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SCIENTIFIC ADVISORY COMMITTEE

DISCUSSION PAPER

Reviewing evidence on carbon and terrestrial habitats 

Purpose
1. We have been gathering evidence on carbon and habitats to support our policy advice, and our engagement with stakeholders around nature-based solutions.
Action
2. The SAC are asked to provide comments on the approach which staff have followed to review evidence on carbon and terrestrial habitats, and highlight any improvements that could be made to enhance the scientific rigour of the work.
Preparation
3. The paper was written by Cécile Smith with input from Clive Mitchell, Eleanor Gourevitch and Debbie Bassett. It is sponsored by Clive Mitchell.
Background
4. Scotland has a target to achieve Net Zero emissions by 2045. In 2022, Scotland’s net GHG emissions were 40.6 MtCO2e. Land is both a sink and an emitter: 22.3 MtCO2e were emitted from the land including agriculture while 14.4 MtCO2e were sequestered. The size of this sink is expected to decline in the run up to 2045 due to harvesting forestry stock planted in the 1970s and 1980s and low planting rates subsequently[footnoteRef:1]. [1:  Committee on Climate Change (2022) Scottish emissions targets – first five-yearly review https://www.theccc.org.uk/wp-content/uploads/2022/12/Scottish-Emissions-Targets-first-five-yearly-review.pdf] 


5. While GHG emissions in Scotland have reduced by half since 1990 (average 2.4% p.a.), emissions from the land are more or less static and have been for a number of years[footnoteRef:2]. While some residual emissions in agriculture, as well as in some other sectors are unavoidable, it will be impossible to reach Net Zero without both significantly reducing emissions from the land and increasing its sequestration potential. The chart below shows emissions from the land, i.e. Land Use, Land Use Change and Forestry (LULUCF) and Agriculture, alongside Scotland’s net GHG emissions. This shows flatlining emissions and sequestration in the land while significant reductions have been observed in other sectors in particular energy. [2:  Scottish Government (2024) Scottish GHG Statistics 2022: Supporting Documents https://www.gov.scot/publications/scottish-greenhouse-gas-statistics-2022/documents/] 




6. Healthy ecosystems can accumulate and store carbon in their soils, vegetation and sediments. However, as habitats became destroyed or degraded, they have been losing carbon and their capacity to accumulate new carbon is also hindered[footnoteRef:3]. The main causes of land degradation are drainage, land use change, fertilisation or inability to regenerate due to grazing pressure. Peatlands for example, of which 75% are degraded[footnoteRef:4], emit over 6 MtCO2e every year[footnoteRef:5]. [3:  Gregg, R, Elias, J, Alonso, I, Crosher, I, Muto, P and Morecroft, M (2021) Carbon storage and sequestration by habitat: a review of the evidence (second edition) Natural England Research Report NERR094, Natural England, York.]  [4:  Evans, C, Artz, R, Moxley, J, Smyth, M, Taylor, E, Archer, E, Burden, A, Williamson, J, Donnelly, D, Thomson, A, Buys, G, Malcolm, H, Wilson, D and Renou-Wilson, F (2017) Implementation of an emissions inventory for UK peatlands, Report to the Department for Business, Energy and Industrial Strategy. Centre for Ecology and Hydrology.]  [5:  Scottish Government (2024) Scottish GHG Statistics 2022: Supporting Documents https://www.gov.scot/publications/scottish-greenhouse-gas-statistics-2022/documents/ ] 


7. The Scottish Government aims to reduce the greenhouse gas emissions and increase the greenhouse gas removals from the land, as well as increase carbon capture and storage to help deliver net zero. For uses of the land and sea, greenhouse gas removals and carbon stocks cannot be separated from climate risks. The more resilience there is across landscapes, the more secure any biological removals and carbon stocks will be to climate risks. Landscapes predominantly managed for single-use issues or commodities have increased exposure to climate risks. In contrast, a landscape that includes different land covers and land uses enhances resilience and adaptability by maintaining biodiverse communities and habitats[footnoteRef:6]. Such landscapes are, as a whole, more resistant to climate-associated risks, as different habitats and species will respond to climate change and other environmental perturbations in different ways[footnoteRef:7]. Greenhouse gas removals in diverse biological systems, including woodlands, scrub, peatlands, heathland, floodplains, species-rich grasslands, hedges, wood pasture etc, managed as heterogeneous landscapes, will be more resilient to risks attributed to climate change[footnoteRef:8],[footnoteRef:9]. [6:  Bullock, J, Fuentes-Montemayor, E, McCarthy, B, Park, K, Hails, R, Woodcock, B, Watts, K, Corstanje, R, Harris, J (2021) Future restoration should enhance ecological complexity and emergent properties at multiple scales, Ecography, Vol 2022 (issue 4).]  [7:  Betts, R and Brown, K. (2021) Natural environment and assets In: The Third UK Climate Change Risk Assessment Technical Report [Betts, R.A., Haward, A.B. and Pearson, K.V. (eds.)]. Prepared for the Climate Change Committee, London.]  [8:  Glenk, K, Faccioli, M, Martin-Ortega, J, Schulze, C, Potts, J (2021) The opportunity cost of delaying climate action: Peatland restoration and resilience to climate change, Global Environmental Change, Volume 70.]  [9:  Seddon,N, Chausson, A, Berry, P, Girardin, C, Smith, A and Turner, B (2020) Understanding the value and limits of nature-based solutions to climate change and other global challenges, Phil. Trans. R. Soc. B, Vol 375.
] 


8. NatureScot has a key role to play in promoting the role of semi-natural habitats and nature restoration in achieving climate change targets, as restoring nature will also improve resilience to climate risks and reverse biodiversity decline. For this purpose, and based on requests from Senior Leadership Team (SLT), we have sought to develop a resource that provides estimates of carbon stores and carbon sequestration potential in terrestrial habitats in Scotland. 

