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Land Use and Agriculture: Pitfalls and
Precautions on the Road to Net Zero

Dave S. Reay*†

School of Geosciences, The University of Edinburgh, Edinburgh, United Kingdom

Land use is a crucial sector in delivering enhanced carbon sequestration globally. At the

same time food production is a major source of global greenhouse gas emissions. As

pressure mounts for all nations to increase their levels of ambition under the Paris Climate

Agreement, so the pressure to radically reduce emissions from the agriculture sector and

enhance carbon sequestration in the land use sector also ramps up. This trend is most

clearly evident in the drive for “net zero” where unavoidable emissions, such as those

from food production, are balanced by more sequestration via land use change. Here

we examine some of the major risks, applicable safeguards, and potential pathways for

agriculture and land use in realizing net zero. Using the UK as an example we highlight the

importance of governance, finance, skills, research and technology, and society in this

transition. We conclude that successful land use policy for net zero will require extremely

demanding levels of integration and spatial resolution, and that the research community

has a vital role to play in providing a robust evidence base for this. We also invoke the

Cancun safeguards as a basis on which a more sustainable and just transition to net zero

might be based. Finally, we warn of unintended distortions to policy and markets if the

drive for net zero is too blinkered.

Keywords: afforestation, peatlands, soil carbon (C) sequestration, carbon sequestration, rural policy design

INTRODUCTION

Our global food system is now responsible for around one-quarter of anthropogenic greenhouse
gas emissions, with agricultural production the dominant source of these emissions (Vermeulen
et al., 2012). As human population expands and diets become more meat and dairy intensive,
so emissions will rise further unless substantial changes in food production and supply are
realized (Tilman and Clark, 2014). The Paris Climate Agreement aims to limit global average
temperature increase to well below 2◦C above the pre-industrial baseline and pursue efforts to
keep warming within 1.5◦C. Achieving this goal will require net global CO2 emissions to reduce
to zero by the middle of the century (Rogelj et al., 2018). Some developed nations, such as
the UK, have now committed to a target of “net zero” for all greenhouse gases (GHGs) by
2050—whereby unavoidable emissions are balanced by increased domestic sequestration. Without
major reductions in emissions from agriculture alongside substantial increases in sequestration
such national targets become near impossible. As such, our agriculture and land use sectors face a
fiendishly difficult balancing act of ensuring sufficient quantity and quality of food, lower emissions,
increased sequestration, protection of natural ecosystems, soil, water, and air quality, and all in
the context of a climate that is already changing (Seddon et al., 2020). The prize for humanity of
achieving this balance is huge, but the potential pitfalls of “carbon blinkered” rural policy to deliver
net zero are enormous. Here we discuss some of the key issues that must be addressed, safeguards
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that should be put in place, and some of the mechanisms
that can deliver a sustainable net zero future for land use.
We include examination of “conventional” carbon sequestration
strategies, such as on-farm woodland and managed soil C
enhancement, as well as emerging approaches such as BECCS
(Biomass Energy with Carbon Capture and Storage), biochar
and enhanced weathering. All have high relevance to the
agriculture and land use sectors, but also significant risks in terms
unintended consequences.

We focus on the UK as a developed nation with a legally-
binding target of net zero GHG emissions by 2050 and where
development of new farming policy to support “public goods”
like climate change mitigation is already a focus due to exit from
the EU’s Common Agricultural Policy (Bateman and Balmford,
2018). Here, the transition to net zero is set to rely heavily
on changes in domestic land use and agriculture, potentially
delivering greenhouse gas emissions savings of over 40 Mt CO2e
per year by 2050 (compared to today) and including forestry
(∼14 Mt), low carbon farming practices (∼10 MT), dietary
change and food waste (∼7 Mt), agroforestry (∼6 Mt), peatlands
(∼5 Mt) and energy crops (∼2 Mt) (CCC, 2020).

