus 4.4tCO?Ha-yr?.

The Matthews et al., (2022) work concludes that despite very different methods being used to
measure carbon dioxide fluxes (described below) from those used to model-based carbon stock
changes, there is... remarkable agreement... between the data from field-based studies and
modelling.

Exotic commercial conifers will grow more rapidly in the short term (30 years) than native
broadleaves on poor organo-mineral soils in uplands (Matthews et al., 2020), although it is less clear
how commercial conifer forests perform in the medium/long term under clear fell, rotational
systems (Crane, 2019). With rotation lengths, between clear fell and planting, becoming shorter
(Scottish Forestry, Strategic Advisory Group, Minutes, September 2022)%°, and much of Scotland’s
commercial conifer forest on peaty soils, there is a debate around the strength of the national forest
carbon store and fluxes.

A Scottish Forestry (SF) Information Note!! produced in December 2020 estimates that the average
carbon uptake of native broadleaved species planted in 2020 and managed as conservation
woodlands could typically sequester 1.9 tCO,e ha* y* up to 2050 and 6.2 tCO,e ha* y* up to 2100.
These figures equate to a long term (2020-2100) annual average uptake of 3.48 CO,e ha y or one
tonne of carbon per annum, for native broadleaves. This long-term average is less than the figure for
Ancient Woodland in Table 1. below.

The same SF note estimates that a commercial conifer Sitka spruce plantation, planted in 2020, may
sequester some 3.5 tCOze hal y'1 up to 2050, and 7.0 tCO,e ha y* to 2100, equating to long term
(2020-2100) annual average uptake of 4.55 tCOe ha y}, for Sitka spruce. Not that much more than
the long-term average figure calculated for the native woodland above.

® Woodland Creation — Broadleaves (ruralpayments.org)
10 Scottish Forestry Strategic Advisory Group
11 Recipient name (forestry.gov.scot)

12
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Flux studies

Trees have a two-way process of GHG exchange. During daylight hours trees photosynthesise, taking
carbon dioxide out of the atmosphere and at night they respire, releasing carbon dioxide. Recording
GHG exchange within and over woodlands is an established research technique for measuring the
productivity of an ecosystem. Field measurements of CO; fluxes have been made at a small number
of broadleaved woodland sites in the UK, all in England using techniques such as eddy covariance??
systems on flux towers. Flux towers are expensive, accurate over a relatively small area of forest and
require calibration to take account of wind flow and eddies over forest canopies.

Broadleaved and native woodland GHG fluxes

The longest running flux tower over broadleaved woodland in the UK is located within the Straits
Inclosure in Hampshire; currently it is the only operational flux tower over woodland in the UK. It is
over a commercially managed, lowland oak forest where the main tree species is Pedunculate oak in
mixture with European ash, Sessile oak, and Turkey oak. The understorey is dominated by hazel and
hawthorn.

12 The eddy covariance method measures canopy fluxes by the simultaneous determination of vertical wind
speed and gas concentration at a fixed height above the canopy (Baldocchi, D., 2020) and can be represented
as the time-averaged vertical flux of CO..

13
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Figure 5. Graph of annual partitioned carbon dioxide flux components over time, Straits Inclosure®?

NEP = Net Ecosystem Productivity, Reco = Ecosystem respiration, GPP = Gross Primary Production

Two flux tower sites were at Rothamsted Experimental Station, Hertfordshire. One being over a
naturally regenerated oak woodland on abandoned arable land (over 118 years) the other over an
ash — sycamore woodland, also regenerated on ex arable land, but with a higher pH soil.

Wytham woods in Oxfordshire is an ancient semi-natural woodland which has not been managed
and contains oak, sycamore and hazel. GHG uptake and carbon sequestration values for these four
woodland sites are given in Table 1. below.

Table 1. Carbon sequestration rates and carbon dioxide uptake measured using flux towers.