Resources available to staff
9. [bookmark: _Hlk176274988]We have produced a document (Key Carbon Facts - Per hectare – carbon stores (/ha) and sequestration (/ha) per habitat - Summary, Review and Detailed Tables), which provides a short review of evidence on carbon stores and carbon sequestration for a range of habitats alongside two summary tables (short summary with SLT in mind, and long summary for anyone):
· Peatlands
· Wet and dry heath
· Woodlands
· Hedgerows
· Agroforestry
· Freshwater – Streams draining peatlands, lowland rivers, freshwater lochs, floodplains, wetlands other than peatlands (in progress)
· Cultivated habitats (not yet completed).
The amount of evidence and confidence in the evidence varies between habitats, due to how much they have been studied for carbon, agreement between studies and/or because of the variability within a habitat type.

The full paper (61 pages) is available to SAC members on request. To illustrate, the Summary Table is given in Annex 1 and an extract for Hedgerows in Annex 2. 

10. For marine and coastal habitats, NatureScot recently published a review of blue carbon evidence NatureScot Research Report 1326. Estimated values for carbon sequestration and storage were compiled from the available literature, however evidence gaps were found to remain that need to be filled to improve our understanding of the variability within and between different blue carbon habitats. Some of these values are also found in the short summary of the Key Facts. A new framework exists for the blue carbon community at a UK level, under the recently established UK Blue Carbon Evidence Partnership. This will facilitate a coordinated and collaborative approach across the UK administrations to mobilise new research to meet the evidence gaps required to support policies for effective management and protection of blue carbon habitats.

11. While the review of evidence for coastal and marine is compiled in a Commissioned Report, for terrestrial we only have the Key Carbon Facts document, which is being reviewed and added to regularly by members of the Climate Technical Team. At present, the Climate Technical Team are also the main user of the Key Carbon Facts, as requests for information tend to go to us directly (rather than people reading the Key Facts). Through NatureScot Adapts and the associated Communications Plan, capacity and skills development, we are working to increase the visibility of the Key Facts to the organisation.

12. Because we also received internal requests for quantitative information on carbon stores for the whole of Scotland, we have another document (Key Carbon Facts - Scotland - Total figures for carbon stores and sequestration country level)[footnoteRef:10], which provides this information for a range of habitats, where available. We largely rely on annual GHG Statistics, reports that informed the development of the GHG inventory and a few additional sources, largely grey literature.  [10:  This document is not critical for this paper – but copies are available to SAC members on request.] 


13. Our ask to the Scientific Advisory Committee is concerned with the former document (Key Carbon Facts per hectare) and for terrestrial habitats.

Approach to review of evidence - method
Evidence for habitats per hectare (terrestrial)
14. In the development of this product, we did not seek to carry out a systematic literature review at any point due to limited internal capacity. We recognise that this would have been the best approach, although raising questions about cost-effectiveness and we settled for a ’good enough’ review.

15. The evidence used consists of:
· Up to 2021 – We have been using the Natural England’s report Carbon and Sequestration by Habitats. This work was not a systematic review either, but it is the only review of carbon and habitats for the UK and England available. This report includes detailed estimates of carbon stores and carbon sequestration. We extracted the evidence that seems most relevant to the Scottish context and if not available, we made reference to evidence from other geographical areas.
· From 2021 onwards – In 2023 we decided to make a review of peer reviewed literature published since 2021, which will be finalised in 2024. The intention is to repeat this annually. 

16. The objective of the review is to identify estimates and key facts to use in the organisation’s work to promote nature-based solutions for climate change mitigation. The review involves the following steps:
· Search through Scopus – typical searches include (from 2021) the habitat name AND ‘carbon’ in the Article title, Abstract and Keywords. Other search terms after the habitat name are ‘climate’, ‘greenhouse’, ‘GHG’ to capture other greenhouse gases. This has been done for most habitats but remains to be completed for freshwater and cultivated land. Methane and/or nitrous oxide are particularly important to consider in wetlands including peatlands, freshwater habitats, and cultivated land.
· Journal articles from boreal/permafrost, Mediterranean, arid and tropical regions, NE Asia are eliminated. Articles from studies in Central Europe and North America are usually not considered, though we check title and abstract, and state/province in North America; we ordered a few on occasion for context but did not make use of the estimates provided. We focus on articles from studies located in Western Europe, Southern Scandinavia and the Baltic states (peatlands for the latter).
· Review of the articles – we are focusing on finding estimates of carbon stores and carbon sequestration/GHG fluxes. Therefore, the review is fairly short though we try to provide some context and limited discussion for the estimates, as well as caveats as identified in the papers. This also enables us to identify key messages.
· In the short summary table in the Key Facts documents, we identify the best estimates, prioritising relevance to Scottish context, sometimes calculating estimates from widely accepted calculation tools (such as the Woodland Carbon Code). We specify the level of confidence in the evidence, based on our own judgement, considering agreement over the evidence and climatic relevance. 

Uses, Opportunities and Limitations
17. The review helps identify estimates and key messages, which staff can use for their own purposes. Requests tend to come from Senior Leadership Team, though other staff make use of the review such as recently for the Landscape Natural Capital Tool. This resource also enables us to track the origin of any statements we may make on carbon and habitats, so that we can always back up our key messages or be able to have an informed conversation if challenged on the use of estimates.