LAND USE AND NET ZERO IN THE UK

The UK’s net zero by 2050 target requires an estimated 20% of
current agricultural land be repurposed to increase forest cover,
bioenergy production, peatland restoration and overall land use
diversification (CCC, 2019). The prime strategy put forward to
allow such a large release of existing agricultural land is that of
increased efficiency of food production—enhanced productivity
in some areas allowing land sparing and the use of these other
land areas for climate change mitigation (Lamb et al., 2016).

To incentivise such release of land to meet non-food aims
(rather than simply to try and enhance production in all areas),
the opportunity costs of a change to non-food land use must
be met (Bustamante et al., 2014)—often referred to as “income
foregone” (Barnes et al., 2011). In principle this mechanism
allows governments to manage levels of domestic food self-
sufficiency while also allowing enhanced action on their key non-
food objectives, such as climate change mitigation. In reality,
setting an effective “income foregone” price point that avoids
unintended consequences, like falls in domestic food security
and increased reliance on imports, can be very difficult. Even
where land sparing occurs, it does not inevitably mean greater
public goods are then delivered. The spared land might not end
up in the aimed-for alternative use, or the desired performance
of the spared land in delivering public goods may not be
met (Balmford et al., 2019).

Fundamental to successful delivery of such complex
transformations will be a well-integrated decision support
system for rural policy that takes account of potential for food
production alongside greenhouse gas (GHG) mitigation, C
sequestration, biodiversity protection, livelihoods, water and air
quality, climate resilience and the host of other demands placed
on our land (Helm et al., 2020). Clearly, for any nation aiming
to achieve net zero there are multiple trade-offs to be made

within a limited land area, and big risks if local socioeconomic
contexts are not well-integrated with national science-based
targets (Dooley and Kartha, 2018).

NET ZERO PITFALLS

The planned transition in UK land use to achieve net zero is
both rapid and far-reaching, making the risk of unintended
consequences policy outcomes especially high. A “just transition,”
whereby the sustainability of land use change, livelihoods and
support mechanisms is ensured, is crucial to avoiding pitfalls
ranging from clashes with other national and international
frameworks, through erosion of rural communities and cultures,
to complete reversal of C sequestration and off-shoring
of emissions.

Firstly, future rural policy for net zero at a national level
would need to complement or be consistent with overlapping
national programmes and relevant international agreements. On
the latter, “net zero GHG by 2050” for developed economies is
deemed consistent with the Paris Climate Goals (CCC, 2019), but
any land use actions to deliver it would also need to consider
synergies and antagonisms with international agreements such
as the UN Convention on Biodiversity (CBD) and the UN
Sustainable Development Goals (SDGs) (Smith R. et al., 2019).

Governance of a net zero transition must likewise take full
account of national and sub-national legislation and powers.
For example, land use change in Scotland is likely to deliver a
significant proportion of the C sequestration required for the
whole of the UK by 2050 (Alcalde et al., 2018; CCC, 2019). The
risk here is that misaligned constitutional competencies lead to
sub-national mitigation being hindered, with aggregate national
targets then being missed.

Permanence
Ultimately the success of a net zero transition is measured by its
sustainability and the negative impacts of climate change that it
prevents. Where changes in land use to enhance C sequestration
are only short-term (a few years or decades) and are then
reversed, the benefits in terms of reduced climate change impacts
may be negligible (Kirschbaum, 2006). This “permanence” issue
should therefore be a fundamental consideration in future
support systems. Current financial support for such agricultural
land use change in the UK is commonly for 5–10 years, with
a requirement that new woodland remains in place for 20
years (Commission, 2019). Likewise, though soil C this can be
enhanced in some areas through changed farming practices (e.g.,
minimum tillage) or changed land use (e.g., woodland creation)
any particular enhancement is both limited and reversible. For
highly degraded soils the gains in soil C through changed land use
may initially be very rapid, but in all systems an equilibrium level
will eventually be reached and subsequent return to cultivation
can then mean rapid loss of stored C to the atmosphere.