Woodland type Carbon Carbon dioxide | Location Reference /
and age (where sequestration | uptake or Net source
given) and/or rate (tChalyr | GHG flux (tCOze
Yield Class 1 halyr?) *
Commercial oak 4.8 -18 Alice Holt Forest, Wilkinson et al.,
forest (90+ years) Hampshire, England | 2012
Ancient semi- 1.2 -4.4 Wytham Woods, Thomas et al.,
natural woodland Oxfordshire, 2011; Fenn et al.,
(+200 years) England 2015
Regenerated oak | 2 -7.3 Geescroft, Poulton et al.,
woodland (118 Rothamsted, 2003
years) Hertfordshire,

England
Ash-Sycamore 3.39 -12.4 Broadbalk, Poulton et al.,
woodland (118 Rothamsted, 2003
years) Hertfordshire,

England

13 Straits Inclosure long-term carbon dioxide flux monitoring site - Forest Research

14



https://www.forestresearch.gov.uk/research/forestry-and-climate-change-mitigation/straits-inclosure-long-term-carbon-dioxide-flux-monitoring-site/

Native woodlands and carbon 11.09.2023

Sitka spruce 6.54 -24 Perthshire, Scotland | Clement et al.,
plantation (YC 14- 2012
16)

e Net GHG flux uptake can be expressed as a negative value.

Rates of photosynthesis, known as Gross Primary Productivity, of the productive oak woodland at
the Straits Inclosure (shown above graphically in Figure 4.) and the ancient woodland of Wytham
Woods were similar. Higher levels of respiration (emissions of GHG) were recorded at Wytham (Fenn
et al., 2015) possibly because of more older trees at Wytham (over 200 years old) and a build-up of
decaying deadwood — deadwood emits methane and carbon dioxide (Thomas et al., 2011).

Sequestration at a flux tower in a Sitka spruce plantation in Scotland on a podzolised brown earth
soil at Griffin Forest in Perthshire, shows higher carbon uptake and sequestration than that for the
broadleaved woodland.

Comparisons of carbon storage uptake and storage between commercial conifer forestry, dominated
by fast growing exotic species destined for clear fell, and more slowly growing but relatively stable
native woodland, are often confusing and made more complicated by sectoral policy objectives.

Terrestrial Laser Scanning

Terrestrial Laser Scanning (TLS) is a relatively new technology, using non-destructive, ground-based
LiDAR™ which acquires accurate, dense 3D point clouds of object surfaces by laser range finding. It
can measure 3D vegetation structure, potentially to millimetre accuracy, and achieve precision at a
range of potentially kilometres and, it can help answer questions about tree size, shape, allometry,
function and form variability (Calders et al., 2020).

Cost may currently be a barrier to adopting TLS technology into carbon evaluation. Like much new
technology, suitable instrumentation with acceptable specifications is becoming more available at
lower prices (pers. comm. D. McCoy, Global Leader in Materials, Networking, and Lasers | Coherent).

The Bunloit Estate, owned by Highlands Rewilding, is a natural capital venture on the banks of Loch
Ness, where cost would not appear to be limiting. Aerial LiDAR and ground-based TLS have been
used in a natural capital baselining assessment (Bunloit Rewilding, 2021) to measure above-ground
biomass in conifer plantation and ancient broadleaved woodland. It was anticipated that the TLS
survey would produce a more complete picture of tree branching biomass — with a prediction of
higher above ground carbon than could be obtained using the WCC methodology. This data would
be very useful in the context of a Scottish native woodland carbon balance, but so far has not been
forthcoming.

New native woodland carbon sequestration

Establishing woodlands on bare land generally results in net carbon uptake, however this may not be
the case on peaty soils, especially deep peats, where soil disturbance can produce GHG emissions
(Vanguelova et al., 2013). The rate at which a planted woodland sequesters carbon is dependent on
the stage of tree lifecycle: patterns of tree growth tend to follow a sigmoid (reverse J) curve followed
by a plateau, with rapid growth and rapid carbon accumulation in early development, and a gradual
slowing of growth rate as the tree ages. What happens in ancient woodland or old growth forest is
discussed in a later section.

14 LiDAR stands for Light Detection and Ranging
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WCC model estimates for new native woodland creation.
The ‘strength’ (scale) of carbon sequestration uptake, and above ground carbon storage capacity are
linked to productivity, i.e., Yield Class.

WCC modelling was used by Gregg et al. (2021), in an evidence review of carbon sequestration and
storage by habitat applied to broadleaved woodland, YC 6, planted in England on mineral soils. Over
100 years, this was estimated at an average sequestration rate of 7 tCOe ha yr. Over a shorter
time of 30 years, to the English Net Zero deadline of 2050, the sequestration rate for the same
woodland was 14.5 tCO,e ha? y?, reflecting rapid growth of younger trees.

