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Introduction

The need for change in the food system is clear, yet the path forward must balance environmental restoration with the
practical realities of farm economics and food production. The circular practices outlined in this document are some of
the promising approaches that demonstrate potential for delivering co-benefits across multiple sustainability criteria, as
outlined in Part 1 (Multifunctional Metrics: Rethinking sustainability in food systems). Crop-livestock integration,
agroforestry, and low-input livestock systems on diverse swards offer the opportunity to increase circularity at the farm
level, enhancing ecological resilience, storing carbon, supporting biodiversity, and creating farm enterprises that are
more adaptable to the impacts of anthropogenic climate change.

These practices are evaluated through a framework that considers farm economics, climate change adaptation and
mitigation potential, biodiversity impact, and circular economy principles. Each practice is assessed for their
environmental credentials, but also for their capacity to contribute to viable, regenerative farming systems that can
support both rural livelihoods and the broader public need for resilient and sustainable food production.

While not the only path to a resilient and sustainable food future, circular and low-input practices are currently
underemphasized in both policy and research. Given the resulting lack of investment in their development and
adoption, it is crucial that these practices receive greater attention. Food system policy must better recognise and
embed the relationship between effective ecosystem functioning and food system resilience!?. Business as usual
approaches only entrench existing vulnerabilities, inequalities, and harmful impacts.

The transition to more sustainable and equitable food systems requires coordinated action that cuts across
departmental and disciplinary silos. It requires a reorientation that centres the kinds of public goods our food system is
capable of delivering; one in which equity, biodiversity, and resilience are foundational, rather than optional add-ons.
This requires new ways of evaluating impact, and a shift in mindset. It requires diversification at multiple scales;
including at the farm level, but also in terms of supply chains, and the kinds of foods we eat.

! Balvanera, P., Pfisterer, A.B., Buchmann, N., He, J.S., Nakashizuka, T., Raffaelli, D. and Schmid, B. (2006) 'Quantifying the evidence
for biodiversity effects on ecosystem functioning and services', Ecology Letters, 9(10), pp. 1146-1156. Available at:
https:/doi.org/10.1111/}.1461-0248.2006.00963.x (Accessed: 2 April 2025).

2 Diaz, S., Settele, J., Brondizio, E.S., Ngo, H.T., Guéze, M. et al. (2020) Summary for policymakers of the Global Assessment Report on
Biodiversity and Ecosystem Services of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services. Bonn,
Germany: IPBES Secretariat.
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Crop-Livestock Integration

Summary

Agriculture in the UK has become increasingly specialised over the past century, driven by government policy and
support. This has been facilitated in part by the widespread utilisation of synthetic fertilisers which have allowed the
decoupling of livestock from their historic role of cycling fertility in arable systems. While it is not necessarily desirable
nor realistic to advocate for universal reintegration of crop and livestock systems, there is potential for significant
benefits to be delivered through greater adoption of this practice, whether at a farm or regional level. Defra analysis
suggests that arable soils in the UK have lost 40-60% of their organic matter, representing lost fertility, water storage
capacity, and carbon stocks, as well as pollution®. Meanwhile, crops for animal feed account for 80% of nitrogen use in
Europe* and it is estimated that the production of each tonne of nitrogen fertiliser equates to up to 10 tonnes of actual
emissions, if including those associated with production and waste®. Precision fertilisation, and switching to renewables
for fertiliser production therefore carry significant opportunities to help the sector decarbonise. Even so, plant uptake
of fertilisers is limited in many arable areas by poor soil health; in some cases, use efficiency can be as low as 33%,
meaning that 67% of nitrogen applied is lost to the atmosphere as nitrous oxide, or into groundwater®. This waste must
be remedied if productivity and efficiency gains are to be realised, and emissions reduced. The degraded condition of
many arable soils means they carry the greatest capacity for carbon storage, and introducing livestock into crop
rotations can facilitate this by increasing soil organic matter levels. If managed correctly, doing so improves soil health
and structure, water holding capacity, and therefore the overall resilience of cropland’. While avoiding
overconsumption of animal-sourced proteins is crucial to limit greenhouse gas emissions and nutrient losses, livestock
play a key role in future circular food systems, whether on land that is unsuitable or undesirable for crops (due to
productive capacity or greater biodiversity value when intact), or by upcycling waste streams.

Climate Change Adaptation, Mitigation, and Net Zero

Integrated Crop-Livestock Systems refers to the practice of incorporating livestock into some stage of a crop rotation,
such as when grazing cattle in an arable cover crop or grass ley. Integrated crop-livestock systems can address multiple
environmental challenges whilst maintaining productive capacity. Crop-Livestock Integration was one of three
recommendations for climate mitigation in the livestock sector made by the Food and Agriculture Organisation’s (FAO)2.

In Integrated Crop-Livestock Systems, livestock (typically considered the most land and resource intensive form of food
production) have a particular opportunity to not only mitigate harm, but actively contribute to the delivery of multiple
outcomes beyond food production, including nutrient cycling in cropping systems, soil health, and biodiversity. If
managed in line with these goals, livestock can improve soil health through the cycling of nutrients and improving
biological activity and soil structure®. This makes land more able to absorb large quantities of water, increasing resilience
to periods of heavy rainfall, and simultaneously during drought conditions. In addition, more complex landscapes with a
variety of habitats can help stabilise ecosystems and biodiversity over time, particularly in extreme weather
conditions?©.

3 Environment Agency (2019) State of the environment: Soil. Bristol: Environment Agency. Available at:
https://assets.publishing.service.gov.uk/media/5cf4cbaf40fOb63affbbéaa55/State_of the _environment_soil_report.pdf (Accessed: 2
April 2025).

4 Soil Association (2019) Fixing nitrogen: The challenge for organic farming and smallholder farmers. Bristol: Soil Association. Available at:
https:/www.soilassociation.org/media/21286/fixing_nitrogen_soil_association_report.pdf (Accessed: 2 April 2025).

5 Menegat, S., Ledo, A. and Tirado, R., 2022. Greenhouse gas emissions from global production and use of nitrogen synthetic fertilisers in
agriculture. Scientific Reports, 12, p.14490. https://doi.org/10.1038/s41598-022-18773-w

6 Whetton, R.L., Harty, M.A. and Holden, N.M., 2022. Communicating Nitrogen Loss Mechanisms for Improving Nitrogen Use
Efficiency Management, Focused on Global Wheat. Nitrogen, 3(2), pp.213-246. https:/doi.org/10.3390/nitrogen3020016

7 Royal Agricultural Society of England (RASE) (2021) Farm of the future: Journey to net zero. Warwickshire: RASE. Available at:
https:/www.rase.org.uk/content/large/documents/reports/farm_of_the_future-_journey to_net_zero.pdf (Accessed: 2 April 2025).
8 Mottet, A., Teillard, F. & Ozkan, S., 2024. Investing in low-emission and resilient livestock production: the why and how. Nutrient
Cycling in Agroecosystems, 128, pp.387-395. doi:10.1007/s10705-023-10319-4.

? Voisin, R., Horwitz, P., Godrich, S., Sambell, R., Cullerton, K. & Devine, A., 2023. What goes in and what comes out: a scoping review
of regenerative agricultural practices. Agroecology and Sustainable Food Systems, 48(1), pp.124-158.
doi:10.1080/21683565.2023.2270441.

10 Tscharntke, T., Tylianakis, J.M., Rand, T.A., Didham, R.K., Fahrig, L., Batary, P., Bengtsson, J., Clough, Y., Crist, T.O., Dormann, C.F.,
Ewers, R.M,, Friind, J., Holt, R.D., Holzschuh, A., Klein, A.M,, Kleijn, D., Kremen, C., Landis, D.A., Laurance, W., Lindenmayer, D.,
Scherber, C,, Sodhi, N., Steffan-Dewenter, |., Thies, C., van der Putten, W.H. & Westphal, C., 2012. Landscape moderation of
biodiversity patterns and processes - eight hypotheses. Biological Reviews, 87(3), pp.661-685. doi:10.1111/j.1469-
185X.2011.00216.x.
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It is notoriously difficult to model soil carbon storage potential, due to the huge range of variables at play, including soil
types (there are over 700 in the UK!), management practices, and environmental conditions. Regardless, improved soil
health is critical for the stability and resilience of our food system and should be supported!2. UK arable soils are
predicted to have lost between 40 and 60% of their organic carbon, and the wider cost of soil degradation in the UK is
estimated to cost approximately £1.2 billion per year?3. This represents a direct loss in fertility and productive capacity,
as well as diminished food security and resilience, and downstream pollution. However, degraded soils have the
greatest potential for carbon storage, and given the food security risk posed by continuing to deplete our agricultural
soils, it is incumbent on us to use all available techniques to improve soil health.

The integration of livestock into crop rotations can deliver measurable improvements in soil health'#. In comparison to
synthetic fertilisers, livestock manure can not only provide a natural nutritional boost to depleted soils but improve soil
structure and biological functioning, which has benefits for the resilience of agricultural areas to drought and heavy
rainfall'®. Healthy soils are able to absorb greater volumes of water more quickly, and retain water over dry periods?®.
They are also less prone to erosion due to improved soil structure and aggregate stability, and biological functioning?’.
While the application of farmyard manure to arable fields is often considered a proxy for truly integrated systems, the
impacts of this kind of management are not like-for-like. Applying farmyard manure to arable fields represents the
movement of carbon across different parts of the food system, while the addition of growing plants as found in leys in
an arable rotation represents the legitimate transfer of atmospheric carbon into soil carbon stocks'®. Compared to bare
earth, cover crops and leys provide a temperature buffer for the soil in both hot and cold weather, which can extend the
growing season and maintain biological functioning in more extreme temperatures®’.

