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Abstract

The agricultural sector contributes significantly to global greenhouse gas (GHG) emissions
and soil carbon (C) loss. There is an urgent need to move towards more sustainable
agricultural production systems that improve soil C sequestration, reduce GH§&oes)is

and provide sufficient food and environmental bendéitsa growing populationLittle is
known, however, aboutow the influence of specific agricultural management practices,
such as crop and fertiliser typon soil C and GHG fluxes varidepenling onthe local
climate conditions and soil type. This thesis aimed to improve the understanding by
comparing C fluxes fromagriculturalsoils both globally and in the UK, and by comparing

soil GHG fluxes from winter wheat treated with different fertilisers. A global rap#dysis

found croplands and managgesslands to be losing &rheanloss 0f110 g C nfand 29.9

g C m? respectively), regardless of the implementation of best management practices.
Monitoring of sites in the UK showed that, over one yaamopland was C neutralég C

m?) whereas a neighbouring cut and grazed pasture was losing C (3112} @&nchthat

when grown irrotaion, maize losC over its growing season (186C m?), whereas winter
wheat and vining pea behaved as C sk their growing seasof€129 g C n? and-154

g C m? respectively). Brthermore, C losses during the maize growing season were higher
when maize was grown on pe00 g C nf) compared to mineral soil (136 g C3nThe
research highlights the importance of conside@nituxes duringallow periodsin addition

to those duringgrowing seasonss totalnet ecosystem productivithfNEP) over three crop
growing seasons was negativkg6 g C n¥), indicating C uptake, whereas total NEP over
three fallow periods was positive (375 g C?)mindicating C lossDiscounting fallow C
fluxes carthereforeconsiderably overestimate the C sink activity of a cropladditionally,
fertiliser type was found to influenc&HG fluxes from soil under winter wheaver c. 2.5
months postertiliser applicationnitrousoxide (NO) fluxesincreased Wwen plasmdreated

pig slurry was applied1(14 g Nm?) comparedo untreated pig slurry (0.32 g i) and
inorganic fertiliser (0.13 g M1?), and methane (CHifluxes were significantly greater when
untreated pig slurrwas applied3.2 g Cm?) comparedo plasmatreated pig slurry-(.4 ¢

C m?) and inorganic fertiliser{.4 g Cm). The results of the thesis hightigthe importance

of C inputs foreducing agricultural C losses, the traafés of various management practices,
and the need for lontgrm NEP measurements from UK sites using best practiceduoe

GHG emissions and increasail C storage.
Vi
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Chapter 1 Introduction

1.1 Global agricultural land use

Approximately3 8 % of the Earthodés terrestrial l and

and has been rapidly expanding since the 1950s as a consequence of the continuously
growing population (Potapov et al., 202Between 1950 and 202the global agricultural

land area increased from 3.84 billibato 4.79billion ha(HYDE, 2017 FAO, 2023 due to

the conversion of neagricultural land for use in agricultural production. Around 30 % of

the global agricultural land area is cropland and around 70 % is grasklaimet( et al.,

2017 FAO, 2020). An increased demand for food, and more recently biomass for bioenergy
production (Hanssen et al., 2020), has placed a strain on agricultural land, with the area of
agricultural land per person declining over time from 1n&6n 1600 to 0.66hain 2016
(HYDE, 2017). As the global population is expected to reach 9.7 billion by 2050 (United
Nations, 2022), theepressures on agricultural land will only continue to risgdespread
deforestation (Angelsen, 2010), peatland dran@gurich et al., 2019), and more intensive
agricultural management practices (known as industrial agricultdogyigan et al., 2002)

as a result of agricultural intensification haletrimental effects on soil health and the wider
environment. Agriculture is the primary driver of global soil degradation and biodiversity
loss (Lal, 2015a), contributes to air and water pollution (Giannadaki et al., 2018; Tudi et al.,
2021), and is respsible for up to 8.5 % of global greenhouse gas (GHG) emissions (IPCC,
2019).The sector is also highly vulnerable to climate impattsachieve net zero GHG
emissions by 2050and to meet global food needs and environmental commitments, a

systematic shift in agricultural management practices is essential.

Soilsrepresent an important carbon (C) store; globally soils store over 2500 Pg C, of which
1500 Pg is organic C (Zomer et al., 2017). Carbon in soils is important for healthy plant
growth, as it supports good soil structure, fertility and water infiltrati@d{Tand Schulte,
2012). Furthermore, soil C sinks are critical for removing carbon dioxide) (fZ@n the
atmosphere, so building the soil C pool will be crucial for combatting climate change (Lal,
20049). Over the past 200 yeargrecultural expansion tsaresulted in an estimated loss of

133 Pg C from soil (Sanderman et al., 2017) as a result of intensive management practices
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such as deep tillage (Tanveer et al., 2018). The disruption of soil aggregates exposes soil
organic C (SOC) which ihenoxidised and emitted as GQrontributing to climate change

(Lal, 2004; Jiang et al., 2023%po0il structural degradatipm addition to periods of bassil

(fallow), also enhanassoil erosiorand subsequesbil Closs (Chowaniak et al., 2020). High

rates of biomass removak harvested or grazed biomass in intensively grazed grasslands
reducethe amounbf C from organic materiahat isreturned to the soil (Soussana et al.,
2007; Tang et al., 2019).

Around 3 % of the global land area is peatland (IUCN, 2024} iBdaghly organic and

stores over 600 Gt C, which iscansiderablgo or t i on of t @GUCN,2@2t;l d 6 s
Zhou et al., 2021). Peat accumulates in waterlogged conditions, gehtandsnust be
drained for use in agriculture toeate suitable conditions ftire growth of a wide variety of

crops (Maljanen et al., 2010}lobally, around 50 milliorhaof peat have been draingtus

far for use as cropland, grazing land, forestry or stiacture (Convention on Wetlands,
2021). Drainage causes peat to dsybsideand rapidly decomposehich releases store@

as CQ (Lindsay et al., 2014). Furthermore, peatland drainage requires @ntrggive

pumps (Evans et al., 2021), meaning that crops grown on drained peat have high GHG

production intensities (Carlson et al., 2016).

Global croplands ar@rimarily managed withmonocropping where only one type of crop
is grown over multiple growing seasons (Power and Follet, 108r)in rotationi where
different crops are grown in a sequence (BlaGamqui et al., 2013). Monoculture cropping
is particularly common in the USA, wheiige productiorof soybean, maize and cotten
high (Altieri and Nicholls, 2020). As cropsach have specific nutrient requirements,
monoculture cropping causes the soil to become quickly depleted aincedtrients
(Salaheen and Biswas, 2018)is common for landowners to address thigrient deficit
with fertiliser application, partidarly in high-intensity systemsalthough this can cause
further problemsas a result otlevated GHG emissions (Section 1@jowing crops in a
rotation aims to replenish the soil witie nutrients used by the previous crop (Ball et al.,
2005); the inclusion of a legume crop, for example, will fix nitrogen (N) in the soil (Min et

al., 2016) and therefore reduce thequirement for additional inputs of N fertiliser.
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Monoculturesystems are also more vulnerabl@ésts and diseases as there is a pembane
host crop (He et al., 2019), and so theusion of break crops in @realrotation, such as
oilseed rape, peas potatoes (Finch et al., 2002), prevents the develapofeests, diseases

and weedsby disturbing the continuity of the host crop(Ball et al., 2005).

There is considerable C sequestration potential associated with the conversion of croplands
to grasslandgBlair, 2018; Guillaume et al., 202Pe Rosa et al., 2028yall et al., 2023a).
Grasslands usually have higher C inp{@§ due togreaterroot biomass (McGonigle and
Turner, 2017) and belowground C translocation (Kuzyakov and Domanski, 2000) as a result
of more continuous vegetation cover, and via excreta from grazing livestock (Chang et al.,
2015). Grasslands have also been shown to hetwer Isoilquality than croplandss there is

no disturbance from tillage events (Jones and Donnelly, 2004) and lefegynthetic
fertiliser additionwhich canhavenegativeeffects onsoil microorganisms (Tripathi et al.,
2020).Agriculturally managed @sslands are used to produce food for livestogkowing

silage to export for feear bygrazing livestock directly on the fieldor to producdioenergy

from biomass Grazed grasslands are commonly madage either continuous grazirig

where livestock are always present in the fielok by rotational grazing where livestock

are frequently moved between fields or paddocks (Liu et al., 2020a). Continuous grazing is
often associated with low vegetation productivitytesbiomass is constantly removed from

the field by livestock at a relatively steacte (James, 2011) and so has little time in which

to regrow. Continuous grazing al$creaseshe risk of overgrazingyhere the vegetation

has no tine in which to replenish itself, which leadsviery poor soil quality and soil C loss,

and is common in serarid areas (Cipriotti et al., 2019). Rotational grazing allows the
vegetation to rgrow before the next grazing event, and has benefits for soil health as
vegetation is allowed more tine whichto establish, so plant roots can grow bigger and the
requirement for fertiliser is reduced (Teutscherova et al., 2021; Albanito et al., 2022).
Managing a grassland by alternating betweetogsrof grazing and no grazirtig allow

grass ® grow prior to a harvest evenbmbines these benefits and is common in mixed

farming systems.