For the purposes of this report, the Ecological Site Classification system® (ESC) was used to derive
notional Yield Classes for two upland sites® in Perthshire. This was done for two soil types (mineral
and organic) and the notional Yield Classes for native tree species suggested by ESC were applied for
the NVC species-mixes input to the WCC. Soil carbon accumulation was calculated for mineral soils
where the previous land use was arable or rotational grass. The WCC assumes no soil carbon
accumulation in peaty soils.

Figure 6. Tree planting in the Highlands. Forestry Commission

Results are shown below, in Table 2. alongside predicted carbon storage figures from Gregg et al.
(2021) for a lowland oak woodland, and Scottish Forest Alliance (SFA) carbon data for mixed native
woodland.

Gregg et al. (2021) contends that plantation (Productive Broadleaves in a Scottish Forestry grant
scheme context) native broadleaved species, such as oak, grown on lowland mineral soils, will
sequester as much or more carbon than commercial conifers. The WCC predictions in Table 2.
indicate that relatively high yielding lowland oak woodland on good soils will uptake carbon more
quickly and potentially store more above ground carbon, than a low Yield Class wet birch woodland
on peaty soils in the uplands. What is less clear is how closely the predicted WCC figures for NVC
woodland types (modelled using proxy data) relate to actual above ground carbon values.

15 Ecological Site Classification tool, Forest Research Decision Support Tools Portal v2.0 (forestdss.org.uk)
16 Dun Coillich and Logierait — Highland Perthshire
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Table 2. Predicted carbon storage figures for native woodland in the UK.

Woodland type, time,
YC.

Average carbon
stock (storage after

Net sequestration
rates (averaged over

Author/location/model

woodland (YC6) (30
years)

100 years) time)
(tCha) (COze haly?)

Mixed native 84.1 3.1 Perks et al., 2010.

woodland (100 years) Scottish Forest Alliance
sites. Various locations
in Scotland. Bespoke
model.

W4 Downy Birch 61.9 2.3 WCC Carbon

woodland on organo- Calculation

mineral soils (100 Spreadsheet (Version

years). YC 2 Averaged 2.4, March 2021),

value Scotland

W18 Scots pine 91.8 3.7 WCC Carbon

woodland on organo- Calculation

mineral soils (100 Spreadsheet (Version

years). YC 4 Averaged 2.4, March 2021),

value Scotland

W17 Upland oak-birch | 129.7 4.75 WCC Carbon

woodland on mineral Calculation

soils (100 years). YC 4 Spreadsheet (Version

Averaged value. 2.4, March 2021),
Scotland

W16 Lowland oak- 203 7.45 WCC Carbon

birch woodland on Calculation

mineral soils (100 Spreadsheet (Version

years). YC 6 Averaged 2.4, March 2021),

value. Scotland

Mixed native 203 7 WCC Carbon

broadleaved Calculation

woodland (YC6) on Spreadsheet (Version

mineral soil (100 2.3, May 2020) Gregg et

years) al., 2021. England

Mixed native 114 14.5 WCC Carbon

broadleaved Calculation

Spreadsheet (Version
2.3, May 2020) Gregg et
al., 2021. England
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Woodland soils

Some two thirds of Scotland’s soils have high organic matter and carbon (Rees et al., 2018), and
peaty soils play an important role in climate change: that of removing CO, from the atmosphere and
storing it as soil carbon. Soil type and its management are important factors in the carbon balance
of woodlands as well as being major determinants of yield class and species suitability. Drainage, soil
preparation and tree planting on peaty soils can lead to significant releases of carbon through
oxidation of soil carbon, leaching in water and drying of peatland (Evans et al., 2016) and minimising
soil disturbance on peats is advised by Scottish Forestry®’.