Circularity

Low-input practices in arable systems can include diversifying crop production, implementing longer rotations including
cover crops, intercropping and crop-livestock integration. These practices can reduce dependence on chemical inputs
such as fertilisers and biocides, helping reduce the build up and resistance of crop pests and diseases?°, with the added
potential for increasing environmental and financial resilience.

1 Cranfield Soil and Agrifood Institute, n.d. Mapping and understanding soil types across England and Wales [online]. Cranfield
University. Available at: https:/www.cranfield.ac.uk/case-studies/national-soil-map

12 O|dfield, E.E., Bradford, M.A. & Wood, S.A., 2019. Global meta-analysis of the relationship between soil organic matter and crop
yields. SOIL, 5, pp.15-32. doi:10.5194/s0il-5-15-2019

13 Defra, 2022. Soil health: a UK-wide discussion. DEFRA Farming Blog, 28 June. Available at:
https:/defrafarming.blog.gov.uk/2022/06/28/soil-health-a-uk-wide-discussion/

14 British Ecological Society (2025) Regenerative Agriculture in the UK: An Ecological Perspective. London: British Ecological Society.
ISBN 978-1-0369-1546-9. Available at: https:/www.britishecologicalsociety.org/wp-content/uploads/2025/04/BES_Regenerative-
agriculture-report_2025.pdf

15 Pahalvi, H.N., Rafiya, L., Rashid, S., Nisar, B. & Kamili, A.N., 2021. Chemical fertilizers and their impact on soil health. In: G.H. Dar,
R.A. Bhat, M.A. Mehmood & K.R. Hakeem, eds. Microbiota and Biofertilizers. Vol. 2. Cham: Springer. Available at:
https://doi.org/10.1007/978-3-030-61010-4_1

16 Kirkegaard, J.A., Moore, A.D. & Bell, LW., 2013. Evolving crop-livestock integration systems that improve farm productivity and
environmental performance in Australia. European Journal of Agronomy [in press] doi:10.1016/51161-0301(13)00054-3

17 Du, X, Jian, J., Du, C. & Stewart, R.D. (2022) ‘Conservation management decreases surface runoff and soil erosion’, International
Soil and Water Conservation Research, 10( [volume pending] ), pp. 188-196. doi: 10.1071/WF20055.

18 L alor, B., Wells, C., FitzPatrick, E. & Holden, N.M., 2018. Major limitations to achieving “4 per 1000” increases in soil organic
carbon in practical agriculture. Global Change Biology, [online], pp. n/a. doi:10.1111/gcb.14066. Available at:
https:/onlinelibrary.wiley.com/doi/full/10.1111/gcb.14066

19 Blanco-Canqui, H. & Ruis, S.J., 2020. Cover crop impacts on soil physical properties: A review. Soil Science Society of America
Journal, 84, pp.1527-1576. doi:10.1002/5aj2.20129.

20 MacLaren, C., Storkey, J., Menegat, A., Metcalfe, H., and Dehnen-Schmutz, K. (2020) 'An ecological future for weed science to
sustain crop production and the environment: A review', Agronomy for Sustainable Development, 40(4), Article 24. Available at:
https://doi.org/10.1007/s13593-020-00631-6 (Accessed: 2 April 2025).
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Integrated crop-livestock systems in particular, carry potential for circularity. In contrast to linear systems that require
the production (and waste) of inputs, integrated crop-livestock systems feature closed nutrient loops, enabling greater
circularity at a farm and regional level?!. Research in a European context emphasises the capacity of integrated systems
to reduce external input dependencies whilst maintaining productivity levels. If well-implemented, livestock manure
application in integrated systems can substantially reduce synthetic fertiliser requirements, with one study finding a
reduction in nitrogen fertiliser requirements of between 50 and 90%22.

Livestock integration valorises crop residues and by-products that would otherwise represent waste, converting these
materials into valuable protein whilst simultaneously cycling nutrients back into cropping systems through manure
deposition?3-24, Crop residues serve multiple functions within integrated systems, such as providing livestock feed,
building soil organic matter, and reducing erosion risk?>. Work by Wageningen found that default livestock (those reared
exclusively on waste-, by-, or co-products, or on cover crops and pasture) was more efficient from a land-use
perspective than animal-free diets, due predominantly to the utilisation of these otherwise unproductive resources?®.
Because they reuse resources internally and rely less on external, fossil fuel-based inputs, integrated crop-livestock
systems display a reduced “Environmental Load” (defined as the proportion of non-renewable energy invested into a
system, compared to its output) due to a reduced need for non-renewable energy?’.

While manure can be applied to arable lands from separate livestock systems, there are added benefits of grazing in
terms of weed and disease reduction and biological functioning?®, as well as “home” benefits of microbes from the
system being recycled back into the same system. Livestock grazing of cover crops and crop residues enhances the
biological processing of organic matter, accelerating nutrient release and improving availability for subsequent crop
growth?’.

Biodiversity

Mixed farming systems have the capability to create greater habitat diversity compared to specialised systems by
increasing landscape and temporal heterogeneity. The combination of cropping areas, grasslands, and transitional zones
provides essential nesting, feeding, and overwintering habitats for numerous species groups, including ground-nesting
birds, beneficial insects, and small mammals, many of which coevolved with these kinds of diverse and low-input
landscapes. The temporal variation introduced through rotational grazing and crop rotations can also enhance habitat
availability across seasonal cycles. Diversity in cover crops has been correlated to increased presence of beneficial
insects that are predatory to crop pests®. Although plant diversity is a major factor influencing pollinator abundance
and diversity, it is not inherently higher in mixed farming systems (which can still be intensively managed); equally,
specialised systems may be managed in ways that support botanical diversity.

21Foo0d, Farming and Countryside Commission, 2021. Farming for Change: Charting a course that works for all. FFCC, 2 November.
Available at: https:/ffcc-uk.files.svdcdn.com/production/assets/downloads/Farming-for-change-charting-a-course-that-works-for-
all.pdf?dm=1652696566

22 Ten Berge, H.F.M,, Pikula, D., Goedhart, PW. & Schréder, J.J., 2016. Apparent nitrogen fertilizer replacement value of grass-clover
leys and of farmyard manure in an arable rotation. Part |: Grass-clover leys. Soil Use and Management, 32(S1), pp.9-19.
doi:10.1111/sum.12246

23 Soussana, J.-F. & Lemaire, G., 2014. Coupling carbon and nitrogen cycles for environmentally sustainable intensification of
grasslands and crop-livestock systems. Agriculture, Ecosystems & Environment, 190, pp.9-17. doi:10.1016/j.agee.2013.10.012.

24 Keller, T., Berli, M., Ruiz, S., Lamandé, M., Arvidsson, J., Schjgnning, P. & Selvadurai, A.P.S., 2014. Transmission of vertical soil stress
under agricultural tyres: Comparing measurements with simulations. Soil & Tillage Research, 140, pp.106-117.
doi:10.1016/j.still.2014.03.001

25 Martin, G., Moraine, M., Ryschawy, J., Magne, M.-A., Asai, M., Sarthou, J.-P., Duru, M. & Therond, O., 2016. Crop-livestock
integration beyond the farm level: a review. Agronomy for Sustainable Development, 36, 53. doi:10.1007/s13593-016-0390-x.

26 yyan Zanten, H.H.E., Herrero, M., Notenbaert, A., & Steinfeld, H., 2018. Defining a land boundary for sustainable livestock
consumption. Global Change Biology, 24(4), pp. 1499-1507. doi:10.1111/gcb.14321.

27 Xing, J.,, Song, J., Liu, C., Yang, W., Duan, H., Yabar, H., Ren, J., 2022. Integrated crop-livestock-bioenergy system brings co-benefits
and trade-offs in mitigating the environmental impacts of Chinese agriculture. Nature Food, 3, pp. 1052-1064. doi:10.1038/s43016-
022-00649-x.

28 Moss, S. & Lutman, P, 2013. Black-grass: the potential of non-chemical control. Rothamsted Research Technical Publication, June.
Available at: https:/agricology.co.uk/sites/default/files/Blackgrass%20non-chemical%20control%2028May13.pdf

29 | emaire, G., Franzluebbers, A.J., Carvalho, P.C., Sulc, R.M. & Dedieu, B., 2014. Toward agricultural sustainability through integrated
crop-livestock systems. lll. Social aspects. Renewable Agriculture and Food Systems, 29(3), pp.192-194.
doi:10.1017/5174217051400012X

30 Bjanchi, FJJ.A,, Booij, C.J.H. & Tscharntke, T., 2006. Sustainable pest regulation in agricultural landscapes: a review on landscape
composition, biodiversity and natural pest control. Proceedings of the Royal Society B: Biological Sciences, 273(1595), pp.1715-1727.
Available at: https:/besjournals.onlinelibrary.wiley.com/doi/full/10.1002/2688-8319.12086
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Low-intensity agricultural systems provide critical buffer between more intensively managed or populated landscapes
and protected areas, allowing for connectivity between sites®! and providing the landscape heterogeneity that is the
prerequisite for biodiversity®2. Research suggests that mixed farms support significantly higher bird species richness
compared to specialised arable or livestock enterprises33, with particular benefits for farmland specialists species that
have experienced population declines under intensive management34-3°,

Organic practices similarly tend to facilitate greater invertebrate abundance through the avoidance of insecticides. The
potential benefits of livestock manure for many invertebrate species (and therefore the wider food web) is negatively
impacted by the presence of parasiticides such as ivermectin®. This suggests that crop-livestock integration should
incorporate principles of diversity (in terms of increasing the number of crop varieties in rotation, combination cropping,
intercropping, or the use of green manures, leys, or wildflower strips) and reduce the use of pesticides (either directly
applied to crops or through the use of treatments in grazing livestock) in order to fully realise potential benefits for
biodiversity.