1.2 UK agricultural land use



Since 2000, the total utilised agricultural area in the UKreanained steady at between 17

and 18 millionha (DEFRA, 2022a). Currently, 7% of t he UKLusedfoand
agriculture, with 30 %of this used for crop production and 60 % as managed grassland
(DEFRA, 2022a)Most of the UKG6s agricultural |l and
% of t he ¢ ouil equiyaterst to gle50bai has deen drained farse in
agricultural production (Evans et al., 2021). Wheat is the most widely grown arable crop in
the UK, occupying around 40 % of the count
and oilseed rape are also commonly grown (DEFRA, 2020a), howevercetieails (i.e.,

maize and oat) and legumes (i.e., peas) are becoming more popular (DEFRA, 2020b;
DEFRA, 2022b). The UK is not food satifficient however46 %of the food consumed is
importedi a largecontrast to 22 % in 1984 (AHDB, 2022). Cropland in the UK is not only

used for producing food crops; the amount of land dedicated to maize production for
bioenergy in the UK has grown particularly fastncreasing from 34,000ain 2015 to
75,000hain 2020 (DEFRA, 2021a). Anaerobic digest{@&D) or the combustion of biomass

to produce energy has received considerable attention as a renewable resource in recent years
(Hanssen et al., 2020; Calvin et al., 2021), and, as maize isyieiging and has a hig

biogas output (Herrmanr2013), it has become a popular bioenergy crop. The use of
productive agricultural land to grow crops for bioenergy has been met with criticism,
however,as it reduces thamount ofland available to produce food crops, and so may
threaten food securitfKline et al., 2016).

In the UK, agricultural grassland is critical for supporting livestock productod, thus
outputs of animaderived product§Qi et al., 2018). Across the UK, agricultural grassland is
commonly managed as either permanent pastgrassland that has not beersoavn within

the last five years and is used for growing vegetation for fdddeipart of an arable rotation

i wherea field is alternated between crops and grassas rough grazingwhere livestock,
usually cattle or sheep, are present (&ifick et al., 2008; DEFRA, 2022c). UK grasslands

can also be classified as temporaiy less than five years old (Kilpatrick et al., 20G8pr
improvedi grassland that has undergone reseeding and receives regular inputs of N fertiliser
(DEFRA, no date).



1.3 UK agricultural policy

Between 1973 and 2020, UK agricultural policy was integrated with that of the European

Uni onbs, via the Common Agricultural Policy (C
CAP was to improve agricultural productivity and ensuoe@asistensupply of affordable

food for society, which was achieved through guaranteed prices and assured markets for

farmers (European Commission, no dateThis resulted in a large increase in the intensity

of agricultural operations, suds land expansiorand peatland dinage as landowners

aimed for maximum output to feed a growing population (Emmerson et al., 2016).
Furthermore,lie CAP was instrumental in the expansion of the biodiesel sector in Europe,

as payments were also made to farmers for the growth effoeaincrops that could be used

to produce bioenergy (Coelho and Goldemberg, 2004). By the 1980s, food commaodities in
theEuropean Union were being vastly overproducesijlting in a surplus of some products

such as butter and wine (Reinhorn, 200iich negatiely affectecthe environment. From

1992 onwards, various reforms of the CAP occurred, including the introduction ef agri

environment schemg®ES) in 1993 to reduce the negative impaefsagricultureon the

environment, adh the Single Farm Payment (SFPheme usuallyrefee d t o as t he O6Bas
Far m P awhiolewas ilmplemented in 2005 (Europgaommission, no data). The

SFP sheme decoupled subsidies from production, meaning that farmers were allocated one

standard payment regardless of the amoymbduced (Sanders et al., 201Farmers were

instead encouraged to produce food in response to consumer demand, and so were able to

place a greater priority on improvigimalhealth and welfare standards and caring for the

environment (Sutherland, 2010). Another significant reform to the CAP occurred in 2013, in

response to climate change and the challenges of global markets, with even greater
importance placed on reducing thegative impacts of agriculture on the enviramt

(European Union, 2019)his involved farm payments beirggr eened 0, meaning t
proportion of direct payments would only be guaranteed if farmers implemented practices

that had an environmental benefit, for exampleng organic productionmethods

diversifying cultivation by growing multiple crops, and maintaining permanent grassland

(Cortignani et al., 2017).



In 2020, following the withdrawal of the UK from the European Union, the Agriculture Act
was passegyrovidinga legal framework for the UK to establish its own agricultural policy
(Coe et al., 2020). Agricultural policy is a devolved matter, however, so the four nations of
the UK haveeachdeveloped their own policies, with national legislation introduced where
required. In England, these policies are implemented through Environmental Land
Management (ELM) schemes, which are slowly replacing the CAP,uglthare not a
finished product as the schemes continue to be developed into 2024. The ELM schemes will
pay farmers for producing food using sustainable methods, assvédrthe provision of
environmentalgoods and services (DEFRA, 2023@here are three ELM schemes: the
Sustainable Farming Incentive (SFI) which pays for environmentally friendly farming; the
Countryside Stewardship scheme which pays for the implement#t@ctions in specific
habitats; and the Landscape Recovery scheme which providesefs with financial
assistance for larger projects that aim to benefit the environment (DEFRAg) 2088 SFI

is focused on supporting farmers to manage their land for sufficient food provision whilst
minimising the environmental impacts of doing so, providing subsidies for a rang@aokac
such as the addition of organic matter (M¥oil and reducing the amount of time that soil

is bare for (DEFRA, 2028. Actions that farmers take through ELM schemes will also
contribute to national environmental and climate goals by improving the state of the
environment and reducing GHG emissionkich arefund ment al t o t he UK
Environmental Improvement Plan (EIP) (UK Government, 2023a). The EIP builds on the 25
Year Environment Plan (UK Government, 2023b) and sets out a framework for how the
environment can be improved through the collaboratiodanflowners, businesses and
communitiesacrossthe environmental, agriculturaind marine sectorf@K Government,
2023a).

The goals of multiple policies are aligned with those of the EIP, many of which are specific

to agriculture or place a large focus on the actions of the agricultural sector. The Net Zero
Government Initiative, introduced in 2028msfor all sectors of the economy to achieve net

zero GHG emissions by 205@ESNZ, 20233 1 n contr i bution to t
Strategy, the NFU has set a target for the agricultural sectors in England and Wales to achieve
net zero GHG emi ssi ons b ypr@éhds@enterbidrolworkidgd 1 9 )

with farmers, scientists, industry and government to achiesby focusing efforts on three
6



key pillars: boostinggriculturalproductivity and reducing emissions, increasing C storage

in farmland, and using bioenergy with C capture and storage (BECCS) (NFU, Za#&9).
Biomass Strategy is a key contributor to the Net Zero Governimiiative and identifies

actions for how biomass production can become more sustainable and how biomass can be
most efficiently utilized for energy generatioPESNZ, 2028). The Circular Economy
PackaggCEP) introduced in 2020, forms past the 25Year Environment Plarand now

the EIP,and aims to maximize resource use and minimize waste where possible (UK
Government, 2020). Finally, the England Peat Action Plan is focused on peat restoration in
England, aiming to restore 3B@ha of peatland by 202%0 benefi wildlife and further
contri but e zerogoal (UK Gavérdment, 2021

In 2023, the Agriculture and Rural Communities Bill was introduced in Scotlagd/¢o
Scottish Government the power to develop a new framework to replace the CAP (Scottish
Government, 2023. Due to be implemented in 2025, the framework will help Scotland
achieve itsdvision for Agricultureéd which is focused on sustainable food production and
regenerativracticegScottish Government, 2022). The framework will provide payments

to farmers across four tiers; Tier 1 will support food producers based on the conditions that
climate, environmental and business standards are met; Tier 2 wdl diTier 1 by
providing additional support to farms based on the implementation of practices that reduce
GHG emissions and enhance nature; and Tiers 3 and 4 are based on more targeted measures
such as skills developmentnéwledge sharing, tree plantirend peatland restoration
(Shohet, 2022). Around 70 % of payments will be for actions undertaken as part of Tiers 1
and 2, which will be direct and thus available for all farmers who meet the required standards,
with the remaining 30 % for Tiers 3 and 4 ialn are competitive (Shohet, 2022; Corsair,
2024).