Afforestation of mineral soils, such as ex-arable land, does not appear to result in significant release
of GHGs and it can lead to accumulation of soil carbon over long time periods (Ashwood et al., 2019;
Poulton, 1996; Benham et al., 2012). This is in part because, compared with peaty soils, mineral soils
contain low levels of carbon. Ashwood et al. (2019) recorded soil carbon accumulating under
secondary woodland on ex-arable land on gley soils in the English Midlands at about 0.5t Chaly1
(1.8 t CO2e ha-1 y-1); they found that after 100 years the soil carbon stock was not dissimilar to that
of an ancient woodland soil carbon stock. The rate of gain of soil carbon of this secondary woodland
on ex-arable land was similar to those recorded at two Rothamsted Research Station ex-arable sites
(Poulton, 2003), suggesting that we are developing an understanding of the impacts of woodland on
mineral soils.

There is not much literature on soils under broadleaved native woodlands in Scotland, although it
may be reasonable to assume that planting native broadleaves on arable mineral soils will result in
an increase in soil carbon, albeit at a lower rate of carbon accumulation than in the drier warmer
climate of lowland England. Recent research on establishing woodlands in the Scottish uplands
guestioned the assumption that native broadleaved woodlands planted on peat result in net
accumulation of soil carbon over a period of decades (Friggens et al., 2020).

Friggens et al., 2020 recorded a decrease in soil carbon relative to control heather moorland plots
after 12 and 39 years in the organic (O) horizon of birch woodland on peaty podzols in northeast
Scotland. They did not measure soil carbon in the mineral horizons and hypothesised that the cause
of carbon loss was an alteration of soil microbial and mycorrhizal fungi communities, leading to
increased respiration and breakdown of carbon by extracellular enzymes. Similar changes to soil
ecosystem functions through variations to soil microbial and mycorrhizal communities, increasing
fertility (nitrogen) linked to decomposition and site variability were identified by Warner et al. (2021)
as potential agents of declining soil carbon. The Warner et al. (2021) study at Glen Affric sampled soil
to a depth of 10cm and suggested that even low-density tree planting with low disturbance may lead
to soil carbon loss through biotic processes. They also suggested that changes in ecosystem
functions in tree planting experiments, such as those studied by Friggens et al. (2020) may not be
observed or take longer to emerge under actual reforestation (non-experimental) conditions.

A study of old-growth pinewood and moorland peaty podzols at Abernethy Forest Reserve in the
Cairngorms (Wilson & Pura, 2001) reported old growth Scots pinewoods to be greater carbon sinks
than adjacent Calluna heath, with significantly larger stocks of soil carbon in the organic layer,
specifically in the fermentation (F) and humus (H) layers. This because of Scots pine needle litter
building up over time. Friggens et al., (2020), also found no decrease in soil carbon within planted
Scots pine plots, in contrast to birch plots where soil carbon decreased.

17 Cultivation for Upland Productive Woodland Creation Sites - Applicant's Guidance (forestry.gov.scot)
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Razauskaite et al., (2020) modelled soil carbon (using the RothC-26.3 model) on Glenmore NNR and
Rothiemurchus estate in the Cairngorms. They compared soil carbon in podzolic soils under semi-
natural pinewoods (>120-year-old) with adjacent grassland sites. Their results suggest that ancient
undisturbed pine stands are more effective carbon stores for long term carbon sequestration than
managed pine stands, with as much as 60% of soil carbon lost because of thinning. It should be
stressed that this is a simulated carbon loss, not a measured loss. This research concluded that
deeper horizon soil carbon from sandy materials was likely to be depleted, replacing, potentially
more stable carbon in the mineral layer with more labile and prone to emission organic layer carbon
in the litter layer.

Natural regeneration

Natural regeneration is the preferred method of increasing native woodland cover in the UK
(Rodwell and Patterson, 1994) with advantages over conventional tree planting including low cost,
locally adapted seed stock, irregular structure (for native woodlands), and potentially greater
resilience. Disadvantages of using natural regeneration to establish native trees arise when there is
an absence of seed trees, dense swards preventing seed germination and high levels of herbivory. At
Glen Feshie, where Red and Roe deer numbers were reduced to less than 3 per square kilometre
(Wildland Management, Glen Feshie'®), Scots pine, birch and juniper, amongst other native trees,
are regenerating profusely, across a wide area (see Figure 7).

Figure 7. Natural regeneration around a seed tree in Glen Feshie. Photo: Matt Hay.