Other research suggests that integrating arable and semi-natural grassland can increase the presence of beneficial
insects in arable areas®’. Similarly, research from the Royal Society found that converting the least productive parts of
arable areas to wildlife refugia lead to an increase in productivity in remaining areas; researchers found that removing
the 8% least productive parts of their field edges from production maintained yields over the field scale through
improved ecological services and better use of time and resources on productive areas. The study found that results
were more pronounced over time®8,

Economics

At a basic level, reducing dependence on inputs can lead to a range of positive impacts; it reduces the likelihood of
nutrient pollution in the local environment, as well as a farm business’s variable costs, making them less vulnerable to
fluctuations in the costs of these inputs on the global market®*.

31 Grass, ., Libran-Embid, F., Klaus, F., Udy, K. & Tscharntke, T., 2019. Land-sharing/-sparing connectivity landscapes for ecosystem
services and biodiversity conservation. People and Nature, 1(2), pp. 262-272. doi:10.1002/pan3.21.

82 Tscharntke, T., Tylianakis, J.M., Rand, T.A., Didham, R.K., Fahrig, L., Batary, P, Bengtsson, J., Clough, Y., Crist, T.O., Dormann, C.F.,
Ewers, R.M,, Friind, J., Holt, R.D., Holzschuh, A., Klein, A.M., Kleijn, D., Kremen, C., Landis, D.A., Laurance, W., Lindenmayer, D.B.,
Scherber, C., Sodhi, N.S., Steffan-Dewenter, |., Thies, C., van der Putten, W.H. & Westphal, C., 2012. Landscape moderation of
biodiversity patterns and processes - eight hypotheses. Biological Reviews, 87(3), pp.661-685. doi:10.1111/j.1469-
185X.2011.00216.x.

33 Smith, O.M., Kennedy, C.M., Owen, J.P., Northfield, T.D., Latimer, C.E. & Snyder, W.E., 2020. Highly diversified crop-livestock farming
systems reshape wild bird communities. Ecological Applications, 30(2), €02031. doi:10.1002/eap.2031. [online] Available at:
https:/www.ncbi.nlm.nih.gov/pmc/articles/PMC7078872/

34 Wakeham-Dawson, A. & Smith, K\W., 2009. Birds and lowland grassland management practices in the UK: an overview. British
Ornithologists’ Union. Available at: https:/bou.org.uk/wp-content/uploads/2020/06/LFB-1-09-Wakeham-Dawson-Smith.pdf

35 Kleijn, D., Rundlof, M., Scheper, J., Smith, H.G., & Tscharntke, T. (2018). Identifying factors that influence bird richness and
abundance on farms. Journal of Applied Ecology, 55(1), 49-58. https://doi.org/10.1111/1365-2664.12999

36 Konig, S., Dippel, S., & Méller, H. (2019). Effects of herd management and the use of ivermectin on dung beetle abundance and
diversity in pastures. Science of The Total Environment, 693, 133513. https://doi.org/10.1016/].scitotenv.2019.07.101

37 Arnold, S.E.J., Elisante, F., Mkenda, P.A., Tembo, Y.L.B., Ndakidemi, P.A., Gurr, G.M., Darbyshire, I.A., Belmain, S.R. & Stevenson, P.C.,
2021. Beneficial insects are associated with botanically rich margins with trees on small farms. Scientific Reports, 11(1), p.15190.
https://doi.org/10.1038/s41598-021-94536-3

38 perrot, T., Burel, F., & Baudry, J., 2015. Wildlife-friendly farming increases crop yield: evidence for ecological intensification.
Proceedings of the Royal Society B: Biological Sciences, 282(1816), p.20151740 Available at:
https://royalsocietypublishing.org/doi/full/10.1098/rspb.2015.17407rfr_dat=cr_pub++0pubmed&url_ver=7239.88-
2003&rfr_id=ori%3Arid%3Acrossref.org

39 Nethergill Associates, 2017. Maximum Sustainable Output (MSO). Available at:
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Integrating crop-livestock systems can reduce the risk profile of agricultural enterprises through diversification. It
provides a buffer against climate variability, since livestock enterprises can maintain income streams during crop
failures, and conversely, crop production can offset periods of livestock market volatility. This diversification proves
particularly valuable under increasing weather unpredictability*°. Significantly for climate adaptation, integrated systems
demonstrate superior adaptive capacity compared to specialised enterprises. Farmers operating integrated systems can
adjust the balance between crop and livestock enterprises in response to seasonal conditions, market signals, and
climate forecasts*! a valuable adaptation mechanism as climate variability intensifies across temperate regions.

While specialised systems where crops and livestock are managed independently demonstrate economies of scale,
integrated systems can benefit from economies of scope, where shared labour, infrastructure, and machinery reduce the
costs for each enterprise.

There is promising evidence that far from competing with the primary crop, the integration of livestock into cropping
areas can improve the yield of the primary crop*2. Further potential benefits are decreased livestock feed bills, reduced
water requirements as a result of improved soil structure, and reduced demand for inputs such as fertilisers or
pesticides*®. However, benefits may accrue over time and not be apparent in the first year, requiring an up-front
investment to transition to these alternative practices.

Future Research

Integrated crop-livestock systems can enhance resource efficiency, biodiversity, and landscape resilience, though their
impact on emissions depends on system intensity and input efficiency**. The trend towards specialisation of agricultural
systems over the past century has been reflective of the time; one of abundant fuel, affordable inputs, and global
trade*®. However, these systems are also highly dependent on these conditions, a vulnerability that is mitigated in
integrated-crop livestock systems?®.

Short-term wins for policy could be the promotion of manure management and collaboration and knowledge exchange
between arable and livestock farms. For example, through muck-for-straw deals or the use of “flying flocks” in which
livestock farmers temporarily graze arable fields in an exchange of land and grazing for fertility. There is a need for
greater support for farmers looking to diversify directly through livestock integration, in order to reduce synthetic
fertilisers and feed demand®’. Long-term strategies should encourage a greater diversity of farm types within regions,
which requires strategic investment in processing infrastructure and logistics. Effective crop-livestock integration
requires coordination between different farms, facilities for manure storage and transport in specialised systems; and
livestock transporters, vets, abattoirs and markets in mixed systems*8. These elements may be insufficient or lacking,
limiting the feasibility of nutrient and resource cycling at scale.

40 Ryschawy, J., Martin, G., Moraine, M., Duru, M., & Therond, O., 2017. Designing crop-livestock integration at different levels:
Toward new agroecological models? Nutrient Cycling in Agroecosystems, 108(1), pp.5-20. https:/doi.org/10.1007/s10705-016-9815-
9

41 Martin, G., Moraine, M., Ryschawy, J., Magne, M.-A., Asai, M., Sarthou, J.-P., Duru, M. & Therond, O., 2016. Crop-livestock
integration beyond the farm level: a review. Agronomy for Sustainable Development, 36(3), p.53. https://doi.org/10.1007/s13593-016-
0390-x

42 Gardner, A.S., Maclean, 1.M.D., Gaston, KJ. & Bitikofer, L., 2021. Role of integrated crop-livestock systems in improving
agriculture sustainability. Agricultural Systems. https://doi.org/10.1016/j.agsy.2021.103084

43 \oisin, R., Horwitz, P, Godrich, S., Sambell, R., Cullerton, K. & Devine, A., 2023. What goes in and what comes out: a scoping
review of regenerative agricultural practices. Agroecology and Sustainable Food Systems, 48(1), pp.124-158.
doi:10.1080/21683565.2023.2270441.

44 Schut, A.GT, Cooledge, E.C., Moraine, M., van de Ven, GW.J,, Jones, D.L., and Chadwick, D.R. (2021) 'Reintegration of crop-
livestock systems in Europe: an overview!', Frontiers of Agricultural Science and Engineering, 8(1), pp. 111-129. Available at:
https://doi.org/10.15302/)-FASE-2020373 (Accessed: 2 April 2025)

45 Garrett, R.D., Ryschawy, J., Bell, LW., Cortner, O., Ferreira, J., Garik, AV.N., Gil, J.D.B., Klerkx, L., Moraine, M., Peterson, C.A., dos
Reis, J.C. & Valentim, J.F,, 2020. Drivers of decoupling and recoupling of crop and livestock systems at farm and territorial scales.
Ecology and Society, 25(1), p.24. https://doi.org/10.5751/ES-11412-250124

46 Gardner, A.S., Maclean, 1.M.D., Gaston, K.J., Biitikofer, L., 2021. Forecasting future crop suitability with microclimate data. Science
of The Total Environment, 774, p.145799. https://doi.org/10.1016/j.scitotenv.2021.145799

47 Schut, A.GT,, Cooledge, E., Moraine, M., van de Ven, GW.J,, Jones, D.L., Chadwick, D.R., 2021. Reintegration of crop-livestock
systems in Europe: An overview. Frontiers of Agricultural Science and Engineering, 8(1), Article 373. https:/doi.org/10.15302/J-FASE-
2020373
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Slurry from dairy systems is less easy to transport than farmyard manure due to its high water content. Whether it is
more useful and sustainable to use it for anaerobic digestion locally, separate or dry it to enable transport to low-
nutrient areas, or potentially adjust individual systems to produce farmyard manure instead of slurry, depends on both
the individual farm and wider regional context.