Similar to the Scottish Agriculture and Rural Communities Bill, the Agriculture (Wales) Act
2023 i s \Brdxieagricudturgd sugport scheme (Welsh Government, 2023a). The
Act sets out Sustainable Land Management Objectives which focus on the sesi@inably

produce food, mitigate against climate change, and enhance ecosystems and the countryside

(Welsh Government, 2023b), and will primarily be implemented through the Sustainable
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Farming Scheme (SFS). The SFS will be implemented in 2025w#ingay farmers for
practices that reduce GHG emissions, mitigate flood and drought risks, maximise C
sequstration, improve water qualignd maximise resource efficiency, alongside many other

outcomes (Welsh Government, 2023b).

In Northern Ireland, the Future Agricultural Policy Framework Portfolio for Northrefand

(DAERA, 2021) identifiedfour priorities for agriculture, including increased productivity

and environmental sustainability, to be achieved by the Agriculture Policy Programme
(Thomson and Moxey, 2023) which is currently under developrigfurts made towards

these specificargets across England, ScotlaMlales and Northern Irelanawill also
contribue to achieving widertargetste se i ncl ude the UK Governn
and the Paris Climate Agreement, which aims to limit the global temperature increase to 1.5

e @bove prendustrial levels (United Nations, 2015).

1.4 Greenhouse gas emissions from agricultural soils

The agricultural sector is responsible for up to 8.5 % abgl GHG emissions (IPCC, 2019)
and around 11 % of the UKO6s GHG emi ssions
GHG emissions are produced by the dgad sector (Crippa et al., 2021), which
encompasses emissions originatingfamm, but also from preand postproduction, food
marufacturing and household consumption (FAO, 2022). The main sources of GHGs from
the agricultural sector include direct emissions from soil, synthetic fertiliser production,
livestock waste managemeiridirect emissions of nitrous oxide {®) (i.e.,leachng and
volatilization),vehicle emissions, and enteric fermentation from livestock (DEFRA,&2022

The contribution of the agricultural sector to global GHG emissions has increased over time,
from 4.98 billion tonnes C&equivalent in 1990 to 5.87 billion tonnes &€&uivalent in

2020 (Ritchie 2020) as a result of agricultural expansion and the intensification of
management practice@verall GHGemissions from the UK, however, decreased by 23 %
between 1990 (65 millionCO;-equivalent) and 2020 (50 millidrCOz-equivalent) (Ritchig

2020). Recent estimates state that in 2021 the agricultural sector was responsible for 1.9 %

of t he .@migsions, @D% of its methane (§Hmissions and 71 % of its:®
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emissions (DEFRA, 20®). Methane and pO are particularly powerful GHGs with global
warming potentials 28 and 237 times that of.@€3pectively over a 16@ear period (IPCC,
2021), meaning that they remain in the atmosphere for longer andncaresgarming than

CO (Munoz et al., 2010)The main agricultural sources of these three major GHGs are

discussed in turn below.

1.4.1 Carbon dioxide

Carbon dioxide emissions from agricultural soils are dominated by respiration (Wohlfahrt et
al., 2008; Eugster and Merbold, 2015) (Figure 1.1), which is affected by both the
environmental conditions at a s{iee., climate and soiBnd the management practices used.
Soil organic matter (SOM) mineralisation is the process by which soil C and nutrients are
transformed to C®and plartavailable forms of nutrients, including nitrate (R)Oand
ammonium (NH") (Gan et al., 2020). Soil organic matter minegdlan is regulated by
temperature and soil texture; many studies have observed that soils in warmer and wetter
climates, and soils that are fibextured, have favourable conditions for microbial activity
and SOM mineralisation, and thus £€€émissions (Dilustro et al., 2005; Jager et al., 2011;
Shakoor et al., 2021). Intensive agricultural practices like tillage disturb soil structure by
breaking up soil aggregates, which exposes the C in SOM to mineralisation (Reicosky, 1997,
Eze et al., 208; Farhate etla 2018). The aplication of organic fertilisertypically livestock
manure, slurry and compost (Singh et al., 2020), is a conagraculturalpractice tgorovide

a supplyof OM and nutrients to improve soil structure and fertility, microbial activity and
crop growth (Assefa and Tadeese, 2019). A high proportion of the C supplied in organic
fertiliser is labile, meaning it is readily decomposed by soil microorganisms (H200Es,

Zhang et al., 2020). Thidecomposition further stimulatesoil microbial a&tivity, and
releases C@via microbial respiration or the priming effectwhen the decomposition of
oldersoil C isacceleratetyy the input of new soil C (Liu et al., 2020b; Machiara et al., 2020;
Doyeniet al., 2021). Retaining crop residues on the soil surface is promoted to improve soil
health, as it contributes to improved soil structure arfdgherSOM content(Liang and

Wang, 2020)Cropresidue retention may cause an increase ip €@ssionshoweveras

the decomposition of residues on the soil surface provides material for soil microbes to use

as a substrate, which releases.(fth directly to the atmosphere and via microbial
9



respiration (Gebremedhin et al., 2012; Mangalassery et al., 2015; Wegner et al., 2018; Veeck
et al., 2022). Alternatively, where crop residues are ploughed into the soil, older SOC is likely
to be oxidised and released as@@ssiri and Lal, 2009; Ruan and Robertson, 2013; Wegner
etal., 2018). Implementing any diie aboveagricultural practicesn drained peatland is

likely to result in higher C®emissionccompared tavhen implementedn mineral soil, as

peat has a considerably higher OM content, and greater potential for C loss (Lohea

al., 2003).
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FIGURE 1.1 SOIL CARBON CYCLE IN AN AGROECOSYSTEM(ADAPTED FROM BRADY AND
WEIL, 2002)

1.4.2 Methane

Global agricultural Ckl emissions are primarily attributed to rice cultivation in tropical
climates and enteric fermentation from livestock (Chadwick et al., 2000), however a

considerable proportion is associated with the storage and usamire or slurryas an
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organic fertiliser (Le Mer and Roger, 2001) (Figure 1Applying livestock slurries and
manuress promoted to add a supply ©M and C, improve soil qualitgnd contribute to an
onfarm circular economy by reducing waste (Case et al., 2017; Chew et al., 2019).
Methanogenesis is the process by which methanogens produc@ €Mer and Roger,
2001); the keyrequirementdor methanogenesis are anaerobic conditiorspuace of C
tempeatures between 3@ n d 40d the presence of methanogens (Le MerRuwgkr,

2001). These conditions are prevalent ifam storage tankshere livestock waste is kept
before beingapplied to soil as fertiliser, with the livestock waste providimg required C
source(Mobilian and Craft, 2022). The GHproduced in the storage tanks can be either
directly emitted to the atmosphere (Baral et al., 2018) or dissolved into the waste and
volatilised and emitted to the atmosphere upon application to soil (Rochette and Cote, 2000;
Severin et al.,, 2015). Furtmore, CH emissionscan occurafter manue or slurry
application, as the mineralisation©@M in the organic waste creates anaerobic microsites in
the soil where CHlis produced and directly emitted to the atmosphere (Pamygitmzalez

et al., 2017)In peat soils, or soils where the water table is high such as paddy sailsaiCH

also be emitted following a range of processes including diffusion, whex@i©@Huced in
areerobic layers is released the atmosphere, and oxidatibgp methanotrophic bacteria
(Busman et al., 2023; Ouyang et al., 2023).

1.4.3 Nitrous oxide

Nitrous oxide emissions from agricultural soils aeproduct of nitrification andbr
denitrification (Khalil et al., 2004; Chantigny et al., 2013; Zhang et al., 2021) (Figure 1.2).
Nitrification occurs in aerobic conditions; MHis oxidised to nitrite (N@) and NQ’, and

N20 is emitted as a byroduct (Ergas and Apontdorales, 2014). Denitrification occurs in
anaerobic conditions; NOand NQ" are reduced to 2D which is emitted to the atmosphere
(Skiba, 2008). Denitrification often occuiglowing arainfall event due to an increase in

soil moisture content and reduction in soil oxygen content (Thapa et al., 2015), or as a result
of compaction or wizrlogging (Bussell et al., 20p1providing enough substrate N is
available The majority of agricultural )0 emissions are associated with the application of
inorganic (i.e., synthetic) and organic N fertilisers (Lu et al., 2021) (Figure 1.R)ifsften

limited in agricultural soils, fertilisers containing ammonium nitrate {NBkg) are added to
11



supply available forms of N to support plant growth (Liu et al., 2014). Organic fertilisers
provide a supply of C and OM which haeglditional benefits for soil health (Lal, 2016).
Many studies have measured highe®ONemissions from soil when organic fertiliser is
applied compared to inorganic fertiliser (Yang et al., 2015; Zhou et al., 284 Qoll
microorganisms use the labile C in organic fertiliseraasubstrate for nitrification or
denitrification (Hangs and Schoenau, 2022)e application of fertilisers with a high liquid
content can further stimulate® emissionwia denitrification asthe soil oxygen content is
more limited (Sextone et al., 1985). Nitrogen can also be lost via leaching or runoff,
particularly if an excessive amount of fertiliser is applied, or if fertiliser application is
followed by a heavy rainfall event (Qin et al., 2012). In the UK, farms in Nitrateevable
Zones those inareas at risk of agricultural NQpollution, face restrictions on howuch N

can be applied to soils to reduce the likelihood of excess leaching into the environment
(DEFRA, 2021b). Despite this, however, emissions from theestor remain high.
Emission factorg§EFs)are used as a metric to represent the amount of a pollutant produced
as a result of a certain activity (Skiba et al., 2012). The IPCC uses a d@dfailtl % for

direct NO emissions from soil as a resultagfricultural activity (IPCC, 1996; Skiba et al.,
2012), suggesting that 1 % of the N applied is emittecb@s Many studies hav&own that

this emissionis highly variable, however, as a result of the fertiliser type used ariddhle
climate and soil conditions (Buckingham et al., 2014; van der Weerden et al., 2016; Mazzetto
et al., 2020). Bell et al. (2015), for example, foltsof 0.2 % at sites in England fertilised
with NHsNOs, and Buckingham et al., (2014) fouB&sto rangebetween 0.34 % and 374.
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1.44 Agriculture and climate change