Any enhanced C sequestration achieved may therefore be
short-lived as land is converted back to its original use
once funding and contractual obligations have expired. While
the design of future land use support systems could help
mitigate such permanence risks, there are aligned policy
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approaches that may provide even more sequestration security.
Direct linkage of enhanced timber production with building
construction could, for instance, greatly extend the magnitude
and average lifetime of sequestered C—high use of timber in
urban building construction could store up to 0.68 GTC y−1

globally (Churkina et al., 2020).
Soil amendments, such as biochar or the use of basic and

ultrabasic minerals for enhanced weathering, also have the
potential to provide much longer lifetimes for C sequestration in
the land use sector, though with significant barriers to large scale
implementation in sourcing of sustainable feedstocks, costs, and
land availability (Alcalde et al., 2018).

Finally, combustion of biomass for energy and capture and
geological storage of the associated CO2 (Biomass Energy with
Carbon Capture and Storage, BECCS), promises very long
term (multi-millennial) C storage and so could play a very
large role in future land use strategies to achieve net zero
(Azar et al., 2010). Again, unsustainable feedstock sources, high
costs, and limited land availability represent significant barriers
to successful implementation (Fajardy and Mac Dowell, 2017;
Harper et al., 2018).

Leakage
Like permanence, the issue of “leakage” is one that has
already challenged many land use change policies designed to
help mitigate climate change (Schwarze et al., 2002). Here,
emissions reductions or enhanced sequestration in one place
are partly or wholly offset by increased emissions elsewhere—
forest protection one area leading to increased deforestation in
another for instance. At national scales such leakage results in
effective offshoring of a nation’s reported emissions as these
are reported to the UNFCCC on a production (rather than
consumption) basis.

Were new land use and agriculture support policies to align
with net zero ambitions in a way that reduced national food
self-sufficiency, and so raised food imports, then such offshoring
of emissions would be highly likely. One illustration of these
risks for the UK is in the expansion of commercial forestry.
As described previously, expansion of forestry combined with
increased use of timber for construction offers a way to address
some of the permanence issues inherent in land-based climate
mitigation policies. For the UK such a transition could mitigate
over 2 tons CO2e ha

−1 over a 100 year time horizon. However,
the effectivemitigation per hectare of forest could be halved if this
forest expansion resulted in displacement of UK beef production
to Brazil (Forster et al., 2019).

Another recently highlighted example of such risks is that of
a 100% conversion to organic food production in England and
Wales. Under such a scenario, domestic food production and
production-based emissions estimates would fall, but overseas
emissions (including those due to land use change) could rise
to an extent that would more than offset any of the emission
reductions seen in England and Wales (Smith L. G. et al., 2019).

Leakage is therefore of major importance for agriculture and
land use in the context of global net zero ambitions as it can
entirely undermine the global efficacy of national actions to tackle
climate change (de Ruiter et al., 2016).

REALIZING NET ZERO

Governance
For the UK, indeed for all nations, important lessons can be
learned from existing international frameworks relating to land
use. The UN’s REDD (Reduced Emissions from Deforestation
and Degradation) programme and in particular its “Cancun
Safeguards” (Chhatre et al., 2012) provide an exemplar of efforts
to balance multiple competing needs within a finite land area.
Though developed with forestry in mind, these safeguards—such
as transparent and effective governance—could usefully align
with wider rural policy development as nations like the UK strive
to deliver net zero alongside a multitude of other goals.

Transparent and effective land use governance for net
zero could not only help avoid unintended consequences of
policy changes, they would also help to ensure that aggregate
change remains compatible with targets. To give alignment
with international and national commitments, the balancing
of natural ecosystem and biodiversity protection with net zero
and food production goals must be overtly integrated within
rural policy development, support and MRV (Monitoring,
Reporting, and Verification). Past on-farm mitigation or
woodland planting schemes, for instance, may well have provided
multiple “public goods,” but the evidence base for these is badly
lacking (Burton et al., 2018).

Independent advice on emission reduction targets and
pathways is a central plank of any sustainable strategy to
deliver net zero. In this, the UK’s Committee on Climate
Change already serves a vital role in advising government and
monitoring progress at a UK-wide level and at a devolved
administration level (McGregor et al., 2012). This has allowed
integration of national and sub-national targets along with a
consistent use of the evidence base. However, the co-dependency
of UK and devolved administration climate targets means
policy development and implementation must be well-integrated
too. To avoid a cross-border blame game of shortfalls and
delays, governance and delivery of the UK’s regionally-biased
demands on land use for net zero will therefore need to tread
a careful line to ensure transparency is maintained and that the
competencies and circumstances of the devolved administrations
are respected.