Compared with established planting practice, natural regeneration avoids GHG emissions from tree
nursery inputs, plastic wrapping on tree plugs, seedling transport, soil disturbance, and plastic tree
tubes or vole guards. The downsides of using natural regeneration include, patchy establishment,
with potentially lower carbon sequestration rates, the need for herbivore control with associated
fuel emissions, and possible use of herbicide or machinery if doing ‘assisted’ natural regeneration.

18 Land Management — Wildland | Scotland
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Fencing and herbivore control are generally required for native woodland planting and natural
regeneration.
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Figure 8. Birch woodland and willow scrub protected from herbivores on Jura. Photo: Tim Turner

One of the earliest Scottish native woodland carbon projects, the Scottish Forest Alliance, funded by
bp, carried out site monitoring in 2011/12 (Perks et al. 2016) across eight sites. They found that
compared with planted native woodland, areas of natural regeneration had the least good
establishment rates, possibly due to difficulties of tree seed getting established in thick grassy
swards.

Tanentzap et al. (2013) modelled Scottish upland birch woodlands and suggested that tree
regeneration rates (numbers of trees establishing) can be predicted using variables such as deer
browsing pressure, adult tree location and microsite suitability. They predicted that in a landscape
with 8000 adult trees, an 80% favourable microsite, and browsing of an average of 10% of trees,
carbon storage of 60 tCha'1 (equivalent to 220 tCO?%e) could be achieved after 30 years. The
stochastic nature of regeneration and monitoring on SFA sites demonstrated by Perks et al. (2016)
would suggest that this figure may be optimistic.

Fletcher et al. (2021) looked at the potential contribution of regenerating native woodland NVC
types in Scotland to the UK target of creating 30-50,000 hectares of new forest per annum to reach
net-zero emissions by 2050. The authors devised a new method for estimating carbon uptake for
native woodland and scrub NVC types and mixtures. They applied the Potential for Native Woodland
Model, NWM, (Towers et al. 2004), with outputs categorised into 58 types of single, interchangeable
or mosaics of NVC woodland/scrub types, including ‘scattered’ woodland/scrub categories. NVC
woodland types and mosaics were benchmarked against the Scottish Forest Alliance derived
baseline carbon storage figure of 84.1tCha™ for a mixed native woodland after 100 years (Perks et
al., 2010) and carbon storage figures adjusted based on the percentage canopy cover for the NVC
type (after Towers et al., 2004). In the absence of natural regeneration data, this method of
predicting carbon values provides conservative carbon estimates.
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Box 2. Modelled carbon storage values for naturally regenerated NVC woodland types. Adopted from
Fletcher et al., 2021.

NVC Types W11 Upland oak-Birch and W18 Scots pine woodland, which were
assumed to be ‘fully stocked’ woodland and assigned 80% canopy cover, equating to
84.1tCha™.

W11/Sc6, a mix of Upland oak-birch woodland and scrub was allocated 63% canopy
cover (84.1 tCha™ * 63%/80%), approximating to 66 tCha™.

W4 (Birch with purple moor grass and open ground) and NVC scrub categories e.g.,
Sc3 (Birch/Willow) were assigned 30% canopy cover (84.1 tCha™ * 30%/80%), equating
to 35.14 tCha™.

Other scrub categories, e.g., Sc4 (Scattered Birch/Willow) were assigned 10% canopy

Qver (84.1 tCha * 10%/80%), equating to a carbon sequestration value of 10.5 tChay
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Ancient and semi-natural woodland

There are conflicting views about the role that ancient, or old growth forests play in the carbon
cycle. Luyssaert et al. (2008) in a global review challenged a widely held assumption that old growth
forests are at equilibrium (neither sinks nor sources) and suggested that forests as old as 800 years
old continue to act as GHG sinks. They attribute this to the larger number of old, large trees and
rapid growth of understorey vegetation and sub-canopy trees in old growth forests. Gundersen et al.
(2021) challenged these findings maintaining that they overestimate global carbon accumulation
rate of old growth forests by a third, owing to faulty assumptions about forest management history
and technical aspects of eddy covariance flux data processing. Luyssaert et al. (2021) responded by
asserting that old growth forests continue to act as carbon sinks, the strength of that sink being a
matter for debate and further research.