Economic uncertainty is a further deterrent to adoption. While integrated systems may provide environmental and
ecosystem service benefits, the short-term financial returns are often unclear or unpredictable*’. Farmers, therefore,
tend to be cautious about investing in new systems without guaranteed profitability or clear evidence of economic
benefits.

To overcome these barriers, further piloting of cooperative models that allow crop and livestock farms to work together
is needed, which allow for maintaining some economies of scale while enabling nutrient recycling and resource
sharing®®. Properly designed opportunities for knowledge exchange, demonstration farms, and technical support to
reduce farmers’ perceived risks and to showcase successful integration models in practice are all opportunities to
increase uptake. There is also a need for regional planning approaches that align crop and livestock production zones to
reduce transport distances and promote circular resource flows within local food systems®?.

Regarding future research, there is the need for more detailed economic assessments of integrated systems across
different UK regions to better understand profitability and resilience compared to specialised farms. There is also a need
for studies on supply chain and infrastructure models that can make nutrient recycling logistically and financially viable
at a regional scale. Evaluations of policy impacts on integration uptake are needed to identify where current schemes
succeed or fall short. Further, robust environmental data on outcomes such as soil health, nutrient leaching, carbon
storage, and biodiversity under integrated systems would strengthen the evidence base. Lastly, there is a need for social
research into farmers’ decision-making processes, cooperative arrangements, and trust-building mechanisms that
influence the adoption of integrated farming practices.

49 Abdul-Salam, Y., Ovando, P. & Roberts, D. (2022) Understanding the economic barriers to the adoption of agroforestry: A Real Options
analysis. Journal of Environmental Management, 302(A), 113955. doi:10.1016/j.jenvman.2021.113955

50 Schut, A.GT,, Cooledge, E., Moraine, M., van de Ven, GW.J,, Jones, D.L., Chadwick, D.R., 2021. Reintegration of crop-livestock
systems in Europe: An overview. Frontiers of Agricultural Science and Engineering, 8(1), Article 373. https://doi.org/10.15302/J-FASE-
2020373
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Adaptive Multi-Paddock Management in Low-
input Multi-Species Swards

Grasslands cover approximately 40% of the UK and can contribute to a number of ecosystem services including clean
water, air, erosion control and flood protection, pollination, food provision, and cultural services>2>3. They not only
encompass some of our most biodiverse and rare habitats, their carbon storage potential is strongly linked to
management practices; despite this, they currently receive comparatively little emphasis in UK climate and nature
recovery strategy with no dedicated delivery mechanism or leadership existing for grasslands®*. While the UK
Government’s current environmental action plans provide extensive policy support and funding mechanisms for trees
and peatlands (including dedicated resources, monitoring systems, and inclusion in national and international climate
strategies), grasslands do not benefit from similar measures>°.

This is compounded by the fact that much of the historic research pertaining to grazing livestock and requirements in
terms of land use or productivity fail to reflect real agricultural practices being undertaken by pioneering pastoral
farmers. However, there are few, though increasing, studies investigating the impacts of more progressive grazing
practices, some even within a UK context>®. These are beginning to provide an evidence base for the anecdotal
evidence experienced by farmers in the UK; and globally of what farmers have been experiencing through the adoption
of these practices in recent decades, including grassland’s ability to facilitate increased biodiversity, resilience to
extreme weather, and grassland productivity, with reduced inputs.

Much of the historic research for extensive grazing systems has analysed set-stocked grazing (in which animals graze
the same unit area for a prolonged period of time, including up to an entire growing season) or rotational grazing
systems based on similar extended grazing periods. In contrast, Adaptive Multi-Paddock (AMP) grazing refers to a
grazing management style based on the frequent rotation of livestock through temporary paddocks to facilitate a range
of outcomes. These grazing periods range from moving every few hours, to a day, or three days (though ideally not
much longer) and are followed by extended paddock recovery periods, which are dictated by conditions and
management aims. Such management can deliver a range of outcomes; Graziers may manage their animals with the aim
of maximising biodiversity, or to maximise beef production with minimal inputs, something between the two, or
something else entirely. The adaptive term refers to the flexibility of the approach; beyond some principles and an
understanding of animal behaviour and grassland ecology, it is a highly responsive and iterative practice that can adapt
to unexpected changes. Other similar approaches are Holistic Planned Grazing (created by the controversial Alan
Savoury) or mob grazing. Key innovators include Alan Savoury, Andre Voisin, Gabe Brown, and Greg Judy.

Climate Change Adaptation, Mitigation, and Net Zero

Dr Amanda Deakin, Science Lead at FAIl Farms, ran a project in collaboration with McDonald’s to investigate the impacts
of transitioning from set-stocked to AMP grazing, with promising results after four years of monitoring®’. The project
found substantially improved water infiltration rates, enhanced resilience to drought and flooding and improved pasture
productivity. Results from Trinity Ag Tech carbon sampling suggested that carbon storage in the permanent pasture
outweighed emissions from the herd, resulting in a net carbon balance of -49.70 tCO2e over the course of the project.
However, this figure may fluctuate and is likely to eventually reach a saturation point. The Farm Carbon Toolkit
estimates that a 0.1% increase in soil organic matter can equate to 8.9 tonnes of carbon stored per hectare; given the
poor quality of much of the UK's soils this suggests an opportunity for climate adaptation and mitigation, even if
eventual saturation is assumed. Trinity Ag will conduct further analysis in 2027 and McDonald'’s is expanding the study
to a further 11 farms.

52 S| R Consulting, 2023. Valuing the Vital: Grassland Ecosystem Services in the UK. A Review of the Evidence and Analysis. Final Version
(SLR Ref No: 424.064694.00001), June 2023. Prepared for Plantlife International & WWF-UK. [online] Available at:
https:/www.plantlife.org.uk/wp-content/uploads/2023/07/Plantlife-report-2-Ecosystem-Services-of-UK-Grasslands.pdf

53 Hopkins, A. & Holz, B., 2006. Grassland for agriculture and nature conservation: production, quality and multi-functionality.
Agronomy Research, 4(1), pp.3-20. [online] Available at: https:/repository.rothamsted.ac.uk/item/85qw2/grassland-for-agriculture-
and-nature-conservation-production-quality-and-multi-functionality

54 Plantlife, 2023. Grasslands as a carbon store. [online] Available at: https:/www.plantlife.org.uk/wp-
content/uploads/2023/08/Grasslands-as-a-Carbon-Store.pdf

55 Plantlife, 2024. Grassland Action Plan England Briefing. [online] Available at: https:/www.plantlife.org.uk/wp-
content/uploads/2024/09/Grassland-Action-Plan-England-Briefing-Plantlife.pdf

56 LUNZ Hub (2025) Grasslands. Available at: https:/lunzhub.com/projects/grasslands/ (Accessed: 14 April 2025).

57 Deakin, A., 2024. McDonald’s UK & Grazing Project. [online] FAI Farms. Available at: https:/www.faifarms.com/mcdonalds-uk-amp-
grazing-project/
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There is increasing recognition of the role that animal health and welfare play in the climate efficiency of livestock
systems>8. On the one hand, issues such as low-grade lameness or mastitis, which may be found in both extensive and
intensive systems, may not be tackled as systematically as acute disease outbreaks, even though they increase
emissions intensity of systems as animals are rendered less productive®®. Estimates in the UK suggest that up to 30% of
the national dairy herd may have some level of lameness, suggesting substantial opportunity for emissions savings®°.
Similarly, animals who are physiologically stressed, for example due to extreme weather, are less productive along a
range of metrics®l. One UN report found that parasite burden could lead to a 33% increase in emissions, and that
increased adoption of animal health practices could reduce sector emissions by 18-33% alone®2. Usefully, AMP and
other grazing approaches based on longer rotations can reduce the need for anthelmintics in livestock, as they interrupt
the life cycle of parasitic worms and reduce their exposure to contaminated ground. It is encouraging to see evidence
supporting the widespread on-farm experience, which suggests that grazing management can be as effective as
parasiticide use for reducing gastrointestinal parasites®®. This has positive implications along multiple metrics beyond
animal welfare and productivity, including mitigating the risk of anthelmintic resistance in parasite species, and
facilitating improved soil health and biodiversity by reducing the need to use anthelmintics, which have harmful effects
on soil microbiological®* and insect communities, and so the wider food web®.

Similarly, extending the productive lifespan of dairy cattle improves herd efficiency by reducing the number of non-
productive animals (heifer replacements) in the herd, resulting in reduced emissions in comparable farms®®. Highly
intensive systems may see the reproductive lifespan of cows average at only three years out of a broader possible
lifespan of 20, there is clearly opportunity for improvement®’. Generally, where welfare improvements correspond with
gains in productivity they can lead to a good return on investment®® and reduced emissions®’.