18. There might be a reputational risk if NatureScot staff, in particular SLT, quote estimates that end up being vigorously challenged by externals. While this has not happened so far, there is a small risk, because:
· The reviews are not formal systematic reviews. We try to reduce reputational risk by indicating the level of confidence for estimates, or not provide estimates in the short summary table. We believe our approach is good value for money.
· It is sometimes difficult to follow the methodologies used in research papers, especially for modelled results where we are not well positioned to critique the model, the use of unfamiliar equations (e.g. water column methanotrophy), or choice of sampling preparation protocols. While we may still use the findings in these papers, we appreciate the limitations. 
Where the uncertainties, either in our approach or the studies themselves, are important for policy and practice, we advocate ‘action learning’ to test and refine interventions.

19. A number of remaining questions have also arisen in doing the work:
· Three greenhouse gases can be emitted from habitats i.e. carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O). The majority of papers are concerned with carbon/carbon dioxide only, though those in wetlands and freshwater will more often (but not always) also look at other gases. This means that some estimates are expressed in CO2 equivalent (CO2e) while others are CO2, or occasionally CH4, or N2O only[footnoteRef:11]. We aim to be clear in the metric unit which one it is. However, this makes comparison difficult when some estimates are in CO2e including all 3 gases and others are in CO2. [11:  Values for the non-carbon dioxide (CO2) GHGs, methane (CH4) and nitrous oxide (N2O), are presented as CO2 equivalents (CO2e), using Global Warming Potential (GWP) factors from the Intergovernmental Panel on Climate Change (IPCC)’s fifth assessment report (IPCC, 2014)(GWP for CH4 = 28, GWP for N2O = 265). Emissions are then presented in CO2e including carbon dioxide (CO2).] 

· We use the GHG inventory Emission Factors[footnoteRef:12] for peatlands and the Woodland Carbon Code for woodlands (which is derived from the forestry carbon model CARBINE) for the short summary of estimates. For the more detailed review we also used journal articles. For all other habitats, we used journal articles because the emission factors are either not available or are not satisfactory for our purpose (i.e. they are not suitable for semi-natural habitats such as different types of grasslands).  [12:  An emission factor is a representative value that shows the rate at which an activity (or land use) emits GHG emissions, and is expressed in CO2 equivalent or CO2e per hectare and per year. For example, peat soil with different land covers will have different emissions factors. Emission factors are routinely used in carbon accounting.] 

· Where Scottish relevant climatic representation is lacking, we provide some estimates in the short summary based on just a couple of studies because they are climatically relevant, for example from the Northwest of England for hedgerows. 
· These decisions are based on our own judgment and have not been critically assessed. 

Conclusions
20. The Key Facts is a useful document, enabling rapid and evidence-based responses to requests for information on carbon and habitats/nature-based solutions – but with some caution given the approach and lack of more rigorous, but costly, systematic review and meta-analysis.

21. We would value the SAC’s views on the approach followed including any concern and suggestion to improve quality of the review, within the staff and resource limitations outlined.

Contact:	Cécile Smith cecile.smith@nature.scot 


Annex 1
Key Carbon Facts - Per hectare – carbon stores (/ha) and sequestration (/ha) per habitat - Summary, Review and Detailed Tables
Summary Table – Carbon Stores & Carbon Sequestration Per Habitat

	Habitat
	Carbon store (tonnes/ha)
	Net GHG flux (tonnes CO2e/ha/year) or Carbon sequestration rate (tonnes CO2/ha/year)
(-) sequestration) / (+) emissions


	PEATLANDS

	Peatlands
	About 500 tC/ha on average for 1m soil depth
Note peat soil can be several metres deep
	Pristine peatland: +0.01 CO2e/ha/year for pristine habitat
Degraded peatland: up to +40 t/CO2e/ha/year 

	Comment on peatlands’values: carbon store numbers are based on the National Soil Inventory of Scotland (2007-2009) for which a repeat a few years later did not suggests a change in stores (as a result we consider confidence medium);  carbon sequestration rates/net GHG emissions come from evidence that informed the GHG inventory. We consider the confidence level is medium due to the inclusion of peatlands in the GHG Inventory. There is however large spatial variability across sites.

	UPLAND HEATH

	Wet heath (upland)
	About 300 tC/ha on average for 1 m soil depth

	Lack of evidence

	Dry heath (upland)
	About 200 tC/ha on average for 1 m depth
	Lack of evidence

	Comment on upland heaths’ values: carbon store numbers are based on the National Soil Inventory of Scotland and we consider the confidence to be low-medium as there is large heterogeneity in soil type x habitat in the uplands. Evidence on carbon sequestration/GHG emissions is insufficient.

	WOODLANDS

	Broadleaved woodlands
	Up to 500 tC/ha for a 100 year woodland (soil + vegetation) on organo-mineral soils
(soil depth: 1 m)
(Note: scrub in mountain areas may store up to 30 tC/ha in the vegetation and could likely contribute to carbon sequestration)
	On organo-mineral soils
Natural regeneration
-4 tCO2e/ha/year over 25 years
-0.4 tCO2e/ha/year over 10 years
Planting
-8 to -4 tCO2e/ha/year over 25 years
+1 to +10 tCO2e/ha/year over 10 years
Depending on cultivation technique
(soil depth: 1 m)

	Comment on woodlands’ values: these values are based on the methodology in the Woodland Carbon Code, which is based on the CARBINE model which is used for the UK GHG inventory so the confidence is medium in theory. These values can vary further than is allowed in the model, depending on how open the woodland canopy is and the amount of understorey vegetation. This model is not optimal for native woodlands not grown for timber/pulp, hence we consider the confidence to be low-medium. Confidence in the scrub value is low as there has been limited work.