Finance
Effective financial support systems will be fundamental to
realizing net zero via land use change. These could be adaptations
of existing systems (like revised CAP payments) (Matthews,
2013), newly developed ones directly targeted at public goods
(e.g., the UK’s Agriculture Bill and its ELM scheme; Rayment,
2019; Rodgers, 2019), ormoremarket-led climate change-specific
approaches such as carbon pricing and offsets (Crossman et al.,
2011). Each has its strengths and weaknesses.

For revision of the EU’s Common Agricultural Policy (CAP),
a strength could be its proposed “Eco-scheme” which would
allow member states more latitude to align subsidies with net
zero objectives and so drive more rapid change. The potential
weakness here is that that same latitude is used to water down
climate change action in the agriculture sector for nations
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where short-term political pressures or climate-skeptic ideologies
prevail (Dupraz and Guyomard, 2019).

For the “Environmental Land Management” (ELM) scheme
proposed as part of post-CAP support in England, there
are significant strengths in the overt linkage of climate
change mitigation and resilience to future support—allowing
government to much more directly incentivise both emissions
reductions and C sequestration in the agriculture and land use
sectors. Key potential weaknesses again include the danger that
political pressures distort incentive levels and focus. There also
remain major questions around how such an ELM support
scheme would reliably calculate the correct price points for
specific actions, and indeed whether it is actions that should
rewarded or the outcomes of these actions (Rayment, 2019).

On carbon pricing and offsets, such market-based
mechanisms to incentivise land use that aligns with net
zero have the significant advantage that they rely less (or not
at all) on public funds and can in theory deliver the most
cost effective land-based mitigation or C sequestration for any
particular area or land owner. However, as evidenced by existing
carbon markets, too low a carbon price can stymie activity
(Wood and Jotzo, 2011) and so a carbon price floor or guarantee
(as currently offered for woodland planting schemes in England
for example; Government, 2019) may then be required. This
price intervention then inevitably poses the risks of unintended
market distortions and a greater reliance on public funds.

All of the above could also exacerbate leakage issues due
to financial incentives that overvalue, say, tree planting at the
expense of food production or “permanence” issues due to
incentives having short lifetimes or weak assurance mechanisms
for upkeep of the change in land use. Unintended market
distortions such as offshoring of emissions could be limited
through modeling of consumption-based emissions effects and
tailoring of incentive type, magnitude and timing to better
forecast and align changes in domestic food production with
changes in domestic demand and global markets.

Clearly, well-directed financial incentives can simultaneously
provide substantial emission reductions, C sequestration and
climate resilience in the land use sector. A crucial aspect of
such incentives in helping to deliver net zero aims will be
creating a support system that is nuanced enough to lead to the
best land management changes within local contexts while still
being attuned to transboundary (e.g., leakage) and temporal (e.g.,
permanence) safeguarding.

Skills
Financial support for achieving net zero is only useful if it is
accessible. Land managers will need support in aligning practices
with any new suite of mitigation and sequestration options
available for their circumstances. They will also need assistance
with how to meet any mandatory compliance checks and MRV
requirements. For many, training in new skills (e.g., silviculture
and agroforestry practices) will be required, while others may
need assistance with best application of new technologies and
practices (e.g., drone technology, farm nutrient budgeting and
animal health improvements) (Feliciano et al., 2014).

Net zero capacity-building in the agriculture sector could
be supported by a more comprehensive version of existing
extension services, perhaps aligned to improved digital learning
resources (Feliciano et al., 2017). It is also likely to require
new service providers to either advise on, or provide directly,
specific elements of net zero-aligned rural support. Commercial
companies already provide a swathe of agricultural testing,
equipment and advisory services. As specific elements of new
rural support regimes become clear, so the private sector can
be expected to respond to changing needs and demands. For
instance, field-scale soil carbon testing may well become a
requirement for farms wishing to access new subsidy payments.
A certain level of such testing might be covered by publicly-
funded extension services, but commercial testing, modeling and
on-farm soil C estimation tools (Malone et al., 2017) are likely
to play a major role in allowing all farmers to meet future MRV
requirements (Smith et al., 2020).