58 Llonch, P, Haskell, M.J., Dewhurst, R.J. and Turner, S.P. (2017) 'Current available strategies to mitigate greenhouse gas emissions in
livestock systems: an animal welfare perspective), Animal, 11(2), pp. 274-284. Available at:
https:/doi.org/10.1017/51751731116001440 (Accessed: 2 April 2025).
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Circularity

Multi-species swards (in comparison to simpler one to two species mixes) present a range of benefits from an
environmental and livestock performance perspective. The Toolbox of Multi-species Swards (TOMS) project researched
the uses and benefits of multi-species swards. In a meta-analysis of 77 relevant studies, they found that diverse mixes
had a higher dry matter yield, improved digestibility, and greater potential for reducing nitrogen leaching and weed
control, as well as improved milk productivity in dairy cattle and weight gain in lambs. Control swards in the studies
were typically a two-way mix of ryegrass and clover, while the diverse comparisons were generally a mix of three to five
species. Roughly half of the studies compared cutting to grazing regimes. None of the grazing regimes in the studies
were of adaptive multi-paddock grazing systems, which have been found to improve the productivity of swards”®,
meaning the benefits described by the study may be conservative compared to their potential.

Species diversity in swards, or through the availability of tree browse from hedgerows or agroforestry systems (see
Agroforestry), provides greater nutritional diversity”?, particularly of minerals and vitamins’?, improving performance
and reducing the need for mineral inputs for livestock”3. Indeed, the presence of tannin rich species in pasture can
provide an antiparasitic effect, which, combined with managed grazing, can greatly reduce the need for anthelmintic
treatments in livestock. By increasing the proportion of leguminous plants in the sward, low-input grazing systems can
reduce or eliminate the need for synthetic fertiliser, while maintaining productivity.

Biodiversity

A significant predictor of the biodiversity potential of grassland is the degree to which it has been agriculturally
“improved” by the addition of nitrogen-based fertilisers, or through regular ploughing and reseeding’. Improved
grasslands tend to carry little biodiversity value, typically consisting of few species dominated by competitive grass
species such as italian ryegrass. While true unimproved grasslands are now rare in the UK, they are highly biodiverse
and valuable ecosystems in their own right. Semi-improved grasslands have had some level of intervention, characterise
a much larger proportion of the UK, and carry restoration potential, if they are managed sympathetically and not further
intensified”.

Research on biodiversity benefits of low-input grazing in diverse swards demonstrates significant positive impacts
across multiple taxonomic groups’é, though outcomes depend heavily on context including grazing intensity, timing, and
sward composition. Long-term monitoring across upland grassland found that short-term studies often are unable to
capture the impacts of changes in management, requiring longer-term monitoring to see results.
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Planned grazing can contribute to increased heterogeneity in rural landscapes’’, and is critical to the spread and on-
going maintenance of many valuable habitats, such as heath, fen, marsh, floodplain, and wood pasture, without which
they would no longer exist’® and which in turn, support a range of invertebrate, bird, and mammalian species’?-€,
Studies show that livestock grazing can create essential microhabitat diversity through grazing patterns, with areas of
short grass, taller tussocks, and disturbed ground supporting different species assemblages®. During the FAI Farm
McDonald’s project, bird recording data revealed a 23% and 34% increase in bird diversity compared to neighbouring
farms, along with over 30 recorded pasture species®2. This structural heterogeneity is crucial for maintaining high
biodiversity in grassland systems, with a diversity of grazed habitats needed at a landscape scale to improve
invertebrate diversity®. Conversely, the abandonment of grazing in diverse pastures can lead to the encroachment of
scrub, simplifying the habitat and reducing species richness®+-8>,

The UK Centre for Ecology and Hydrology ran a project called SEEGSLIP (Sustainable economic and ecological grazing
systems - learning from innovative practitioners) which encompassed a range of studies and aimed “to evidence the
practices of Pasture-fed Livestock Association (now known as Pasture for Life) producers and farmer members using
holistic, system-based approaches.” Pertinent findings included that increased pasture diversity was positively
correlated with both soil invertebrate populations and soil nitrogen and carbon®.

It is significant to note that many studies evaluating low vs high intensity grazing are incorrectly used as analogues for
set-stocked vs Adaptive Multi Paddock systems. Many of these studies present a binary, presenting low stocking rates (a
low number of livestock across the entire grazing platform, as found in many conservation grazing systems) as
synonymous with low grazing intensity, and contrasting this with commercial set-stocked systems ( which can impede
the ability of pasture plants to set seed and reproduce, usually limiting species diversity), which is considered high
grazing intensity. In contrast, more adaptive systems may be considered to be high intensity because a greater number
of animals may be grazed over a smaller area (i.e. higher stocking density), however, crucially, they are moved onto new
grazing frequently enough that pasture plants are able to recover and reproduce before the next grazing. This can
deliver similar outcomes to the low intensity and low stocking rates of conservation grazing systems, despite higher
numbers of animals and more “intensive” grazing.
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This understanding carries importance for analysing studies that evaluate the impacts of grazing. Studies such as those
conducted by Hopkins and Holz in 2006 demonstrated that low-intensity cattle grazing in species-rich meadows
maintained botanical diversity while higher stocking rates led to species loss and dominance by competitive grasses®’.
While this may be taken to suggest that the higher stocking densities of adaptive multi-paddock systems (i.e. the
number of animals within a grazing cell) may deliver similar negative outcomes to the higher stocking rates (i.e. the
number of animals over the grazing platform as a whole) in set stocked systems, in practice they may correlate better
with the low-intensity conservation grazing systems. This is because the low stocking rate in conservation grazing, and
the high stocking density but short time period of AMP grazing both provide the longer rest periods required for less-
competitive pasture species to proliferate.

If we conclude that the effects of low-intensity grazing as described in many studies is the result of long rest periods
rather than stocking rate, then we can draw cautious parallels with AMP grazing despite the current dearth of research
into its impacts. Research suggests that extensively grazed pastures can contain more beetle species than intensive
grasslands, with particular benefits for dung beetle communities that support nutrient cycling®. Similarly, research on
the impacts of intensification for biodiversity across UK farmland demonstrated that mixed grazing systems with cattle
and sheep at low stocking densities supported significantly higher densities of ground-nesting birds including lapwing,
skylark, and meadow pipit compared to intensive grasslands®’. Similar research has found that extensive grazing
provided crucial invertebrate food sources for declining farmland bird species®°.

As seen with integrated crop-livestock systems, the key predictors of biodiversity are diversity of habitat conditions and
low-inputs’® , which are less compatible with intensified agricultural landscapes.

Economics

Rothamsted’s 2024 comparison of AMP grazing compared to set-stocked grazing found that carrying capacity doubled
on the managed grazing site compared to set-stocking??. This has important implications for, perhaps ironically, the role
of grazing livestock in actually “releasing” land for other uses through substantial productivity gains. If combined with
silvopasture, there is potential for even greater gains for biodiversity, carbon storage, animal welfare, and system
resilience.
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Similarly the grazing management in the FAI Farm study allowed the cattle to be finished on a 100% pasture diet and
outwintered, eliminating winter housing costs such as bedding and feed. Despite these lower inputs, the cattle were still
able to reach slaughter weight under 24 months, indicating that the transition to AMP grazing did not negatively impact
productivity?®. The SEEGSLIP project noted that “whilst such systems in Great Britain are highly variable according to
practitioner, location and practice, they are economically viable and deliver wide ranging public goods.” Although low-
input farmers may sell their products into a range of markets and so are not guaranteed a premium, reduced variable
costs such as feed, winter housing, and veterinary bills contribute to healthier net profits. These cost savings and
efficiencies highlight the potential economic advantages of this system.

Future Research

Grasslands already provide a suite of ecosystem services”®, and have a greater potential to provide a range of
provisioning, regulating, and cultural benefits if their condition is improved. Adaptive management practices such as
AMP grazing can be difficult to monitor due to variations in i) environmental context, ii) farm system, iii) practices
between farmers, iv) length of time in an AMP system. Despite these challenges, further research is needed to identify
the potential benefits and impacts of low-input adaptive grazing regimes along multiple metrics. This requires more
holistic approaches towards evidence gathering. Possible avenues are demonstrated in tools such as the Global Farm
Metric, or the Organic Research Centre’s Public Goods Tool. Both of these evaluate farms along multiple economic,
environmental, and social metrics including soil health, water use, diversity, manure management, and social capital.

It is critical to remember that the relative benefits and harms of a farm cannot be reliably predicted based on system
type alone; recent research by Dr Harriet Bartlett found that high environmental and welfare outcomes on pig farms
were possible across multiple system types, and outcomes were determined by management rather than membership of
a particular category of farm??. This could suggest a need for evaluation methods based on outcomes, ideally along a
suite of metrics, rather than simply switching production types from more extensive to intensive, or vice versa.
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Agroforestry

As a practice, agroforestry has perhaps the greatest potential to deliver benefits along metrics such as carbon
sequestration, biodiversity recovery, and food system resilience simultaneously?®. It warrants greater research and
investment, given the political context of the UK government’s tree planting targets, its commitment to net zero,
commitment to 30% restoration of nature, and the ongoing debate regarding land use in the UK. Interestingly, while it is
commonly viewed that incorporating trees will lead to a decline in the primary output of the land (for example arable
crops) often in well-implemented agroforestry systems the opposite effect can be found; the microclimate, biodiversity,
and soil health benefits of trees can improve the productivity the land, while a tree crop can deliver a second "crop" that
didn't previously exist?” . This is in addition to public good benefits such as carbon sequestration and biodiversity.
However, care should be taken to ensure selected agroforestry species are compatible with desired outcomes to ensure
the relationship between tree species and crop species is beneficial and not competitive.