	HEDGEROWS

	Hedgerows
	140 tC/ha (young hedges before trimming)
210 tC/ha (~40 years old hedges)
(soil depth: 50 cm)
(Note: the latter figure could be higher with reduced frequency in trimming of vegetation, which is typically every year)
	In km/year
-1 tCO2/km/year in hedgerows trimmed every year
-3 tCO2/km/year in young hedgerows before trimming (2-4 years)

In hectare/year
-8 tCO2/ha/year in hedgerows trimmed every year
-22 tCO2/ha/year in young hedgerows (before trimming)

(soil depth: 50 cm)

	Comment on hedgerows’ values: there has been a couple of empirical studies in the UK but more studies in temperate regions. Estimates made on a hectare basis assume a full hectare of hedge and are not based on a set hedgerow density within the landscape – the actual value in a field will be lower, hence estimates are also provided in km. We decided to use one recent empirical study undertaken in the NW of England as representing conditions closest to Scotland, and a meta-analysis of hedgerows in temperate climates, as well as a Rapid Evidence Assessment for ClimateXChange. The values in the meta-analysis and Cumbrian study were very similar on carbon sequestration, while the English study showed higher soil carbon stocks. The type of hedgerow management has a strong influence on values, which introduces complexity in terms of understanding the potential sequestration under different design and management intensities. As a result, more studies are needed and we consider the confidence in the evidence available to be low (but growing)

	AGROFORESTRY

	Orchards
	55-145 tC/ha (soil+vegetation) depending on management intensity
(soil depth: 30 cm)
	-0.5 to -5 tCO2/ha/year (soil+vegetation)
(soil depth: unknown)

	Silvo-arable alley cropping (agroforestry)
	240 tC/ha (soil+vegetation) with 56 trees/ha (after 80 years)
(soil depth: 150 cm)
	-3 to -5 tCO2/ha/year (soil+vegetation) for ~60 trees/ha
(soil depth: 50 cm)

	Silvo-pastoral (agroforestry)
	175 tC/ha (soil+vegetation) with 400 trees/ha )after 40 years) – Scottish figure
(soil depth: 45 cm)
	-5 tCO2/ha/year (soil+vegetation)(circa 400 trees/ha)
(soil depth: 45 cm)
Note: tree density is too high for silvo-pastoral systems so would be less in practice

	Shelterbelts
	70 tC/ha (soil+vegetation) (beech)
(soil depth: 1 m)
	-6 tCO2/ha/year (soil+vegetation)
(soil depth: 1m)

	Comment on agroforestry values: there are few empirical and modelling studies of agroforestry systems in temperate environments and even less evidence in Scotland. Besides the limited evidence, there are varied agroforestry systems with very different tree densities, resulting in substantially different carbon sequestration rates per hectare. Location (soil, temperature etc) will also affect sequestration. Hence it is difficult to make comparisons between estimates. For shelterbelts, estimates made on a hectare basis assume a full hectare of shelterbelt and are not based on a set shelterbelt density within the landscape – therefore the actual value in a 1-ha field will be lower. There is hardly any agroforestry in Scotland other than ancient wood pasture and hedgerows (see above). A few farmers have however implemented new agroforestry on their farms. We consider the confidence in the evidence to be low.

	SEMI-NATURAL GRASSLANDS

	Molinia grassland (upland)
	About 240 tC/ha on average for 1 m soil depth
	Lack of evidence

	Other upland grassland with Molinia
	About 340 tC/ha on average for 1 m soil depth
	Lack of evidence

	Comment upland acid grasslands’ values: carbon store numbers are based on the National Soil Inventory of Scotland. We consider the confidence in the evidence on carbon stores to be low-medium as there is large heterogeneity in soil type x habitat in the uplands. Evidence on carbon sequestration/GHG emissions is insufficient.

	Neutral grassland
	73.9 tC/ha for 15 cm soil depth
	Lack of evidence

	Calcareous grassland
	Lack of evidence
	Lack of evidence

	Comment on neutral and calcareous grasslands ‘values: carbon stock for neutral grassland is based on the Countryside Survey 2007, and based on previous surveys, carbon stocks do not seem to change much, so the confidence is medium. Note the value is for soil at 15 cm depth, unlike acid grassland values above which are for 1 m depth. Not enough sampling of calcareous grassland for measuring carbon storage has been undertaken. Grasslands are an agricultural land use and the impact of various types of management on carbon in semi-natural grasslands is poorly understood. 

	FRESHWATER 

	Rivers
	-
	-

	Streams draining peatlands
	-
	-

	Peatland pools
	-
	-

	Freshwater lochs
	-
	-

	Floodplains
	320 in upland floodplains on average
	-

	Comment on freshwater’ values: freshwater play an important role in the carbon cycle by emitting methane, carbon dioxide, storing carbon and transporting carbon. However the evidence is rather patchy and due to the complexity of the processes, variability, it is difficult to provide conclusive estimates with some exceptions. We consider the confidence in the evidence to be low.

	COASTAL AND MARINE [ and see detailed tables for estimates]

	Habitat
	Carbon store 
(tonnes C/ha)
	Carbon sequestration rate 
(-) sequestration) / (+) emissions
Tonnes CO2/ha/year
(g C m-2 yr-1)

	Saltmarsh
	63.1 (± 15.6) 

(average for top 0.1 m of Scottish saltmarsh soils; OC density increased with depth due to soil compaction)
	-4.16 
(-113.3 ± 17.9)

Average Scottish OC accumulation rate.
Net balance of sequestration vs emissions (CO2/CH4) unknown.

	Seagrass
	110

(Scottish average for 1 m depth; study extrapolated from top 0.5 m core samples)
	-2.5
(-67.91)

Low confidence. Based on six intertidal seagrass meadows within the Solent, southern England.
Net balance of sequestration vs emissions unknown.


	Kelp
	~2 – 9.76

Note that kelp carbon is only stored (relatively short-term) within its biomass. Range of values is based on studies from Scottish sites, based on L. hyperborea and L. digitata at shallow depths.
	-13.87 
(-378)

This is a Production Rate. No local sequestration occurs (no root system) so a biomass production rate is given – only a small proportion of this will become buried in seabed sediments. An average from Scottish studies.