Estimates of global long-term carbon stocks are reported to be greater where no harvesting or
disturbance occurs (Geng et al., 2017), and Lewis et al., 2019 found that due to regular release of
carbon from commercial plantations during harvesting, natural forests (globally) are forty times
more effective than plantations at storing carbon. This estimated carbon effectiveness may not be
applicable in the UK.

Figure 9. Atlantic rainforest, West coast of Scotland. Photo: Gordon Rothero

Ancient woodlands are woods thought to have been present in Scotland since 1750 and the ancient
woodland dataset in Scotland includes Long Established of Plantation Origin (LEPO) woods. Semi-
natural woodland (SNW) is woodland that is composed of locally native trees derived from natural
regeneration or coppicing rather than planting®®; many semi-natural woodlands are not on ancient
woodland sites.

The Woodland Trust State of the UK’s Woods and Trees (Reid et al., 2021) details ancient woodland
carbon stocks, derived from the Forest Research National Forest Inventory (NFI?°), combined with an

% Ancient semi-natural woodland is ancient woodland composed mainly of locally native trees arising from
natural regeneration or coppicing.
20 National Forest Inventory published - Forest Research
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assessment of some 200 data sets for relevant data. Datasets contain information on woodland area
and woodland characteristics — the number and size of trees — which are combined to calculate
woodland carbon according to woodland type and species. Reid et al. (2021) concluded that,

1. there is strong evidence that ancient woodland is undervalued in respect of carbon storage,
2. ancient woodlands have higher carbon storage than other woodland types,

3. the higher carbon storage is due to ancient woodlands having higher numbers of older,
larger trees, with a higher component of broadleaved trees,

4. carbon stocks in ancient woodland are projected to double over the next century.

They hypothesise that undisturbed ancient woodland soils on average, retain more carbon than
regularly disturbed soils, such as those in commercial conifer forests, although they acknowledge
that this needs more research.

Table 3 summarises data from various sources showing carbon stock values for different ancient /
old woodland types from across the UK.

Woodland type, Average carbon Source/location/measured or predicted
age/woodland type stock

(tCha?)
Ancient and long- 76 Woodland Trust State of the UK’s Woods and Trees
established woodland 2021 Based on: Forest Research (2022). National
(200+years) Forest Inventory datasets. Scotland. Predicted
Ancient and long- 99 Woodland Trust State of the UK’s Woods and Trees
established woodland 2021 Based on: Forest Research (2022). National
(200+years) with LEPO Forest Inventory datasets. Scotland. Predicted

sites removed.

All woodland (recent 58 Woodland Trust State of the UK’s Woods and Trees
and ancient 2021 Based on: Forest Research (2022). National
woodlands) Forest Inventory datasets. Scotland. Predicted

Old growth 175 Hale, K., 2015. Lady Park Wood, England. Measured

unmanaged semi-
natural woodland

(100+ years)

Averaged carbon 135 From Patenaude et al., 2003. Hale, 2015. England.
value for UK lowland Measured

semi-natural

broadleaved

woodlands

Ancient woodland 120 Butt et al., 2009, Wytham Wood, England. Measured
Ancient semi-natural 132 Pateneude et al., 2003. Monks Wood, England.
woodland Measured

23



Native woodlands and carbon 11.09.2023

Ancient semi-natural 194 Calders et al., 2022, Witham Wood, England. TLS
woodland measured.

Table 3. Predicted and measured carbon stocks in ancient and semi-natural woodland in the
UK

Average carbon stocks in Scotland’s ancient and long-established woodland??, derived by Reid et al.,
2021, are higher than the ‘all woodland’ category. The all-woodland category includes recent and
ancient woodlands. If the long-established sites of planation origin (LEPOs) are excluded from the
calculation ancient woodland carbon stock increases; this potentially because LEPO sites contain
more open ground.

Patenaude et al. (2003) measured biomass in an unmanaged lowland wood Monks Wood NNR in
Cambridgeshire; Hale et al. (2019), researched Lady Park Wood a mixed broadleaf woodland (beech,
oak, ash, birch) in the Wye Valley, parts of which have been unmanaged since 1902; and Butt et al.,
(2009) established long term monitoring plots in 2008 in Wytham Wood, an ancient semi-natural
woodland in Oxfordshire, which is probably the most heavily researched woodland in Europe.