Agroforestry systems are also more resilient to extremes in weather, providing shade and reducing fluctuations in
temperature for crops and livestock, as well as increasing resilience by diversifying production?®. As a result,
agroforestry provides dual potential as both a climate change adaptation and mitigation strategy. These benefits are
only likely to become more relevant as the extreme weather effects of climate change intensify over coming years. As a
practice, it is applicable to arable, horticultural, and livestock systems.

They can also increase efficiency from a land-use perspective. A 2005 synthesis of silvoarable agroforestry systems
across Europe found that integrated tree-crop systems achieve Land Equivalent Ratios of 1.2-1.4 compared to
monocultures, meaning they displayed 1.2 to 1.4 times the productivity per unit of land area than if the two crops were
grown separately”®.

Climate Change Adaptation, Mitigation, and Net Zero

The potential for well-planned agroforestry systems to contribute to the adaptive capacity of UK landscapes should be
a key driver for their widespread uptake. Mosquera-Losada et al. (2018) examined agroforestry as a climate policy tool
in Europe and found that these systems simultaneously address multiple policy objectives in line with the Sustainable
Development Goals!®. Their analysis found that agroforestry systems demonstrate better performance on sustainability
indicators compared to conventional agriculture, achieving climate mitigation through carbon sequestration, adaptation
through enhanced system resilience, rural development through diversified income streams, and environmental
protection through circular resource management.
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The integration of trees into farmed landscapes can improve landscape’s resilience to extreme weather. Studies have
suggested that trees can reduce wind speed by up to 30 times the height of the treebelt, with benefits including
reduced wind erosion and evapo-transpiration, and an extended growing season due to improved microclimate©?.
These effects can benefit livestock systems through improved welfare and therefore productivity of livestock who are
less exposed to harsh conditions. Additionally, tree browse can serve as highly nutritious, mineral-rich sources of fodder
for grazing livestock!®?, particularly in drought conditions where pasture may be less reliable®3. Rather than competing
with pasture, at appropriate spacing, tree planting can improve pasture conditions through the creation of
microclimates and improved soil structure. Interestingly, recent research found that cattle grazing on a mix of willow
fodder and grass (WFG) produced 27% less methane daily compared to those grazing on perennial ryegrass alone (PRG),
with no negative impact on performance!®.

In extreme wet weather, similar positive relationships are found. UK Environment Agency documented that land with
riparian woodland and field-edge trees experienced reduced flood damage during the 2007 floods, compared to farms
with minimal tree cover'®>. In regards to climate mitigation, agroforestry systems in the UK and across temperate
Europe have demonstrated considerable potential for carbon sequestration. Numerous studies have quantified carbon
accumulation in both soil and biomass across a range of temperate agroforestry systems, though rates vary depending
on species composition, management practices, and system age. One meta-analysis indicated that soil organic carbon
(SOC) accumulation may range from 0.21 to 0.36 tonnes of carbon per hectare per year in the top 40 cm of soil,
equivalent to approximately 0.77 to 1.32 tonnes CO, per hectare annually!®. Systems with hedgerows and tree belts
tend to achieve higher rates, with long-term studies suggesting combined soil and biomass sequestration of between
2.1 and 5.2 tonnes of carbon per hectare per year, or 7.7 to 19 tonnes CO, annually®’. In high-biomass silvoarable
systems, such as poplar intercropping trials, total sequestration rates of up to 7 tonnes of carbon per hectare per year
have been recorded, primarily through rapid tree growth and increased soil carbon inputs!®®. These findings are echoed
in southern Europe, where a 2014 study found that Portuguese montado silvopastoral systems stored 40-60% more
soil carbon than adjacent grasslands, with the most substantial accumulation occurring in the upper 20 cm of soil 1%,

The positive impacts from tree planting tend not to be experienced until several years after trees are planted, meaning
that land managers may experience delayed benefits. While results differ by context, the evidence consistently supports
the role of agroforestry as a meaningful contributor to climate mitigation in temperate agricultural landscapes.

101 Food and Agriculture Organization (FAO). (n.d.) The role of windbreaks and shelter-belts in soil and moisture conservation in arid
regions. In Watershed management - Prevention and control of wind erosion in arid regions, Unasylva No. 164.

102 Kendall, N.R., Smith, A.R. & others, 2021. Trace element composition of tree fodder and potential nutritional uses of tree leaves in
ruminant livestock. Journal Name [online] August. Available at:
https:/www.sciencedirect.com/science/article/abs/pii/S1871141321001682

103 Galland, S., Dind, A., Schmid, N., Mesbahi, G., Dubois, S., Probo, M. & Mariotte, P., 2025. Rendement et valeur nutritive de sept
espéces d'arbres fourragers. Swiss Agricultural Research, 16, pp.66-72. https://doi.org/10.34776/afs16-66

104 Thompson, J.P,, Stergiadis, S., Carballo-Cristobal, O., Zeller, W.E., Yan, T., Lively, F., Gilliland, J., Purusottam, R.N., Huws, S. &
Theodoridou, K., 2025. Willow silvopastoral systems: a strategy to reduce methane emissions and maintain cattle performance.
Scientific Reports, 15, Article 1519310. https:/doi.org/10.1038/s41598-025-02289-0

105 Thomas, H. & Nisbet, T.R., 2007. An assessment of the impact of floodplain woodland on flood flows. Water and Environment
Journal, 21(2), pp.114-126. https://doi.org/10.1111/j.1747-6593.2006.00056.x

106 Mayer, S., Wiesmeier, M., Sakamoto, E., Hiibner, R., Cardinael, R., Kiihnel, A. & Kégel-Knabner, I., 2022. Soil organic carbon
sequestration in temperate agroforestry systems - A meta-analysis. Agriculture, Ecosystems & Environment, 323, 107689.
https://doi.org/10.1016/j.agee.2021.107689

107 Drexler, S., Gensior, A. & Don, A., 2021. Carbon sequestration in hedgerow biomass and soil in the temperate climate zone.
Regional Environmental Change, 21(3), Article 74. https://doi.org/10.1007/s10113-021-01798-8

108 Frelih-Larsen, A. et al., 2022. Silvoarable agroforestry [factsheet]. German Environment Agency (UBA): Dessau-RoRlau. Available at:
https:/www.ecologic.eu/sites/default/files/publication/2023/50061-factsheet-agroforestry-silvoarable_final.pdf

109 Faias, S.P., Firmino, P., Tomé, M., Palma, J.H.N. & Paulo, J.A., 2017. Lessons learnt on the effect of understory management on tree and
cork growth. Report for Project AGFORWARD (613520), Work-package 2: High Nature and Cultural Value Agroforestry, Specific
group Montados in Portugal, Deliverable 2.5, 18 December 2017. Available at:
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The permanence and magnitude of these carbon benefits are reliant on long-term management and the accounting of
land-use change effects. Graves et al. (2020) argue that silvopastoral systems may offer more durable carbon storage
than short-rotation silvoarable systems, though both outperform conventional agriculture in terms of mitigation
potential*!®. The Woodland Trust estimates that “Establishing agroforestry on 10% of the UK arable area over 30 years
(i.e.16,000 ha per year), and assuming a halving of arable GHG emissions per hectare, would enable the arable sector to reach
net zero by 2050. Establishing agroforestry on 30% of UK grassland over 40 years (i.e. 3.35 million hectares; 84,000 ha per
year), and assuming no other changes, would enable the livestock sector to reach net zero by 2050."1* Although they bear
further scrutiny, these figures underscore the strategic importance of combining tree planting with agricultural land in
national decarbonisation efforts, particularly when integrated into broader land use and climate policy frameworks.

In terms of carbon storage, mature and more diverse agroforestry systems have been demonstrated to store more
carbon aboveground than either crop monocultures or modelled tree plantations of single species''?; however, as with
all practices, implementation is key as poorly-managed agroforestry systems in one study were found to house lower
total stocks than agricultural monocultures.

Circularity

Agroforestry systems facilitate a shift from linear models towards closed-loop systems that enhance both
environmental sustainability and food system resilience. Rosenstock et al. (2016) identified how agroforestry addresses
the three pillars of climate-smart agriculture (productivity, adaptation, mitigation) simultaneously through circular design
principles. The productivity pillar is enhanced through complementary resource use and reduced input requirements;
the adaptation pillar through diversified systems that create multiple feedback loops enhancing system stability; and the
mitigation pillar through enhanced carbon sequestration and reduced greenhouse gas emissions from decreased
fertilizer use!®3,

Central to the circular economy concept is the principle of closing nutrient loops. Jose (2009) identified how trees in
agroforestry systems function as biological pumps, accessing nutrients from deep soil layers and redistributing them
through leaf litter and root turnover, making them available to shallow-rooted crops, mitigating the need for external
inputs'4. These circular nutrient processes are particularly effective in degraded lands, where agroforestry systems help
restore soil fertility through continuous organic matter input and reduced soil disturbance!®. If managed organically,
they can support the proliferation of beneficial predatory insects, potentially reducing the need for pesticides!.