	Subtidal sediments
	7.5 (7.8 – 15.03)

Average OC density for top 0.1 m for Scottish seabed regions calculated using total OC stock and total extent (for 0.1 m depth). Higher densities closer to shore.
	Lack of evidence

	Fjord sediments
	15.03

Average OC density for top 0.1 m – fjords are enriched with OC compared to other subtidal sediments.
	-2.09
(-57.1 ± 10.9)

Based on Scottish fjords; rates are likely to be higher within fjord systems relative to the shelf.)

	Sand dunes
	7.17 – 63.7 

(soils, top 0.15 m)
Range estimates for soils in mobile dunes (7.17), fixed dunes (33.29) and dune slacks (63.7).
	-2.13
(-60)

Low confidence, based on samples from North Wales.
Net balance of sequestration vs emissions unknown.

	Machair
	35.02

Carbon from biomass and soil down to 0.15 m, using eight soil samples from six machair sites in the Outer Hebrides.
	-1.3
(-34.9 (± 15.7))

Low confidence due to lack of evidence – Based on small sample sizes, using the ratio of soil carbon measurements and ecological similarities to sand dune grasslands instead.
Net balance of sequestration vs emissions unknown.

	Comment on coastal and marine habitat values: the carbon stored in the coastal and marine environment is known as blue carbon. The IPCC definition is “All biologically-driven carbon fluxes and storage in marine systems that are amenable to management can be considered as blue carbon.” Within Scotland that means, saltmarsh and seagrass. Vegetates sand dunes, including machair may also be included, however there are very limited data for carbon values within these habitats. Other habitats that are potentially amenable to management but do not have the evidence base to support this yet, include kelp and subtidal sediments. Finally, there are habitats within the marine environment that can be considered as supporting blue carbon habitats, for instance the calcifying aggregations such as maerl, serpulid reef, and native oysters. While the process of calcification produces CO2, these 3D structures can support enhanced deposition of OC in underlying sediments. They also support high levels of biodiversity. This is an emerging area of science, and the evidence base is quickly evolving and values change fairly regularly. Various initiatives, including the Scottish and UK Blue Carbon Forums and the UK Blue Carbon Evidence Partnership exist to improve the evidence base and provide a coordinated and standardised approach to blue carbon evidence. Carbon stores are generally highest within the sediments of blue carbon habitats with stocks usually reported to 0.1 m depths. Scottish subtidal sediments provide the largest stores of OC on account of their sheer; it is not clear if or how disturbance of surface sediments contributes to loss of carbon. There are very few data on OC burial rates within subtidal sediments, beyond the Scottish fjords. Please see the NatureScot literature review for further information.

To convert t CO2e/ha/yr to g C m-2 yr-1 – Multiply t CO2e value * 100 and divide the result by 3.67)
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Annex 2
Key Carbon Facts - Per hectare – carbon stores (/ha) and sequestration (/ha) per habitat - Summary, Review and Detailed Tables
[bookmark: _Toc158221733]Detailed Tables – Carbon Stores (C/ha) and Carbon Sequestration (CO2/ha/year)
Hedgerows example
References are provided at the end of the tables. Hyperlinks in headings take you to the review of evidence.

	Habitat
	Carbon store per hectare (tC/ha)
	Net GHG flux (tCO2e/ha/year) or Carbon sequestration rate (tCO2/ha/year)
(-) sequestration) / (+) emissions
Marine only: to convert g/m2 to t/ha, divide by 100
	Confidence
	Comments
	Evidence 

	[bookmark: _Toc158221737][bookmark: Annex2HedgerowsTable]HEDGEROWS

	Hedgerows
	Above ground vegetation
42 tC/ha for hedges trimmed after 3 years with ~3 m width and 3.5 m height
~25 tC/ha for hedges trimmed again after 1 year with 0.5- width +


8.34 tC/ha (young hedges 3-6 years)
33.41 tC/ha (39 years old hedges)x

Soil
43-166 tC/ha depending on various factors including whether earth mound + *

130.8 tC/ha (2-4 years hedges at 50 cm)
175.3 tC/ha (37 years old hedges at 50 cm)xx
	Total soil and vegetation
7.7 tCO2/ha/year to 19.1 tCO2/ha/year on average for 50 and 20 years old hedges**

Above ground vegetation
-7.7 tCO2/ha/year in young hedges (3-6 yrs) 
Reducing to -3.1 tCO2/ha/year once there is regular trimming x  or even hover around zero ++


Soil

 -2.3 tCO2/ha/year (soil 70 yrs old hedgerows) (40cm)+++ 


-13.6 tCO2/ha/yr in 2-4 yrs hedgerows
-5.4 tCO2/ha/yr (soil) in 40years old hedgerows (50 cm)xx
	Low 








	There is uncertainty over the specific figures; with few empiric studies in the UK (research used from in England , Ireland, Northern France, Belgium and Germany)
. Modelling has also been carried out using models for woodlands or energy crops and adapted for hedgerows

A key message from all research is that the C sequestration rate will depend on the intensity of trimming. Hedgerows cut every few years, which are allowed to be taller and wider, will store and sequester more carbon in biomass. SOC will be more stable but regular trimming may favour root growth.


Empirical study in Crossland was undertaken in a livestock farm in the South of England. The higher sequestration figure is unlikely in on a working farm, furthermore in Scotland where the growth rate should be slower.