The climate is changing as a result of anthropogemiivity. Burning fossil fuels,
deforestation, and elevated GHG emissibase caused rise in global temperatures
desertification, and more extreme and frequent weather events such as fl(@&adomean
Commission, no date)pall of which have wholly detrimental fetts on agricultural
productionsystems Higher temperatures increase crop respiration and evapotranspiration
rates, reduce the length of the growing seaandincrease the presence of crop pestof
which result in reductions of yield and inco(Moore et al., 2017; Malhi et al., 2021; Habib
ur-Rahman et al., 2022With climate change becoming more exacerbated every day, and its
effects predicted to become even more extremenees will need to adapt their management
practices to mitigate againgtese negative impac{slabib-ur-Rahman et al., 2022This

may be achieved by thadoption of best management practices sucthvassifying crop

rotations,improving water management, introducing measuceprevent soil erosion, and
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improving grazing managemenall of which have been proposed as methods to increase
agricultural resilience to climate chandeyal et al., 2020; Bowles et al., 2020; Srivastav et
al., 202). Whilst the agricultural sector is vulnerable to the effects of climate change, it is
also one of the only industries that can contribute to a reduction in these effects by
sequestering C in the soil. The managengpattices proposed to achieve this are wide
ranging, with their success highly dependent on the ermmeon in which they are
implemented (Section 1.6).

1.5 Measuring greenhouse gas emissions from agricultural soils

The suitability and effectiveness @imethodor measuring soil GHG fluxes depends on the

gas being measured and scale at which measurements are required. Eddy covariance (EC) is
a standardised method for measuringp@xes at the field scale (Baldocchi, 2014; Lucas

Moffat et al., 2018), and chamber methodologies are preferred for GHG measurements at the
plot scale (Keane et al., 2019; Maier et al., 2)2Phe pros and cons of these two methods

are discussed in the following sections.

1.5.1 Eddy covariance

Eddy covariance flux towers are a weditablished method for measuring fluxes oh@ad
water vapour (Pastorello et &020; Bastviken et al., 2022) and provaleeliable estimate
of CQ, fluxes at the fieldscale (Smith et al., 2010; Barba et al., 20Ni)rous oxide and
CHas fluxes can also be measured with BEhoughwith greater expense atalver accuracy
as these gases are emitted at lower magnitudes thafL&d@lle et al., 1999; Eugster and
Merbold, 2015; Krauss et al., 2016; Nemitz et al., 2018). Eddy covariance measures the
movement oturubluentair eddies within the atmospheric boundary layer to determine the
rate of vertical gafCQ) transport between the terrestrial ecosystem (i.e., the statswor
vegetation canopy) and the atmosphere (Denmead, 2008) (Figure 1.3). The speed and
direction of these air eddiési (horizontal wind velocity in eastiest direction)y (horizontal
wind velocity in northsouth direction), anav (vertical wind velocity)i are continuously
measured by a threimensional sonic anemometer and the; €@hcentration is sampled
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by an infrared gas analyser (Yu et al., 2013; Eugster and Merbold, 2015) (Figure 1.4).
Additional micrometeorological measuremeits.e., net radiation, sherand longwave
incoming and outgoing radiation, air temperatanel humidity, and soil temperature and
moisturel arerequiredfor the @lculation of turbulent fluxes, which are measusgith a net
radiometer, air temperature and humidity probes, and soil temperatuneogsidreprobes

respectively.

Fluxes measured with EC are processed and computed usingamper software (Yu et

al., 2013) commonly EddyPm® (LI-COR Biosciences, 2019) when-CIOR flux towers are
used.Net ecosystem exchange (NEE) is calculated as thdl@plus the CQflux storage
term (Nicolini et al., 2018, and is presented in 3@inute average values. Providing the
height of theflux tower is below 10 m, the CGOstorage termor the change in CO
concentrration between the ground and sensor hé&gikely to be negligible in comparison

to the estimation of NEmBowever s likely to influence CQfluxes if the tower is taller than
this, and so should be accounfedwhere appropriat@Nicolini et al., 2018)Carbon dioxide

flux measurements incur large potential for error, often as a resaftiohdequate sample
size per averaging period, or systeimatrors (Loescher et aR006; Mauder et al., 2013),

so during the initial processing stage, the flux data is quality controlled to ensure that only
high-quality data is used. If a Gill Windmaster spanonemeter is used to measwye
EddyPr&& wi | | abpopd syt 6a bounwg -GOR Bipseientes, @024) (Hereby a
double coordinate rotatias applied to correct any tilt or misalignment of the anemometer
(Wilczak et al., 2001), an issue previoustientified and thus rectified bthe software.
Quiality control flags are used to identify highr low-quality data (Foken et al., 2004) and
outliers andclearly implausible values are removed according to Mauder et al. (2013) and
Vickers and Mahrt (1997). Any time lags between the sonic anemoametérighfrequency
data are corrected using crassrelation, and fluxes will beorrected for high and low
frequency cespectral attenuation according to Moncrieff et al. (1997; 20&4d for air
density fluctuations using the Welbtearmar_euning correction (Webb et al., 1980). In
addition, data is removedhen: itis classified as statistical outlier according to Papale et
al. (2006); when the signal strength of theQOR is higher than the baseline value according
to Ruppert et al. (2006)yhen itis beyond realistic thresholds (i.e., when the sensible heat

flux (H) <-200 or > 450 W m, when the latent heat flux (LE)-80 or > 600 W%, or when
15



NEE <-60 or > 30 g rif). A footprint model will beproducedto determine the ardhat
contribute to the measured fluxes (Kljun et al., 206#)ally, norrepresentative data will
be removed i.e.,when over 20 % of the data within that-8Gnute period was recorded

outside of the site boundaries (Kljun et al., 2004).

Gaps in the dataset, either as a result of measurement error or the removal of outliers or low
quality data, are then filled, often using marginal distribution samgReychstein et al.,

2005; 2016)which involves simulating NEE values based the existing highquality
measurements. To determine the amount of C fixed by plants through photosynthesis and
released via respiration, NEE can be partitioned into gross primary productivity (GPP) and
total ecosystem respiration (TER) (Smith et al., 201@quéaton 1.1). The
micrometeorological sign convention is often used for NEE, where positive values indicate
CO; loss from an ecosystem and negative values indicate @s€milation (Baldocchi

2003).

0 ‘00 "YO'Y 00 0 (Equation 1.1)

Following processing, the energy balance closure (EBC) method can be used to assess the
quality of EC data at a study site (Aubinet et al., 2001; Wilson et al., ZD@i2)s based on
theprinciplet hat u n dc¢anditionsthedsenadf the fluxes measured by EC (LE + H)

are equal to the available energy measured by other meansi (BheThe closer to 1 the

EBC is, the greater amount of energy exchange is being captured by the EC flux tower, and
thusthe measurements are more accuraigidal EBC values reported for EC flux towers

are between 0.7 and 0.9 (Wilson et al., 2002; Foken, 2008; Wagle et al., 2018), and thus

values within this range am®nsidered acceptable and accurate.
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FIGURE 1.3 SCHEMATIC OF EDDY COVARIANCE FLUX TOWER WITH WIND EDDIES AID
VEGETATION CANOPY (BURBA, 2022).
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FIGURE 1.4 EXAMPLE EDDY COVARIANCE FLUX TOWER WITH KEY COMPONENTS

LABELLED.