Research from 2009 documented how agroforestry systems simultaneously deliver carbon sequestration, improved
water quality through reduced runoff and nitrate leaching, enhanced biodiversity, and soil conservation through the
reduction of erosion. These services are interconnected through circular processes where, for example, enhanced soil
health supports greater biodiversity, which in turn improves pollination and pest control services, reducing reliance on
external inputs!?’.
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Biodiversity

While biodiversity recovery is necessary in all areas, agroforestry has emerged as a critical practice for enhancing
biodiversity and strengthening the resilience of managed landscapes, including temperate food systems'8. Its ecological
contributions, particularly in the context of climate adaptation and ecosystem service provision, remain under-leveraged
in mainstream agricultural policy. Well-designed agroforestry systems improve the diversity of agricultural systems,
providing a greater range of habitat types, food sources, and connectivity for diverse and species-rich assemblages®’.

In temperate environments such as the UK, agroforestry has been shown to increase species richness across multiple
taxal?0-121, A meta-analysis by Torralba et al. (2016) synthesised 53 studies and found that agroforestry systems
supported higher species richness than conventional monocultures, with particularly pronounced gains for birds,
arthropods, and vascular plants'?2. Well designed silvoarable systems such as alley cropping can increase populations
and diversity of beneficial species such as spiders'?® as well as for pollinators!?4. These outcomes are attributable to the
structural heterogeneity introduced by tree-crop integration, which creates a mosaic of habitat types and ecological
niches.

The integration of trees in agricultural areas can support soil microbiology!?® although research in this area, particularly
deeper soil depths, remains underdeveloped. In many cases, agroforestry supports higher plant and butterfly richness
than conventional agriculture and can more than double bird species richness'?4. These ecological benefits are not
incidental, but integral to the resilience of food systems.

Economics

Studies demonstrate that there is potential for well-designed agroforestry systems to enhance farm profitability through
diversified income streams, reduced input costs, improved productivity, and access to emerging markets for ecosystem
services. However, these findings can be the reverse in poorly-implemented systems. This could be where tree spacing
or species selection is incompatible with management or existing crops, or where subsidies or markets don’t exist for
tree products. There are often high initial establishment costs and longer payback periods, highlighting the need for
subsidy support, and for technical advice to allow as short a window before financial benefits accrue!?”. There are also
different implications for arable and pastoral systems.
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Agroforestry operations can experience lower income variability than specialised systems, with positive cash flows even
during crop failure years. Nutrient cycling from tree litter and nitrogen fixation can reduce fertiliser costs, while a study
of walnut agroforestry systems was economically profitable in both marginal and productive areas of the Midwestern
United States.

Animal welfare and productivity benefits are also well-documented. Broiler chickens with access to trees exhibit more
natural foraging behaviours, reduced fear, and improved markers of leg and foot health suggesting less time lying down,
as is common in housed systems. In dairy cows, research finds that cows with access to tree shade showed reduced
respiration rates and body temperatures during hot weather, with milk production maintained and improved by 3% in
cattle with shade access. Research reported that sheep in tree-sheltered systems had half the lamb mortality compared
to lambs in exposed areas during harsh weather. However, care should be taken to ensure silvopasture planning ensures
adequate forage availability and does not outcompete pasture plants. Other research suggests sheltered livestock
require less energy for thermoregulation, allowing better feed conversion as more nutrients are directed toward growth
and production rather than maintaining body temperature!?8,

Future Research

It is critical that agroforestry schemes are well designed for their context and desired outcomes, to avoid seeing
negligible, or even negative results. Despite the growing body of evidence of agroforestry’s potential ecological and
economic benefits, its uptake in the UK remains limited, due to structural and operational barriers'??. Recent research
suggests that while economic and financial impacts dominate the list of factors influencing adoption, knowledge-based
constraints are equally significant; qualitative research from the UK found that the most frequently cited barriers
include a lack of conceptual, practical, and economic understanding of agroforestry, as well as limited access to case
studies and demonstration farms®3°. This study found that along with knowledge-based factors, economic/financial
factors made up nine of the top ten ranked factors incentivising/disincentivising farmers to adopt agroforestry. These
included; "Lack of conceptual understanding and knowledge of agroforestry", followed by "Lack of practical
understanding and knowledge of agroforestry", while "Lack of economic understanding of agroforestry" and "Access to
case studies and demo farms" ranked equal third. "Lack of awareness of agroforestry among farmers" ranked fourth, and
the potential for agroforestry to enable research ranked last. In a similar EU study, key barriers to the adoption of
agroforestry practices were topped by conceptual and practical knowledge, followed by practicalities such as perceived
complexity and management burden, as well as uncertainty of benefits'31. Path dependency of current practices was
facilitated by a lack of policy support for agroforestry practices.

This raises the question: does the knowledge needed for change not yet exist, or is it not available in a relevant form?
The somewhat marginal position of agroforestry research suggests that the academic field itself may still be developing,
particularly in temperate contexts!®2.

This knowledge gap is compounded by a policy environment that has yet to fully integrate agroforestry into mainstream
agricultural and environmental strategies. While European research has largely focused on agronomic and ecosystem
service dimensions, it has often overlooked the social and economic co-benefits more commonly documented in the
Global South.
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Future research should engage more deeply with the socioeconomic dimensions of agroforestry in temperate systems.
New methods to increase agroforestry uptake should focus on peer-to-peer knowledge exchange, and promoting co-
design and co-creative systems'®3. Some farmers report concerns regarding the flexibility of land-use after tree planting,
or of decreasing the value of land. There is a pressing need for interdisciplinary studies that explore farmer decision-
making, land tenure dynamics, and the role of peer influence in shaping land use practices.

The potential benefits of agroforestry in a UK context from an ecosystem services perspective is not currently well-
modelled; given the UK government’s tree planting targets and the need to reduce emissions in the livestock sector, it
seems highly relevant to better understand the potential benefits and impacts that greater integration of trees into
arable and grassland systems may have on farm-level emissions.

Ultimately, increasing the uptake and success of agroforestry in the UK will depend on a dual investment: in the
generation of knowledge that is socially and economically meaningful, and in the creation of policy environments that
are capable of recognising and rewarding multifunctionality (see Report 1). The land equivalent ratio, a common metric
for assessing productivity, still fails to capture the non-market values generated by agroforestry, such as biodiversity
conservation, carbon sequestration, and cultural heritage. Without accounting for these co-benefits, policy will continue
to undervalue agroforestry's contribution to resilient food systems.

From a policy perspective, agroforestry is not currently embedded in policy frameworks. Venn and Burbi’s (2023) recent
study suggests that there is a need for a system to support the transfer of knowledge from research (and on-the-ground
experience) into policy. They argued that the current lack of such systems creates a mutually reinforcing cycle in which
positive interventions are not adequately supported by policy levers, hampering progress. Of the frameworks they
evaluated, The FAQ'’s 10 Principles for Agroecology demonstrated potential alignment of social and environmental
objectives'®*. They argued in favour of adopting a food systems perspective to policy development, improved tools for
knowledge exchange between practitioners, academia, and government, better integration between government
bodies, and greater transparency in the practical methodologies behind proposed policy levers.

Without such a reorientation, agroforestry risks remaining a niche practice, despite its potential to serve as a
cornerstone of a more resilient, equitable, and ecologically sound agricultural future.

Behaviour Change

An underrated yet increasingly well recognised lever for sustainable transitions comes in the form of peer-to-peer
knowledge exchange within the farming community. In terms of uptake, studies have suggested that farmer-led
knowledge exchange in the form of peer-to-peer networks is an effective tool for enabling the adoption of sustainable
practices and of wider behaviour change®>136137 when compared to more ‘top-down’ approaches such as advisory
services!®8, In the global south, the development of peer-to-peer networks stands as a grassroots challenge to the
dominant trajectory of institutional support for sustainability interventions that support further intensification of food
production®®.

133 AgroReforest (n.d.) Activities. Available at: https:/agroreforest.eu/activities/

134 \lenn, L. and Burbi, S., 2023. Agroforestry policy development in England: A question of knowledge transference. Automation in
Construction, 154, 105156. https://doi.org/10.1016/j.autcon.2023.105156

135 Aif, Z., Novak, A., Miheli¢, R., Juvan¢i¢, L. and Sumrada, T. (2024) Can knowledge transfer speed up climate change mitigation in
agriculture? A randomized experimental evaluation of participatory workshops, Environmental Science & Policy, Elsevier BV, 152, p.
103662.