Biffi et al and Black et al ‘s work used destructive biomass sampling, was undertaken in the intensive grasslands in Cumbria and Ireland with typically managed hedges so is possibly the best reference to use for us. The only other empirical study referred to in Gregg et al, which is Axe et al (2017) was undertaken in Gloucestershire 
Note: to convert ha to km x0.15 assuming width = 1.5 m
	Gregg et al (2021) (pp36-40)+ 

Black et al (2023)++

Wenzel et al (2023)+++

Crossland (2015) p29*

Drexler et al (2021)**
Biffi et al (2023)x

Biffi et al (2022)xx























Hedgerows
· To date, few studies have undertaken direct biomass measurements to quantify hedgerow C in temperate climates. Some studies used destructive sampling while others used allometric equations. However for the latter accuracy depends on appropriate coefficients for the site and species, and it seems that no such adapted functions for hedgerows are available in the temperate climate zone[footnoteRef:13]. [13:  Mayer, S, Wiesmeier, M, Sakamoto, E, Hübner, R, Cardinael, R, Kühnel, A, Kögel-Knabner, I (2022) Soil organic carbon sequestration in temperate agroforestry systems – A meta-analysis, Agriculture, Ecosystems & Environment, Volume 323.] 

· Additional research on the topic has relied on models, based on data from alternative 
sources such as woodlands and agricultural sites. While information is available on C sequestration and C stores, there is a clear gap in evidence regarding other greenhouse gases[footnoteRef:14][footnoteRef:15]. There are differences in growth dynamics and carbon storage of hedgerow-grown trees compared to forest-grown trees. Trees grow in narrow strips where they receive more light than in woodlands, are more exposed to the wind resulting in increased branch production, wider and deeper rooting. The microclimate in hedgerows is warmer and drier during the growing season compared to a forest[footnoteRef:16]. Introducing trees and shrubs on agricultural land may increase the overall above- and belowground carbon input into the soil by pruning residues, litterfall, root turnover and rhizodeposition, mostly within the sphere of influence of woody components[footnoteRef:17].  [14:  Baggeley et al (2022) Understanding carbon sequestration from nature-based solutions, ClimateXChange, Edinburgh.]  [15:  Comparison are valid between hedgerows with similar management system as the ratios can also change with the intensity of trimming.]  [16:  Van der Berge S et al (2021) Biomass increment and carbon sequestration in hedgerow-grown trees, Dendrochronologia, Vol 70]  [17:  Mayer, S, Wiesmeier, M, Sakamoto, E, Hübner, R, Cardinael, R, Kühnel, A, Kögel-Knabner, I (2022) Soil organic carbon sequestration in temperate agroforestry systems – A meta-analysis, Agriculture, Ecosystems & Environment, Volume 323.] 

· All studies below are on hedgerows on mineral soils where specified or assumed to be so. They do not all consider all components of carbon stores. Estimates made on a hectare basis assume a full hectare of hedge and are not based on a set hedgerow density within the landscape – therefore the actual value in a field will be lower; estimates can also be reported in kilometres.
· Hedgerow carbon stock estimates in the literature were found to vary with hedge height, width management, structure and hedgerow species. Values range from 25 to 42 tC/ha in vegetation and 43-166 in the soil[footnoteRef:18][footnoteRef:19]. A meta-analysis of studies on carbon stores in hedgerows in temperate climates (which excludes studies relying on allometric equations and remote sensing) suggests an average of 92 (40) tC/ha (soil+vegetation)[footnoteRef:20].  [18:  Gregg, R, Elias, J, Alonso, I, Crosher, I, Muto, P and Morecroft, M (2021) Carbon storage and sequestration by habitat: a review of the evidence (second edition) Natural England Research Report NERR094, Natural England, York.]  [19:  Crossland, M, 2015. The carbon sequestration potential of hedges managed for woodfuel. The Organic Research Centre.]  [20:  Drexler, S., Gensior, A., & Don, A. (2021). Carbon sequestration in hedgerow biomass and soil in the temperate climate zone. Regional Environmental Change, 21(3)] 

· A study in Cumbria in intensive grasslands across dairy farms showed above ground carbon stocks ranging from 8.34 (3.12-13.57) tC/ha to 33.4 (19.31-47.51) tC/ha depending on the age up to 33 years. Hedgerows being linear features, it is also possible to express these figures per kilometre which would come to 1.25 to 5tC/km in this study (based on 1.5 m width)[footnoteRef:21].  [21:  Biffi, S, Chapman, P, Grayson, R, Ziv, G (2023) Planting hedgerows: biomass carbon sequestration and contribution towards net zero targets, Science of the Total Environment, Vol 892.] 

· In hedgerows and tree rows, all trees are ‘overstorey’ trees and individual competition between trees will not result in a decrease in productivity, as light is never scarce. The conditions in hedgerows encourage persistent tree growth i.e. growth does not stagnate with the aging of the trees[footnoteRef:22]. Biomass stocks seem higher in irregular hedges (trimming every 4-5 years) due to an increased hedgerow width, suggesting that the biomass accumulation potential is higher in irregular shapes hedges. Comparison of two 50+ years old hedges in Ireland showed carbon stock in above ground biomass in irregular hedges being around double regular ones[footnoteRef:23].  [22:  Van der Berge, S, Vangansbeke, P, Baeten, L, Vanhellemont, M, Vanneste, T, De Mil, T, Van den Bulcke, J, and Verheyen, K (2021) Biomass increment and carbon sequestration in hedgerow-grown trees, Dendrochronologia, Volume 70.]  [23:  Black, K et al (2023) Biomass carbon stocks and stock changes in managed hedgerows, Science of the Total Environment, Vol 871. See table 1 and 2] 