It is important to acknowledge that although EC is an established method for measuring
field-scale CQfluxes, there are some limitations of the metHimarily, EC relies on
homogeneityof the field being measurdMauder et al., 2021 and thus if the field is not
homogenous then the fluxes will not be representative. Furthermioee, the site being

measured is homogenolsgcan be difficult tandependently quality control the data to
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verify whether the fluxes measured are in fact representatikieut additional equipment

such as a personal G@onitor. The reliability of EC for measuring NEEaddressed in

the wider literatureRaldocchi, 2003; Aubinet et al., 2012auder et al., 2021 however

fluxes can be more difficult to verify on amdividual siteby-site basis. It is also likely that
fluxes measured during the nighte are underestimated if the movement of air between

the terrestrial environment and the atmosphere is not as turbulent as rayunctdpeeds

are often lower at nighttime, and thus there is the potential for fluxes during this time to be
missed Aubinet, 2008. These limitations should be considered when interpreting EC data

and strengthen the requirement for increased monitoring of NEE using EC flux towers.

1.5.1.1 Net ecosystem productivity

Net ecosystem productivity (NEP) provides an indication of the extent to which an
agroecosystem is behaving as a C sink or source. Net ecosystem productivity accounts for
lateral fluxes of Q i.e., C exported from thigeld in harvested or grazed biomassi(@nd

Ci via seed, organic fertiliser excreta from grazing livesto¢kin addition to the vertical

fluxes which make up NEE (Equation I.zadapted from Evans et al., 2021) (Figure 1.5).
Similary to NEE, the micrometeorological sign convention is used for NEP where a positive
NEP indicates C loss and a negative value indicates C gain by the agroecosystem (as in Evans
et al., 2021).

000 V1 O0O6 6 (Equation 1.2)

Amongst the literature, the number of published studies that measure NEE is considerably
greater than those that measure NEP, which can be attributed to the challenges associated
with calculating G and G. To calculate @from croplands, the C content of a sample of the
harvested biomass can be analysed and upscaled to the reported yield (Ceschia et al., 2010).
Calculating the C removed as grazed biomass from managed grasslands can be considerably
more difficult, howeverand the methodology for doing se not standardised. This is
evidenced by the fact that multiple methods are used throughout the literature. Some studies,
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for example, measure the difference in height gpeacificarea of grass before and after
grazing and multiply this by the C content of the grass (Skinner, 2008; 2013; de la Motte et
al., 2016; Laubach et al., 2019; 2023) whereas others multiply the C content of the grass by
a standardised pasture utilisationual(Rutledge et al., 2017; Wall et al., 2019; 2920
2023b). Imports of C to a field can be determined by analysing the C content of any added
organic fertiliser or s&d, and, for grazed grasslamysadditionallycalculating the proportion

of C ingested via grazing that is returned to the soil as livestock excreta. There is no consensus
within the literature as to how to derive this proportion, however (Skinner, 2008; 2013;
Rutledge et al., 2015; 2017; de la Madteal., 2016; Laubach et al., 2019; 2023; Wall et al.,
2019, 2026; 2023b); the values reported range between 30 % (Laubach et al.2P@B9;

and 37 % (Skinner2008; 2013) and in some cases are calculated on-apsitdfic basis

based on the number ddys livestock are on the pasture and the metabolisable energy of the
biomasqRutledge et al., 2017; Wall et al., 2@2@023b).

The net ecosystem C balance (NECB) provides considerably more detail on the C sink or
source potential of an agroecosystmmpared ttNEP, however NECB is reported even less
frequently amongst the literature than NEP. The NECB accounts for all possible lateral C
fluxes (Ciais et al., 20H) Smith et al., 2010), considering exports as dissolved C in leachate
and C in volatile emissions and gHand imports as dissolved C in precipitation. These C
data are difficult to measurbpwever, and stNEP therefore provides a more accessible
estimate of whether an agroecosystem is accumulating or losgligti®e to NECBChapin

Il et al., 2006; Ceschia et al., 2010).
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FIGURE 1.5 PATHWAYS OF CARBON EXPORT AND IMPORT TO(A) CROPLANDS AND (B)
AGRICULTURALLY -MANAGED  GRASSLANDS CONSIDERED IN NET ECOSYSTEM
PRODUCTIVITY. BLUE ARROWS REPRESENT FLUXES CONSIDERED IN NET ECOSYSTEM
EXCHANGE, RED ARROWS REPRESENT IMPORTS OF CARBON TO THE FIELD AND GREEN LINES
REPRESENT EXPORTS OF CARBON FROM THE FIELD

1.5.2 Chamber methodologies

Chambetbased approaches are utiligedneasure gas fluxes at the plot scale, often being
used to determine the influence of treatments or management practices on GHG fluxes
(Chadwick et al., 2014). Compared to EC flux towers, GHG flux chambers take
measurements from a small surface areatttet al., 2010; Sainju et al., 2021) and are able

to capture fluxes of a lower magnitude, providing accurate measurements, MizCHand
ammonia (NH) emissions, as well as GQYu et al., 2013; Chaichana et al., 2D1Bhere

are multiple types of GH8ux chambers, including flowhrough, dynamic and static closed
chambers, all of which use different methods tosueathe rate and concentratafrfluxes.

Static closed chambers are the most coniynasedthroughout the literature; a collar is
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inserted into the soil usually to a depth of-20 cmi on top of which is placed a collar and

a lid (Figure 1.6A). If requed, extensions can be addeetween the collar and lid to
accommodate tall crops over their growing season (Figure 1.6B) (Maier et ah).20R2n

the chamber lid is closed, gas accumulates in the chamber headspace and is sampled and
analysed by a gas analyser (Collier et al., 2014; Sapkota et al., FQi®s from closed
chambers are calculated according to Equation 1.3 (Denetedd 2008):

O "R TR 0 (Equation 1.3

whereFy is the flux density of the gas at the surface (k§W), v is the volume flow rate
(m® s, 14.0is the gas concentration of the air leaving the chamber Rg i is the gas
concentration of the air entering the chamber, Amglthe surface area the chamber covers
(m?) (Denmead et al., 2008).

Greenhouse gas flux chambers can be manual or automatic. Manual chambers require
frequenthuman input to place the lid over the chamber and extract the gas sample with a
syringe (Clough et al., 2020) for further analysis in the laboratory, usually by gas
chromatography (Sapkota et al., 2014). It is recommended that manual gas sampling is done
between 10:00 and 12:00, as this is when flux rates are considered most representative of
what s emitted over the course oflay (Sapkota et al., 2014; Reeves anchify2015). It is

also recommended that samplka® taken at least once per week dapturetemporal
variations (Del Grosso and Parton, 2011). Manual chambers are affordable, however there is
considerablgotential for error to occur during the extraction, transportation and analysis of
gas samples (Loescher et al., @08nd sampling frequency is logistically limited as humans

are involved (Gorres et al., 2016). Automatic chambers minimise the requirement for human
input to close the chamber lid and extrsainples, as chambers are programmed to close and
extract gas samples on a set schedule (Denmead, 2008; Grace et al., 2020). Providing a gas
analyser is connected, the samples can be analy§iettirallowing for continuous sampling

and any temporal vability in gas fluxes to be captured (Yao et al., 2009; tenaret al.,

2020). It has beerstablished, for example, that@® fluxes are likely to peak following
rainfall events (Smith and Dobbie, Z)(Huang et al., 2017; Westphal et al., 2018) which
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stimulate denitrification (Thapa et al., 2015); as the timing of weathats are difficult to
predict manual sampling strategies can easily késsevents (Asgedom et al., 2QX3race

et al., 2020). Furthermore, diurnal emissions gbNhave been observed in several studies
(Wu et al., 2021) and are more likely to be captured where sampling occurs continuously
throughout the day and night. Due to the technology involved, automatic chambers are
considerably morexpensive than manual chambearsd so thus far have been rarely used
throughout the literature, although this is likely to change as they become more widely

available.

FIGURE 1.6 (A) AUTOMATED CLOSED GREENHOUSE GAS FLUX CHAMBER ANB) WITH
EXTENSION ATTACHED.

1.6 The role of agricultural land use management practices in reducing greenhouse
gas emissions and increasing soil carbon storage

Reducing global GHG emissions will besential to combat climate change and achieve net

zero targets. As the agricultural sector is a key contributor to global GHG emissions, it offers
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considerable opportunities for emissions reductions. It is also critical that thegewgides
sufficient food to meet societal needad adheres to its environmental commitments.
Agricultural soils are depleted of C, so SOC sequestration in agricultural soils is a promising
route towards climate change mitigation (Minasny et al., 2017). The adoption of more
sustainable agricultural pdactionpracticeshas considerable potential to sequester C back
into these soils, simultaneously reducing the concemtreof CQ in the atmosphere
(Johnson et al., 2007; Sa@obena et al., 2017) and improving soil health and resilience
(Lal, 2006), and reduileg GHG emissions, particularly2® and CH (Table 1.1).