The highest carbon stock value recorded for an ancient woodland in the UK was from a TSL survey.
Calders et al., (2022) calculated above ground biomass in Wytham Wood, to be some 1.77 times
more than by using inventory and model estimates. Some, 50% of the TLS measured biomass was in
less than 7% of the trees — large trees with diameters greater than 53 cm — highlighting the role of
ancient woodland biomass and illustrating how TLS may be able to yield new insights into native
woodland dynamics.

Examples in Table 3 of the English or lowland ancient / old growth woodlands show higher carbon
stocks than those extrapolated by Reid et al, (2021) for Scotland. Lowland English woodland is likely
to occupy more favourable sites with better growing conditions and can contain more tree species
such as beech and hornbeam, which sequester and store significant quantities of carbon.

Native woodlands and carbon- what can we conclude?

Native woodlands, for the most part do not exhibit uniformity in tree shapes, tree species, age
classes, woodland architecture, or branching. They are often irregularly spaced (or stocked), thus
making biomass and carbon measurement more challenging than for plantation conifers. The
exceptions being Scots pine in pure stands which is grown and managed for timber production, and
for commercial broadleaved plantations managed for timber such as oak, ash and birch. It is
probable that carbon modelling for conifer plantations will produce more realistic carbon uptake
values, than those done for native woodlands.

The WCC is a useful tool but lacks actual biomass and carbon values for native tree species and NVC
native woodland types. Tree growth data for broadleaved trees has been derived from tree species
managed for commercial forestry and ‘transposed’ on to several native tree species. This may not
reflect reality. Fenn et al. (2015) noted there are few comprehensive measurements of woodland
carbon balances in the UK, either for managed or semi-natural woodlands. To enable better tree
carbon stock estimates, we need access to accurate biomass information such as for stem, root, and
crown biomass, for many native tree species and woodland types.

21 Based on Forest Research work (in prep.)
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Using the WCC to model new native woodland carbon balances highlights that site productivity, and
Yield Class determine the strength of uptake and size of carbon stock. Higher yielding woodlands on
good soils uptake more carbon more rapidly than low yielding woodland on poor sites.

Terrestrial Laser Scanning can provide a non-destructive, accurate and rapid technique to acquire
above ground biomass data for Woodland Carbon Code calculations and provide forest managers
with a greater degree of certainty regarding climate change mitigation claims. TLS is likely to play a
key role in understanding fundamental ecological questions about tree physiology, function, and
form.

Measuring net gas exchange above areas of woodland, whilst expensive and requiring long term
research, provides data on native woodland productivity and builds a picture of rates of
photosynthesis and respiration. Whole stand net carbon flux measurements exist for a small number
of lowland English broadleaved woodlands. These woodlands are unlikely to be typical for the wide
range of native woodland types and age ranges in Scotland; flux measurements could be used to
ascertain whether and to what extent ancient woodlands in Scotland function as carbon sinks.

Planting new native woodland on mineral soils is likely to sequester and store more soil carbon more
quickly than on peaty soils and is less likely to result in decreased soil carbon. Soil carbon loss comes
from soil preparation/disturbance and/or tree root interactions. More understanding of how trees
interact with peaty soils would better inform tree planting decisions; a first step in the process of
acquiring information was proposed by Warner et al., 2021, afforestation or reforestation projects
could establish baseline soil carbon data and attempt to monitor above and below ground carbon
balances as trees establish and grow.

There is very little information in respect of natural regeneration and carbon beyond some
predictive modelling work. It is likely that carbon sequestration will be patchy, potentially take
longer than in planted stands and may not store significant quantities of carbon in the short term.

Older lowland broadleaved woodlands (up to 200 years) continue to uptake carbon dioxide, albeit at
much lower rates than young woodlands The strength of carbon uptake in ancient woodland has not
been measured in Scotland. Where woodlands contain large quantities of deadwood, they will
respire more GHGs than newly planted woodland, where deadwood is largely absent.

Native woodlands contain significant carbon stocks and have the potential to sequester large
amounts of carbon dioxide. Their carbon cycles are poorly understood and little researched in
Scotland and it is perhaps time to get a better understanding of their role in tackling climate change.
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