· Compared to increasing the hedge height, a study in England showed that widening hedges was more efficacious at sequestering carbon into above ground biomass than increasing the height i.e increasing width by 1.6 m resulted in additional 7.5 tC/km compared with 4.2 tC/km for 1.6 m taller[footnoteRef:24]. Another study in England showed that if untrimmed for 3 years hedges could store up to 42 (±3.78)tC/ha in their above ground biomass. It also showed that a 4.2 m wide hedge contained 30 tC/ha more above ground biomass carbon stock than a 2.6 m wide hedge (mean height 3.5 m)[footnoteRef:25]. This suggests that the current classic ‘box hedge’ shape found in Scotland, which is due to overtrimming is not optimal for carbon storage, besides offering a poor quality habitat for biodiversity. As nature-based solutions, hedgerows should be trimmed no more than every three years to maximise these benefits.  [24:  Axe, M. (2018.) Hedgerow agroforestry in England and Wales: increasing width to sequester additional carbon. European Agroforestry Conference-Agroforestry as Sustainable Land Use, 4th. EURAF.]  [25:  Axe, M, Grange, I and Conway, J (2017) Carbon storage in hedge biomass- case study of actively managed hedges in England, Agric. Environ, Vol 250. And see summary for figure and ha/km ratio] 

· More than 80% of the additional C stocks of hedgerows, compared with cropland, is found in the biomass[footnoteRef:26]. However, in addition to sequestering carbon within their biomass, hedgerows can increase sequestration of carbon in the surrounding soils. This outcome is a combined function of deeper rooting systems than surrounding vegetation, and by the addition of falling leaves, deadwood and other organic matter which enriches the soils beneath it[footnoteRef:27]. The addition of trees placed periodically within a hedgerow will increase sequestration rates further[footnoteRef:28]. [26:  Drexler, S., Gensior, A., & Don, A. (2021). Carbon sequestration in hedgerow biomass and soil in the temperate climate zone. Regional Environmental Change, 21(3)]  [27:  Gregg, R,  Elias, J, Alonso, I, Crosher, I, Muto, P and Morecroft, M (2021) Carbon storage and sequestration by habitat: a review of the evidence (second edition) Natural England Research Report NERR094, Natural England, York.]  [28:  Warner et al (2011) estimated the potential increase in sequestration to be 1.6 tCO2e ha-1 (0.432 t C) if assuming 2 trees per 100 metres of hedge (Warner, D., Tzilivakis, J., Lewis, K. (2011) A revisit to previous research into the current and potential climate change mitigation effects of environmental stewardship (BD5007). Agriculture and Environment Research Unit, Hertfordshire, pp. 1-72)
In Baggeley et al (2022) Understanding carbon sequestration from nature-based solutions, ClimateXChange, Edinburgh https://www.climatexchange.org.uk/research/projects/understanding-carbon-sequestration-from-nature-based-solutions/] 

· A German study that included sampling of above ground and below ground vegetation in old hedgerows (300 years) showed a below ground to above ground carbon stock ratio at 0.7 highlighting the importance of below ground biomass. Combined with a higher stump biomass due to coppicing, this means that the carbon stocks held in hedgerows could be higher than otherwise thought[footnoteRef:29]. Another study of hedgerows in the South of England, untrimmed for 3 years, showed below ground biomass carbon stocks to be about half of above ground biomass’[footnoteRef:30]. Studies of carbon stocks in below ground vegetation are otherwise limited and the Irish study shows a lower ratio ranging from 0.2 to 0.7[footnoteRef:31], suggesting a dependency on the type of management and most likely other factors such as soil type. Default estimates for root:shoot ratio in perennial woody vegetation recommended by IPCC (2006)[footnoteRef:32] is 0.26 in temperate regions[footnoteRef:33]. [29:  Drexler, S, Thiessen, E and Don, A (2023) Carbon storage in old hedgerows: The importance of below-ground biomass, GCB Bioenergy Vol, 16 (1).]  [30:  Axe, M, Grange, I and Conway, J (2017) Carbon storage in hedge biomass- case study of actively managed hedges in England, Agric. Environ, Vol 250. And see summary for figure and ha/km ratio]  [31:  Black, K et al (2023) Biomass carbon stocks and stock changes in managed hedgerows, Science of the Total Environment, Vol 871. ]  [32:  International Planel on Climate Change; IPCC Guidelines on GHG inventories https://www.ipcc.ch/report/2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/]  [33:  Cardinael, R, Umulisa, V, Toudert, A, Olivier, A, Bockel, L and Bernoux, M (2018) Revisiting IPCC Tier 1 coefficients for soil organic and biomass carbon storage in agroforestry systems, Environmental Research Letters, Vol 13 (issue 12).] 

· Few studies have quantified soil carbon stocks beneath woody features in farmland and comparisons among those that have can be difficult to extrapolate from due to differences in hedgerow tree species, structure and management, climatic conditions, soil type and sampling depth. Overall evidence suggests that soil carbon stocks under hedges are larger than those in adjacent arable fields[footnoteRef:34]. A review suggests that the establishment of hedgerows compared with grassland may not have a statistically significant effect on soil carbon stocks[footnoteRef:35] but with considerable heterogeneity between studies[footnoteRef:36]. Some studies suggest greater soil carbon accumulation in field margins with a hedge and grass strip than with a hedge alone though again more research is needed[footnoteRef:37]. [34:  Biffi, S, Chapman, P, Grayson, R, Ziv, G (2022) Soil carbon sequestration potential of planting hedgerows in agricultural landscapes, Journal of Environmental Management, Vol 307.]  [35:  Note it is not clear from the study what ‘grasslands’ this refers to i.e. permanent, improved rotational grassland?]  [36:  Drexler, S., Gensior, A., & Don, A. (2021). Carbon sequestration in hedgerow biomass and soil in the temperate climate zone. Regional Environmental Change, 21(3)]  [37:  Lesaint, L et al (2023) Influence of soil properties and land use on organic carbon storage in agricultural soils near hedges, Soil Use Management, Vol 39.] 