TABLE 1.1 EXAMPLES OF SUSTAINABLE AGRICULTURAL PRACTICES THAT HAVE THE
POTENTIAL TO REDUCE CARBON LOSS AND GREENHOUSE GAS EMISSIONS FROM SOIL

Aim Practices

Reduce C loss Reduce soil disturbance: convert cropland to grassland;
conservation tillage (i.e., minimutillage, reduced tillage, n¢
till/direct drill)

Include C4 crops in rotations

Grow cover crops during fallow periods

Increase C input Add organic amendments

Reduceoccurrence/length of fallow periods between crops

Reduce MO emissions | Optimise fertiliser application: split application, reduce
application rate

Slurry treatment: nitrification inhibitors, plasma induction

Reduce CHemissions | Slurry treatment: plasma induction

1.6.1 Land use change

The @nversion otropland to grassland is eastablished method for increasing soil C storage
(Puget and Lal, 2005; Mudge et al., 2011; Wall et al., 2023a). Unlike croplands, agricultural
grassland soils are not disturbed by tillage, which can reducee@3sions, and have
continuous vegetation cover and longeot systems which facilitatgreaterC input to the
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soil and enhanc€ sequestration (Wall et al., 2023a). Carbon imports may be increased
where livestock are grazed on the grassland, as a proportion of the grazed biomass is returned
as excretaHelber et al., 2016).his effect may be counteracted by elevated €idissions

from enteric fermentatigrhoweverRichmond et al., 2015).

1.6.2 Reduced tillage

Reduced tillage aims to limit the disturbance to soil structure, thus reducing the risk of deep
soil C being exposed faxidation (Stavi and Lal, 201 Farhate et al., 2018; Nunes et al.,
2020), whilst sti incorporating the benefits associated watinventional tillage such as soil
aeration and good water filtration. Reduced tillage encompasses conservation and minimum
tillage, where the soil is not inverted and is ploughed no deeper than 25 cm, and no till, where
the soil is not ploughed at all amstead direct drilling is used to plant seeds (Mangalassery

et al., 2015). Conservation tillage practices also require at least 30 % of crop residues to be
left on the soil surface (Triplett and Dick, 2008; Varvel and Wilhelm, 2011). Reduced and
minimum tillage methodslo involve a degree dfoil disturbance, and so no till is often
preferred for the purpose of increasing soil C storage (Soussana et al., 2007). In heavy soils,
the benefits of no till may have trad&s with increasedsoil compaction, however, which

can cause further issues such as waterlogging (Nunes et al., 2015). Research on the influence
of tillage on soil properties has typically focused on the impacts on soil C, however recent
work has explored the influence offfdrent tillage practices on soil2® and CH fluxes
(Frarco-Luesma et al., 2020 ParejaSanchez et al., 2020; Maucieri et al., 2021; Mirzaei et

al.,, 2022; Tang et al., 2022). Compared to conventionally tilled soils, conservation tillage
practices increase soil bulk density (Regind Arakukku, 2010), which redudke potential

for waterloggingand thus MO emission via denitrificatiorand enhanc€Hs oxidation and

its retention in the soil (Lesscheha., 2011;Jacinthe et al., 2013tavi and Lal, 2013
Mangalassery et al., 2014). On the other han@ &d CH; emissions may be increased by
conservation tillage practicethe creation ofanaerobic conditions due tocreased soil
moisture content and reduced soil oxygen contet can facilitate the production of20

and its emissioifMangalassery et al., 2014; Lugato et al., 2018; Tian et al., 2020; Wang et

al., 2021). Several studies have also observed higii@phduction and emission from soils
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managed with no till due to higher earthworm concentrations and N availability (Lubbers et
al., 2015; Guenet et al., 2020; Wang et al., 2021).

1.6.3 Crop management

Crop type affects the C and N dynamics of an agroecosystem. Global coverage of C3 plants
I those that use-Bhosphoglyceric acid to fix Cis considerably larger than that of C4 plants

I those that use malic or aspartic acid to fixSGil( et al., 2003; Leegood, 2004The C

uptake capacity of C3 plants (i.e., wheat, barley and most grasses) is lower than C4 plants
(i.e., maize and sugarcanapweverdue to the way C is fixed. C4 plants have the potential

to sequester greater amounts of C into theaihey minimise photorespiration (i.e., the
amount of C lost during the photosynthetic process) (Still et al., 2003). Legumes, such as
peas and beans, fix N in the soil which replenishes the N depleted by previous crops (Min et
al., 2016). The provisionfdN by legumes reduces the requirement fofeMilisation, and
subsequently reducethe upstream GHG emissions associated with the production of
synthetic fertiliser and any emissions released following fertiliser application to soil. The
findings reported by the literature on the effects of including cover crops in a rotation on soil
C are mixed. Cover crops are grown during fallow periods to prevent extended periods of
bare soil and improve soil health (Lal, 2015b; Popelau and Don, 2015; Daryanto et al., 2019).
Some studies have reported an increase of SOC as a result of growingeps€Rais and
BlancaCanqui, 2017; Jian et al., 2020), however others have observed increased emissions
of CO» following cover crop harvest as crop residues rapidly decompose on the soil surface,
resulting in C loss (Nilahyane at., 2019; BlancaCanquj 2022). The type of cover crop
therefore has a considerable impact on whether C is being lost from or added to an

agroecosystem.

1.6.4 Improving carbon and nitrogen use efficiency

Carbon use efficiency (CUE) is the efficiency of which assimilated C is converted into
biomass relative to the amount being released as(K2@anga et al., 2022). A higher CUE
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can increase soil C storage and reduce overall C losses from an agroecosystem (Kallenbach
et al., 2019), as more €an be retainedithe ecosystem. Research has shown that CUE can
be improved with higher soil nutrient availability (Manzoni et al., 2012) and by liming
(MoranRodas et al., 2023). Nitrogen use efficiency (NUE) is the efficiency of which applied

N is assimilated by plantsa higher NUE indicates that crop N uptake is higher and
subsequent fertiliser N loss asNis reduced (Sharma and Balp1B). Optimising fertiliser
application is one of the most effective methods for improving NUE (Rosolem et al., 2017,
Cardenas et al., 2019). For example, applying fertiliser throughout a crop growing season, at
times when nutrients are most required, eattman only at the start of the growing season
(i.e., spit application) better matcheasutrient applicatiorto crop requirement at certain
growth stages, and so redudks risk of excess Meing present in the environmgfiihe
Fertiliser Institute, 201, 7Sharpley, 2018). Furthermore, the N conterivestock wastean

be highly variable, so analysing the nutrient contentmainures and slurrieprior to
application is alssecommended to avoah overapplication ofN, thus reducing the risk of

N leaching, runoff or emission as® (Govindasamy et al., 2023).

1.6.5 Livestock waste management

As discussedSections 1.4.1 and 1.4,d)vestock wastes anesedas organic fertilisers to
reducefarm waste antb supplyOM and Cto soil (Case et al., 2017; Chew et al., 2019). The
storage and application of livestock waste for use as organic fertiliser are significant sources
of NoO and CH emissions (Flessa et al., 2002; Amon et al., 2006; Webb et al., 2011).
Although not a GHGemissions ofNH3 associated with organic fertiliser use are also of
concern, as Nklcan be oxidised to 8D via N& (The Royal Society, 2020). Several
methods have been proposed to regulate the chemical and microbial processes that release
N2O, CH; and NH in order to reducéheir emissions. Covering slurry or manure storage
tanks with a lid, floating cover or plastic film can considerably reduce @fhissions, as

NHs is concentrated underneath the cover smflirther NH production and its release is
suppressed (Misselbrook et al., 2016; Kupper et al., 2020). This has the potential to reduce
N20 emission as less NHs available for further oxidation to20. The acidification of

livestock waste can also limit NHolatilisation and inhibit methanogenesis and thus CH
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production (Misselbrook et al., 2016; Sokolov et al., 2019). There are potentiabtfade
depending on the acid used to acidify walstayever as reductions in CHnay be offset by
increases in D (Dalby et al.,, 2022). Alternatively, nitrification inhibitors such as
dicyandiamide (DCD) and 3.dimethylpyrazole phosphate (DMPP) may be adtked
inorganic and organic N fertilisers to limit and suppress nitrifier activity, wiciah
subsequently reducH>O emissions (Misselbrook et al., 2014; Zhou et &2@. The
treatmenof livestock waste with plasmaduction is a recently developed methaddhas

the potential to reduce Gldnd NH emissions duringhe storage of livestock wasiad after
applicationto soil (Graves et al., 20)8The plasmanduction process uses electricity to
create nitrogen oxide, which combines with Ntd form involatile ammonium nitrate,
reducing NH emissions and increasing the amount of inorganic N available for uptake by
the crop (Graves et al., 28)1 There is the potential for this N@nrichment to result in an
increase of MO however, and thus outweigh the benefits of reducegledtissions (Graves

et al., 208; Hiis et al., 2023). Thelasmainduction process also inhibits methanogenesis
occurring during storage, so ¢elannot be produced and dissolved into livestock waste and
then emitted on gpication (Tooth, 2021). Existing research has shown that treating cattle
slurry with plasmanduction can reduce Nd€missions (Tooth, 2021), however, the effects
of treating other types of livestock wastesch as pig slurrgn gases other than Nldre
relativelyunknown as the technology is still being developed.