136Karlsson, L., Keeling, L. & Rd6s, E. (2025). What is a better chicken? Exploring trade-offs between animal welfare and greenhouse
gas emissions in higher-welfare broiler systems. Sustainable Production and Consumption, 55, 203-216.
https:/doi.org/10.1016/j.spc.2025.02.015

187Firmanto, A., Ngarawula, B. & Wahyudi, C. (2024) Social interaction for empowering and encouraging farmer productivity in
Kecamatan Rubaru, Sumenep. KnE Social Sciences, 9(26), pp. 80-89. Available at: https:/knepublishing.com/index.php/KnE-
Social/article/view/17071 (Accessed: 18 April 2025)

138yan Zanten, H.H.E., Herrero, M., Halberg, N., van Hal, O., & de Boer, I.J.M. (2014). Defining a land boundary for sustainable
livestock consumption. Global Food Security, 3(3-4), 109-117. https:/doi.org/10.1016/].gfs.2014.10.001

139High Level Panel of Experts on Food Security and Nutrition (HLPE) (2019) Agroecological and other innovative approaches. Rome:
Committee on World Food Security. Available at: https:/openknowledge.fao.org/server/api/core/bitstreams/ff385e60-0693-40fe-
9ab6b-79bbef05202¢/content
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Within an academic context, the norm generally continues to be that farmers are not integrated into the co-design
process beyond consultation, or the sharing of experiences. Many researchers do not have an agricultural background
and the research cycle can take a number of years to complete, highlighting the importance of farmer collaboration in
identifying relevant research questions, ensuring they are reflective of real and contemporary agricultural practices on
the ground, and feeding into methodology and project design®#°. At a wider scale, there is a lack of ‘soft’ infrastructure
for knowledge exchange!*. There is also a need for regionally appropriate extension services to provide tailored advice
on sustainability practices, particularly including those with lower-uptake such as low-input and circular practices!#2.

The successful implementation of circular principles in multifunctional land use systems requires systems thinking
approaches that recognize the complex interactions between social and ecological components. Research from Oxford
examining the reasons for non-adoption of practices such as agroforestry, herbal leys, and rotational grazing found that
farmers understood the potential benefits of these practices, but that their actual uptake remained limited“3. This
stemmed from what the authors describe as “rational non-adoption”; considered and deliberate decisions based on
practical constraints, economic realities, and farm-level priorities.

One of the most prominent barriers identified was the high upfront cost associated with adopting these systems'#4. For
example, agroforestry often required significant investment in fencing, planting, or infrastructure. For many farmers
operating on tight margins, the financial risk associated with such investments was viewed as too great, particularly
given the uncertain or long-term nature of the returns.

A second key barrier was a lack of alignment with existing farm objectives or systems. In many cases, the practices
being promoted did not fit with the farm’s current structure, business model, or long-term goals. This was particularly
true for integrated crop-livestock systems, which were often perceived as overly complex or incompatible with
simplified, efficient farming operations. The farmers interviewed in the report also expressed concerns about the
uncertainty of benefits, especially in economic terms; although the environmental advantages were generally accepted,
there was a reluctance to adopt practices without clear, reliable evidence that they would also deliver tangible
economic gains'*®. Another important theme was the complexity of these practices compared to conventional
approaches. The management requirements were perceived as higher, and the outcomes less predictable. Many farmers
felt that their existing systems were already functioning well, and that adopting more complex methods introduced
unnecessary risk and complication4¢.

Ultimately, while environmental awareness among farmers may be strong, this alone is insufficient to drive widespread
change. Without greater support to reduce financial risk, more robust evidence of economic returns, and better
demonstration of how these systems can be integrated into existing operations, adoption of agroecological practices
may remain limited.

These findings underscore the importance of policy design, knowledge exchange, and economic incentives in
encouraging meaningful transitions toward more sustainable farming systems in the UK.

140 Broomfield, C. and Emery, S., 2025. The imperative for farm-level collaborative research on grazing livestock to support a sustainable
food and farming system in the UK. [pdf] Rothamsted Research and Pasture for Life. Available at:
https:/www.rothamsted.ac.uk/sites/default/files/Documents/Livestock%20research%20policy %20brief.pdf [Accessed 20 Apr.
2025].https: /www.rothamsted.ac.uk/sites/default/files/Documents/Livestock%20research%20policy%20brief.pdf

141 MacMillan, T., Norton, E., Lewis, K. & Payne, V. (2025) Land use innovation. Cirencester: Royal Agricultural University. Available at:
https:/www.rau.ac.uk/sites/default/files/2025-04/NICRE%20Report%20-%20Feb25%20Accessible_0.pdf (Accessed: 18 April
2025).

142 Food and Agriculture Organization of the United Nations (FAQ), 2013. Tackling climate change through livestock: A global assessment
of emissions and mitigation opportunities. Rome: FAO.

143 Jordon, M. W., Winter, D. M. and Petrokofsky, G. (2023) ‘Advantages, disadvantages, and reasons for non-adoption of rotational
grazing, herbal leys, trees on farms and ley-arable rotations on English livestock farms’, Agroecology and Sustainable Food Systems,
47(3), pp. 330-354. doi: 10.1080/21683565.2022.2146253. Available at:
https:/www.tandfonline.com/doi/pdf/10.1080/21683565.2022.2146253
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Areas for further research

As described in Part 1 (Multifunctional Metrics: Rethinking sustainability in food systems), our current metrics and methods
of evaluation are not well suited to more complex multifunctional systems like those examined in these case studies.
We need more holistic methods of evaluation that can better assess the benefits and negative impacts of greater
adoptions of these practices.

Pending such a transformational shift however, there are several key evidence gaps that should be addressed in order to
better understand the potential for the above practices to contribute to the UK'’s path towards Net Zero, and
sustainability more widely. These include:

Modelling carbon storage potential of silvopasture and silvoarable practices across different proportions of UK
agricultural areas, both as an alternative to and complementary with land-sparing approaches.

Researching the potential effect of increased availability of tree fodder from agroforestry systems to reduce
methane emissions in grazing livestock, and improve productivity.

Improved understanding of ecosystem services and carbon storage under diverse permanent pastures, under
different management regimes (particularly AMP grazing) using on-farm data.

Modelling monogastric populations constrained by feeding from food waste, co- and by-products, particularly
in scenarios where food waste is reduced¥’.

Quantifying the climate and productivity impacts of a reduction of inputs (e.g. nitrogen-based fertilisers or
feeds) in both ruminant livestock and arable systems, and the trade-offs between greater use of livestock in
arable systems (related to the above).

Research into the impacts of AMP grazing specifically in integrated crop-livestock systems.

Evaluation of establishment costs of the interventions in a UK context.

Regardless, long-term modelling is essential in order to improve the robustness of data to aid decision-making.

147 The feeding of catering and household food waste products is currently prohibited by legislation, while the feeding of co- and by-
products directly from food production (e.g. potatoes from the farm) or from manufacturing (such as brewers grains, liquid whey, and
biscuit or bread meal) are permitted under strict conditions.
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Where Do We Go From Here?

To support a transition to more sustainable, particularly low-input, agricultural practices in the UK, a coordinated and
long-term approach is required across policy, research, and funding.

At the broadest level, the UK needs to reframe how land is valued and managed. Land must be managed not only for
food production, but also for biodiversity, carbon storage, water regulation, and cultural value#8. There is a similar need
to move away from “single solution problem solving”'#?, towards ones that recognise the relationships between
different crises, and have the capacity to address them. This requires a policy environment that supports
multifunctionality, encouraging land managers to deliver a broader set of public goods, rather than focusing solely on
yield or economic return.

To achieve this, policy must move away from siloed, sector-specific approaches and instead support integrated land use.
However, this integration requires supportive regulation, advisory services, and incentives that recognise the
complexity and benefits of mixed systems.

In parallel, research must provide the evidence base to guide and justify these changes. There is a clear need for more
UK-specific studies on the performance of low-input systems; how they affect yields, resilience, biodiversity, and
profitability. Without robust data, it is difficult for policymakers to design effective schemes or for farmers to make
informed decisions.

Moreover, research should not be confined to academic institutions. There is a real need for farmer-led innovation and
knowledge exchange'*®. Demonstration farms, peer-to-peer learning, and co-produced research can help ensure that
new practices are practical, scalable, and regionally appropriate. This is especially important for low-input systems,
which often rely on local knowledge and adaptive management rather than standardised inputs.

Funding, finally, is the glue that holds this transition together. Farmers need financial support to cover the upfront costs
of change. Public and private investment is needed not only on farms, but also in infrastructure, training, and market
development?°1.

148 The Royal Society (2023) Multifunctional landscapes: Informing a long-term vision for managing the UK’s land. Executive
summary. London: The Royal Society. Issued: January 2023; ISBN 978-1-78252-633-9. Available at:
https:/royalsociety.org/-/media/policy/projects/living-

landscapes/multifunctonal landscapes executive summary feb23.pdf

149High Level Panel of Experts on Food Security and Nutrition (HLPE) (2019) Agroecological and other innovative
approaches for sustainable agriculture and food systems that enhance food security and nutrition. Rome: Committee on
World Food Security, FAO. Available at: https:/openknowledge.fao.org/server/api/core/bitstreams/ff385e60-0693-
40fe-9a6b-79bbef05202c/content

150 Bywater, A., Gueterbock, R., Woollacott, M., Budden, K. and Briggs, S. (eds.) (2022) Farm of the Future: Journey to Net
Zero. Royal Agricultural Society of England. Available at:
https:/www.rase.org.uk/content/large/documents/reports/farm of the future- journey to net zero.pdf

151 Bywater, A., Gueterbock, R., Woollacott, M., Budden, K. and Briggs, S. (eds.) (2022) Farm of the Future: Journey to Net
Zero. Royal Agricultural Society of England. Available at:
https:/www.rase.org.uk/content/large/documents/reports/farm _of the future- journey to net zero.pdf
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