Crucially, farm-level decision support tools would also need
to be further developed to support new practices at locally-
relevant scales across the UK. There is already a plethora of such
tools, but engagement rates are generally low (Rose et al., 2016).
Direct integration with new rural support systems, combined
with greater usability, is therefore required.

Existing or emerging extension service providers would
themselves need significant new training and resources in order
to deliver to such emerging decision support and MRV needs.
More widely there is a need for formal educational providers,
such as Further and Higher Education Institutions, to align their
provision with economy-wide net zero goals (Allan et al., 2020),
including those relating to land use and agriculture. Part of this
alignment could arise from a deliberate refocus of state-funding
for courses and student places, while much could be driven by
student demand and the rapid expansion in land use sector
job opportunities and skills needs that a sustainable net zero
transition represents.

Research and Development
A robust evidence base for changes in rural policy is a further
prerequisite for net zero. However, this research base is far
from complete. New technologies, along with improved data
availability and fast-changing energy systems, can certainly
become powerful facilitators of a net zero pathway for land use
and agriculture. Precision agriculture, for example (including
drone technology, machine guidance, and field-based sensors),
has developed apace and is already commercially viable for many
of the larger arable farms in the developed world (Balafoutis
et al., 2017). However there remain issues of accessibility to
these and other technologies that could improve productivity
for many farms and so enhance overall land sparing for
sequestration (Long et al., 2016).

For large scale land-use dependent mitigation strategies,
such as BECCS, there are significant research questions still to
answer in terms of sustainable feedstock types and sources, land
suitability and availability, risks to biodiversity and supporting
infrastructure requirements (Donnison et al., 2020). Likewise for
many of the proposed on-farm mitigation strategies that could
contribute to net zero targets (Lampkin et al., 2019), such as
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slurry storage and application (Amon et al., 2006; Misselbrook
et al., 2016), livestock breeding and feed additives (Wall et al.,
2010; Gerber et al., 2013), soil and fertilizer amendments
(Cayuela et al., 2014), and altered land management (Powlson
et al., 2014; Garnett et al., 2017), there are uncertainties in
terms of efficacy under different site conditions and potential
negative side effects of implementation. For example, nitrification
inhibitors offer significant potential to reduce N2O emissions
from nitrogen fertilizer application, yet they may also increase
NH3 emissions (Soares et al., 2012) and so swap a climate change
penalty for an air quality and biodiversity one.

Aligned to the need for a robust evidence base for land-based
mitigation decisions at local scales is that of risk and resilience
assessments (Sample et al., 2016). These, such as to account for
changing climate, invasive species, and pest and disease risks,
also require a degree of spatial and temporal resolution that is
meaningful at farm scales. In the UK, the UKCP09 and UKCP18
climate projection products provide a good basis for this (Brown
et al., 2011), but translation, downscaling and integration of such
information into an effective decision support system for land
users still requires a significant effort from research providers
and advisors.

Crucially, extensive social, ecological, and economic research
is needed to complement and challenge assessments of technical
feasibility. The kinds of rapid and large scale changes in land
use that are required to help to deliver net zero will not happen
in a vacuum. For instance, livelihoods and community cohesion
may be put at risk as financial support is refocused on different
land use practices and outcomes (Mills, 2012), while changing
diets and import-export tariffs may radically alter demand and
market prices in ways national governments cannot fully control
(Hubbard et al., 2019; Willett et al., 2019).

Indeed, even addressing the physical issues of “leakage”
in national emissions discussed earlier could have profound
negative social impacts internationally. A more self-sufficient
UK food system would, for example, mean reduced imports of
food and fiber. This transition could certainly help to avoid the
offshoring of emissions, but it may simultaneously undermine
livelihoods overseas and so could hinder overseas development
(Larch and Wanner, 2017; Böhringer et al., 2018).