1.6.6 Summary

Whilst there are clear benefits for GHG emissions reduction and increased soil C storage as
a result of adapting agricultural land management practices, there isamsmlerable
potential for these practices to have unintended consequences, primarily in the form of trade
offs with increased emissions of other GHGs. For example, reduced tillage practices are
likely to increase MO and CH emissions (Mangalassery et al., 2014; Tian et al., 2020), the
decomposition of cover crop residues can increasgdn@ssions (Nilahyane et., 2019;
BlancoCanquj 2022), andeduced\Hsz and CH emissionsassociated witthe application

of plasmatreated pig slurry may be offset bieeated NO (Graves et al., 2018iis et al.,

2023).The addition of manures to managed grasslands in the form of excreta from grazing
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livestock provides a valuable input of C to the soil, however these manures can also
decompose on the soil surface, emitting.@®the atmosphere (Figure 1.£urthermore,

studies often fina&onflicting evidence as to whether a management practice is successful at
increasing SOC content or reducing GHG emissions. A considerable proportion of the
existing research focuses on the effects of a management practice on one output only (i.e.,
SOC, CQ, N2O or CHy), with very few considering theffectson more than one of these
parametersThis lack of evidence makes it difficult to establish whether a practice is reducing
or increasing GHG and C emissioaserall which causedurther problems for policy
develgers and decision makers on which practices should be promotatantivisedfor

an environmental benefit.

1.7 Knowledge gaps

Although continuously developing, the understanding of the influence of agricultural
management practices enil GHG emissions is not comprehensive. The existing literature
reporting GHG fluxes from agricultural soils is concentrated in the USA, China, Germany
and New Zealand, with considerably fewer measurements from Europe (excluding
Germany), South America and thi. It is therefore difficult to discern the scope of GHG
emissions from agricultural soils in the coritef the climate and soil typs these countries.

It will be necessary to measure the GHG emissions associatetheéitricultural practices
currently being used in these counttiegssess if they can be reduced by implementing best
management practices. This will be critical for informing UK policy and advising
governments on which practicgisould be incentivised in AESéction 1.3). This thesis was
therefore designed to fill this research gap and prowttgmation that can be used to

formulatefuture AES and achieve net zero

The existing research using EC flux towers to measure GHG emissions from UK land has
predominantly focused on the influence of the water table level erfl®@@s frompeatlands
(Helfter et al., 2015Flechard et al., 201%eacock et al., 201®Evans et al., 2021). The
published research reporting GHG emissiomsasured with EGrom UK croplands or

managed grasslands, and how these are influenced by agricultural management psactices,
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very limited (Ceschia et al., 2010; Eugster et al., 2010). Most studies measuring GHG
emissions from UK soils have employed manual chamber methodologies due to the
affordability and accessibility of this equipment relative to. BAtich of this research has
comparedhe effect of a treatment or management practice on simultaneously measgred CO
CHs and NO emission$ i.e., inorganic versus organic fertilisers (Jones et al., 2007; Louro

et al., 2013; Ball et al., 2014), agricultural land use type (Dinsntak, 009; Levy et al.,

2011; Mills et al., 2011; Cowan et al., 2017), vegetation type (Dlamini et al., RO&#tijni,

2022; Button et al., 2023), tillage method (Ball et al., 2014; Alskaf et al., 2021) and the
presence of livestock (Marsden et al., 2017; 2019). The extent of the current research using
flux chambers to measure GHG emissions from agricultural soils idKhis low relative

to that fromother countries. There is a clear knowledge gap surrounding@®and NO

fluxes from agricultural soils in the UK and how these are affected by management practices.
It will be critical to measure the€&HG fluxes to understand how and where agriculture can
reduce its GHG emissions and SOC lasachieve net zerdn addition, as manual chambers

are used more than automated chambers, there is a general knowledge gap surrounding the
impact of agricultural management practices on diurnal GHG emissvbid) are likely to

vary as a result of environmental factors (Wu et al., 2021).

1.8 Research questions and approach

1.8.1 Overall thesis aim

The overall aim of this research project is to address the knowledge gaps highlighted above
by assessing hoNEPand GHG emissions from agricultural soils in the UK are affected by
the management practices used, including the type of crop grown, and how these fluxes are

related to the clima and soil conditions

1.8.2 Research questions
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This thesis aims to answeix key research questions:

1. How do climate, soil type and agricultural management influence the NEP of global

agricultural soils?

2. How does soil type affect the NEE and NEP of maize grown for bioenergy in the UK?

3. How does crop type affect the NEE and NEP of agricultural land in the UK?

4. How does agricultural land use affect the NEE and NEP of agricultural land in the UK?

5. How does fertiliser type influence GHG fluxes from a winter wheat crop grown on a

mineral soil in the UK?

6. What are the implications of environmental and management factors on C fluxes and GHG

emissions from temperate agricultural systems for future research and policy development?

The five main research questions are addressed in Chagieasd® discussed further in a
synthesis of the findings (Chapter BEach chapter also has its own individual objectives or
hypothesesQuestion 6 is considered in each of the main research chapters and the final

synthesis chapter.

1.8.3 Research approach

First, a metaanalysis of the existing literature was conducted to review the effects of climate,
soil type and agricultural management practices on the NEP of croplands and managed
grasslands around the world (Question 1, Chapter 2). This provided dontiéve results of
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subsequent researa@h this thesis which was conducted in the UKiree observational
studies were carried out at the University of Leeds (UoL) Research FarnE@stogneasure

CO: fluxes: the first measuring the NEE and NEP of a bioenergy maize crop over its growing
season and comparing these results to those of a bioenergy maize crop grown in East Anglia
on a drained peatland s¢@uestion 2, Chapter 3he second measuring the NEE and NEP

of a cropland oer 2.5years which included the following crapmaize, winter wheat and

vining pea (Question 3, Chapter 4); and the third measuring the annual NEE and NEP of a
croplandandan adjacentut andgrazed permanent pastiyfguestiord, Chaptei5). A short
termexperiment was also conducted at the Rasearcharm during a single winter wheat
growing season, where automated flux chambers were used to determine the influence of
fertiliser type on MO, CHs and CQ emissionsin particular whether treatinye pig slurry

with plasma induction resulted in a reduction of GHG emissions following its application to
land (Questions, Chapter6).

1.8.4 Study sites

To ansverresearch gestions 5 (Chapters &) GHG flux measurements were taken at the
UoL ResearclFarm. TheUoL ResearchHarm isa 320 ha commercial mixed arable and
pasture farm near Tadcaster, Yorkshire, Northeast England, UK (Figure 1.7). The soil is
mainly a loamy calcareous brown earth, typically9%®0cm deep, and is underlain by
dolomitic limestone (Holden et al., 2019). The farm hasmperate oceanic climate, with

mild winters and warm summers (Beck et al., 2018). Data was collecaedrap field (CF)

and permanent pasture (PP). Thedield( 53 A51656. 260 N, 1A19628.
10.4ha has been managedntinuouslyunder crop rotation with conventional tillage since
1994 (when sefaside land was no longer a requiremeft).EC flux tower was installed in

CF in 2020; arlL.I-7200 RS enclosed infrared @820 gas analyser (LCOR Biosciences,

USA) was used to measure gilixes (sampled at 10 Hz) between 2021 and 2G2&ters

3, 4 and 5. Also recorded were: atmospheric turbulence and sonic temperature, measured
with a Gill Windmaster thredimensional sonic anemometer (Gill Instruments Ltd., UK);
energy fluxes, including longand shorwave incoming and outgoing radiation, measured

with an SN500 net radiometer (Apogee Instruments, USA); and air temperature and
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humidity, measured with an HMP155 temperature and humidity probe (Vaisala, Finland).

Sensors were mounted on an extendable mast, the height of which was altered over the
measurement period to ensure a minimum of 2 m between the sensors and crop cadnopy. Soi
temperature and moistucententwere measured with TEROS 11 temperature and moisture

probes (METER Group Inc., USA). All data were combined by a CR1000X data logger

(Campbell Scientific, USA) via a Smartflux 2 processing computelC@QR Biosciences,

USA). The permanent pastu(e5 3A510658. 640 N, 1A19061Ha 080 W, 46¢
has been managed with alternating periods of sheep grazing anith/geowest for silage

since 1998An EC flux tower was installed inAPin 2021 and used to measure Gidxes

between 202and 2022 (Chaptes). The ECsetup inPP was identical to that inFC

Automated flux chambers were used to measure fluxes of B0 and CH from winter

wheat grown irCF duringsummer 2022Ghapter §. Ninecircular collars (0.5 m diameter)

were inserted into the soil to a depth of 0.1 m and Eosense doBABiambers with an
internal volume of 0.072 #(Eosense, Canada) were attached. One month into the
measurement period, vertical extensions (0.7 m height) were attached between the collar and
lid to accommodate for the increased height of the winter wheat, which increased the internal
chamber volume t6.209 ni. Over the measurement period tiee chambers were sampled

in turn in a continuous loop sequencentrolled byan Eosense eosMR multiplexerand
eosLinkAC software (Eosense, Canada). The multiplexer was connected to a Picarro G2508
GHG analyser (Picarro, USAnhd saCO,, N2O and CH samples weranalysedmmediately

on-site. Soil moisture and temperature were measured next to each GHG chamber using
TEROS 11 moisture and temperature sensors (METER Group Inc., USA).