· Research in Western Belgium showed soil carbon stocks in the hedgerow margins to be significantly higher (28.6 ± 10.1tC/km) compared with ‘ghost hedgerows’ i.e. where removed in the past (20.3 ± 4.9 tC/km)[footnoteRef:38]. A study in NW France with old hedgerows and younger hedgerows showed that soil carbon stocks accumulate mainly in the first 30 cm and laterally within 1 m of each side of the hedge. Hedges’ influence on soil carbon concentrations and stocks extended at least 1 m at 0-60 cm depth and up to 3 m at 60-90 cm depth. Soil carbon stocks were higher in old hedgerows than in young ones, but there will be as much variability in soil carbon stocks between sites[footnoteRef:39]. In a study in Cumbria across dairy farms, soil carbon stores ranged from 130.8 (98.7-163) tC/ha (young hedges) to 175.3 (148.7-201.8) tC/ha (37 year old hedges) – and were similar to carbon stocks in grassland[footnoteRef:40]. All the soils in the studies referred above are mineral soils. [38:  Van Den Berge, S., Vangansbeke, P., Baeten, L., Vanneste, T., Vos, F., Verheyen, K. ( 2021) Soil carbon of hedgerows and ‘ghost’ hedgerows, Agroforestry Systems, Vol 95.]  [39:  Viaud, V, Kunnemann T (2021) Additional soil organic carbon stocks in hedgerows in crop-livestock areas of Western France, Agriculture, Ecosystems and Environment, Vol 305.]  [40:  My comment looking at grassland values in Scotland] 

· It was also found that soil type had a significant effect on soil carbon stocks e.g. stocks were significantly higher in stagnosols than cambisols[footnoteRef:41]. The Belgian study, which looked at ‘ghost’ hedgerows, showed that the removal of established hedgerows results in the rapid loss of their associated soil carbon stocks in arable fields. Leaves, seeds, fruits, tree fine roots, pruning residues and the herbaceous vegetation growing in the hedgerows contribute to a higher input of organic carbon to the soil compared to a treeless field margin. This means that the historic removal of hedgerows over the last few decades have resulted in larges losses of soil carbon from agricultural landscapes, particularly in arable areas. Consequently, it is as important to protect existing hedgerows as to plant new ones[footnoteRef:42].  [41:  Biffi, S, Chapman, P, Grayson, R, Ziv, G (2023) Planting hedgerows: biomass carbon sequestration and contribution towards net zero targets, Science of the Total Environment, Vol 892.]  [42:  Biffi, S, Chapman, P, Grayson, R, Ziv, G (2022) Soil carbon sequestration potential of planting hedgerows in agricultural landscapes, Journal of Environmental Management, Vol 307.] 

· A meta-analysis across 83 sites in temperate zones concluded that total C sequestration with the establishment of hedgerows on cropland could be between 7.7 and 19.1 tCO2/ha/year for a period of 50 and 20 years, respectively[footnoteRef:43].  [43:  Drexler, S., Gensior, A. & Don, A. (2021) Carbon sequestration in hedgerow biomass and soil in the temperate climate zone, Regional Environmental Change, Vol 21 (issue 74).] 

· Regular trimming has an impact on net biomass carbon sequestration, and hedges trimmed every year will have reduced average biomass carbon sequestration rates. Sequestration rate in above ground biomass across dairy farms in Cumbria was highest in young hedges <6 years (7.65 (2.86–12.45) tCO2/ha/year with no trimming). It then decreased as hedges grew at 6.7 (2.76–10.64) tCO2/ha/year for <12 years; and reached maturity being regularly trimmed (3.14 (1.82–4.47) tCO2/ha/year or 60% lower) i.e. 1-2 years. In managed hedges, sequestration will oscillate between minimal levels in regularly trimmed hedges and maximum levels during periods of fast growth following laying or coppicing [footnoteRef:44]. [44:  Biffi, S Chapman, P, Grayson, P, Ziv, G (2023) Planting hedgerows: biomass carbon sequestration and contribution towards net zero targets, Science of the Total Environment, Vol 892.] 

· There can be high variability in soil carbon sequestration rates potential between sites. Soil carbon accumulation is highest in young hedgerows and continue for decades though the sequestration rate diminishes. In the Cumbrian study, soil carbon sequestration rates (0-50 cm) ranged from 13.71 (-7.63–34.9) tCO2/ha/year (2-4 years taking into account initial disturbance of the soil) to 5.43 (2.72–8.15) tCO2/ha/year (37 years old)[footnoteRef:45] – which, combined with the biomass carbon stock values, is not dissimilar to the values found in the meta-analysis by Drexler et al (2021) – see footnote 71. A large French review for the government proposed a soil carbon sequestration rate of 2.75 tCO2/ha/year for 26 years old hedgerows (30 cm depth), hence less than the 4 tCO2/ha/year found in the Cumbrian study at 30 cm depth[footnoteRef:46]. The mean carbon sequestration rates of hedgerows planted on cropland will be higher than on grassland due to the higher soil carbon gains in the former compared with the baseline[footnoteRef:47]. [45:  Biffi, S, Chapman, P, Grayson, R, Ziv, G (2022) Soil carbon sequestration potential of planting hedgerows in agricultural landscapes, Journal of Environmental Management, Vol 307.]  [46:  Pellerin, S and Bamière, L, et al (2020) Stocker du carbone dans les sols français, Quel potentiel au regard de l’objectif 4 pour 1000 et à quel coût ? Rapport scientifique de l'étude, INRA (France), 540 p.]  [47:  Burgess, P and Graves, A (2022) The Potential Contribution of Agroforestry to Net Zero Objectives - Report for the Woodland Trust, Cranfield University.] 
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