Society
Achieving a just transition to net zero is arguably the most
important aspect of all. Reductions in the land area used for
agriculture are likely to be focussed on lower grade land, and
so any negative impacts on livelihoods and communities may
be magnified even further by the limited access to markets and
infrastructure common to these areas (Ruben and Pender, 2004).
As already highlighted, these local contexts and risks must be
integrated into the design of any new support system, identifying
the optimal change both from a physical basis and from a social
basis (Feliciano et al., 2013).

High levels of engagement with and support from rural
communities are required (Miller et al., 2009), again taking
account of national circumstances and devolved powers.
Regional land use strategies—as proposed in Scotland’s Land Use
Strategy (ScotGov., 2011)—could be a good starting point to

address the inevitable synergies and antagonisms that arise from
multiple land use objectives. They would need to be supported
by improved data availability and an integrated decision support
system that combines the physical and social realities at a locally
relevant scale (Midgley et al., 2005). Such a system (drawing on an
agent-based modeling or scenarios approach for instance; Brown
and Castellazzi, 2014; Verburg et al., 2019) could be used to better
identify risks and opportunities of differing support schemes and
approaches. Flexibility within regional land use strategies would
then help ensure that social and community priorities are better
respected and could provide a dynamic structure through which
national targets are kept on track.

Examinations of regional-scale approaches in Scotland have
highlighted the importance of community engagement and
acknowledgment of local contexts (Sutherland et al., 2011; Slee
et al., 2014). This can be easier said than done of course—ideally
there are existing community groups and structures that would
facilitate such engagement (Rouillard et al., 2014), but this will
vary from region to region and there is an inevitable trade-off
between the benefits of fine scale applicability and the overheads
of coordination and support required for this.

A governance system that allows effective flows of engagement
and support from, say, individual landowner level, through
community level, and up to local authority and regional
scales would be required. Here, “regional boards” have been
suggested whereby a diversity of stakeholders are represented
from across the region and their representatives (or “trusted
intermediaries” as they have been described for integrated
catchmentmanagement; Rouillard and Spray, 2017) then provide
a direct connection back to community and individual land
owner levels.

Given the central role of local government in planning policy,
individual (if very large) or multiple (if aligned to particular
catchments for instance) local authorities might then have a
formalized role in coordination of regional land use partnerships
and in the design, implementation and reporting requirements of
the regional frameworks that would underpin them. Such formal
accountability is likely to be required to ensure sustainability
of a land use strategy that must evolve in line with economy
wide goals like net zero emissions. One risk is that such regional
devolution of land use strategy would result in overall national
divergence from a net zero pathway, so a dynamic feedback
system for central government (e.g., modeled envelopes of land
use change options and resulting emissions reductions for each
region) would be required. Another major barrier is likely to be
that of capacity within local authorities to effectively deliver this
coordination and reporting role (Hislop et al., 2019). Addressing
these issues will likely need both substantial capacity building
within local government and additional financial support from
central government.

CONCLUSIONS

More overt alignment of the agriculture and land use sectors
with delivery of the Paris Climate Goals is inevitable. Whether
the huge transitions required will be sustainable, just, and
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timely enough is far more questionable. An inherent risk is that
emissions reduction objectives exert disproportionate pressures
through food production systems, leading to unintended
distortion of policies and markets, and ultimately to highly
damaging failures.

The levels of integration required across governance, finance,
skills, research and development, and social systems are daunting.
The research community now has a vital role to play in
supporting policy makers, farmers and all those involved in the
land use sector to attain these high levels of integration.

Developed nations like the UK have a real opportunity to
simultaneously deliver net zero emissions, secure the future of
rural employment and enhance the myriad other “public goods”
our land provides. Yes, realizing an effective system that can

fully optimize agricultural support and land use decision-making
across a whole nation is a huge undertaking, yet the potential

pitfalls andmissed opportunities of a “carbon blinkered” pathway
to net zero are bigger still.
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