In addition to UoLResearclrarm, measurements were also taken from a farm in East Anglia
during the 2021 maize growing season (Chapteby3jlux scientists at UKCEH (Ross
Morri son, Br e n d amnbny Ard@hrishExrans) Thé stex nafie has been
anonymised for the purposes of thresearchand so the farm is subsequently referred to as
the peat site (PS). The PS is a commercial arable and horticultural farm located in the East
Anglian Fens, Eastern England, UK (Figure 1.7), and is situated omidwé&at which was
drained in the 1940s for agriture (Evans et al., 2016). Similar oL Researchrarm, PS
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has a temperate oceanic climdhixes ofCO, (sampled at 20 Hz) were measured with an
LI7500A open path C&H-O gas analyser (LCOR Biosciences, USAh one of the crop
fieldsat PS§2A26040. 890 N2 m @ekalidh042.B9). B adilitiok, a Gill
Windmaster threelimensional sonic anemometer (Gill Instruments Ltd., UK) was used to
measure atmospheric turbulence and sonic temperature,-80®het radiometer (Apogee
Instruments, USA) was used to measure energy fluxes (asLaREkearcharm), and air
temperature and humidity were measured with an HMP155 temperature and humidity probe
(Vaisala, Finland). Similar to at UoResearch-arm, the height of the sensors at PS were
altered over the measurement period to ensure a minidistanceof 2 m between the
sensors and crop canopy. Soil heat flux was measured using HiFR&dt flux phtes
(Hukesflux, Netherlands i@ampbell Scientific, USA), soil temperature and soil moisture
were measured using TDT st@imperature and moistusensors (Acclima, USA), and water

level was measured with a CS451 pressure transducer (Campbell Scientific, USA). All data
were combined by a CR3000 data logger (Campbell Scientific, USA). Datated|eEdPS

during the maize growing season of 2021 was used in this research (Chaptec&3sing

of the data collected at PS was also conducted by the aforementioned flux scientists from
UKCEH.
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RESEARCHFARM AND THE PEAT SITE

1.8.5 Research methodology

Question 1 was addressed by conducting a 4aesdysis (Chapter 2). Metmnalysis is an
established approach for summarising and statistically comparing the results of multiple
publications (Weerasinghe, 2014). The focus of this chapter was to exploestitis of
global research, and so a mataalysis was the most feasible option to achieve this within
the context of the PhD timeframe. Conting a metaanalysis also allowshe results of the

PhD researcliconducted in the UK)o be placed within a glah context, highlighting its

importance and urgency.
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Question 2 was addressed by measuring NEE with EC flux tq@bepter 3) Fluxes were
measured at two farms where maize was grown for bioenergy over the 2021 growing season
(May to October) one farm with mineral soilMS, UoL ResearctFarm) and one on peat

(PS). In addition to C&Xluxes, samples of maize were taken from both sites prior to harvest
and were analysed in the laboratory for moisture and total C content. The C cbmetact

crop was scaled to the reported yield of each field to calculatea@d this was used to
calculate the NEP of both fields. To contextualise the sites, soil samples were taken from
both locations and analysed in the laboratory for OM content, pH, bulk density, total C, total

organic C, total N, t-&vhilasbemNos phosphorus and

Question 3 waalso addressed by measuring NEE with EC flux towers, this time at the UoL
Researchrarmonly (Chapter 4)To evaluate the impact of crop type on NEE and NER;, CO
fluxes weremeasured from 2021 to 2023 in a crop field (CHjis provided measurements

of NEE over the maize, winter wheat and vining pea growing seasongyangthe fallow

periods between these crops. At the end of each crop growing season, biomass samples were
collected and analysed for moisture and C content in the laboratory. The C content was scaled
to the reported yield afach crop to calculatesCand any €as organic fertiliser or seed were

usedto calculate NEP for each crop growing sea$¢et. ecosystem productivitwas also
calculated for the fallow periods in between the crop growing seaSoilssamples were

taken from both fields and analysed in the laboratory for OM content, pH, bulk density, total
C, total organic C, t ot availaie N tadroside cantextugl h o s

site information.

Question 4 was addressed by measuring NEE with EC flux towers at tHeddeharchrarm
(Chapter 5)To evaluate the impact of agricultural lacmlveron NEE and NEP, C{iluxes

were measuredn CF and a neighbouringcut and grazed permanent pastuf)(
Measurements recorded between 11/10/2021 and 10/10/2022 were used to ¢hmpare
annual fieldscale NEP of ClandPP, which encompassed the winter wheat grovdegson

in CF and grazing and cuttirgyentsin PP. To calculateCy via sheep grazing, exclusion
cages were used to prevent livestock from grazing certain areas of the field; a quadrat was

used to sample grass from inside and outside of the exclusion cages, and the difference in the
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weight of these was determined as the amount ingested via grazing. The moisture and C
content of the grass samples were analysed in the laboratory and the C content scaled to the
estimated amount ingested by sheep and the yield when the field was haoresitade in

July 2022 In addition to the existing soil measurements taken in CF (Question 3, Chapter 4),

soil samples were taken from PP amhlysed in the laboratory for OM content, pH, bulk
density, total C, total rupandgyplantvadabl€N t ot all N,

Question 5was addresselly measuring fluxes of COCHs and NO with automated static
closed flux chambers from winter wheat treated with organic and inorganic fertilisers
(Chapter 6) The experiment was conded in & at the UoLResearchFarm during the

winter wheat growing season (2022). There were three replicates of three treatments (i.e.,
inorganic fertiliser onlyuntreatedig slurry and inorganic fertiliser, and plasitneated pig

slurry and inorganic fertiliser); the treatments were applied inside the chamber calléws an

a neighbouring plot to compare yiedtid to account for any potential greenhouse effect of
the chambersThe chambers sampled GHGs on a loop sequence, providing one measurement
per chamber every-Bours. At the end of the experiment, biomass was sampled from the
neighbouring plots, yield determined, and was analysed for moisture and total C and N
content inthe laboratory. Grain samples were also analysed for protein content in the
laboratory.

1.9 Thesis outline

Thisthesis consists of the research findings of five manuscripts and ends with a synthesis of
the main findings, implications for future policy and suggestions for further research, as

outlined below.

Chapter 1: Introduction

A background to the literature and current research gaps were explained. Research questions

and research methodology were also outlined.
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Chapter 2: Factors affecting the net ecosystem productivityof agroecosystemson

mineral soils: A metaanalysis

The impacts of climate, soil type and agricultural management on theséialel NEP of
globalcroplands and managed grasslands are investigated, synthesising the results-of a meta

analysis.

This chapter has been submitted for review to Agroecology and Sustainable Food Systems

as AFactors affecting the net ecosystem pr
metaanal ysi so (1l sobel L. Ll oyd, Ros Galdd r r i s
Pippa J. Chapman).

Chapter 3: Maize grown for bioenergy on peat emits twice as much carbon as when

grown on mineral soll

The growing season NEE and NEP of maize grown for bioenergy on two contrasting soil

typesi mineral soiland peat were measured and compared.

This chapter has been published in Gl obal
bi oenergy on peat emits twice as much car
Ll oyd, Ross Morrison, Richard P. Grayson,
Marcelo V. Galdos, Chris D. Evans, Pippa J. Chapman; 2024,

https://doi.org/10.1111/gcbb.13169

Chapter 4: Net ecosystem productivityof a UK cropland over 2.5 years
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The annual NEE and NE&f a cropland growing maize, winter wheat and vining pea was
measured and the NEP of the thceeps compared.

Chapter 5: Comparing net ecosystem productivity of neighbouring arable and pasture

systemsover one year

The annual NEE and NEP of a neighbouring cropland and cut and grazed permanent pasture

were measured and compared

Chapter 6: Nitrous oxide and methanefluxes from plasmatreated pig slurry applied to

winter wheat

Fluxes of NO, CHs and CQ, and crop yield, were measured from winter wheat treated with

different fertilisers.

This chapter has been published in Nutrient Cy
and methane fluxes fromplassthar e at ed pi g sl urry applied to wint
Richard P. Grayson, Marcelo V. Galdos, Ross Morrison, Pippa J. Chapmafy, 202
https://doi.org/10.1007/s107a®4-103638).

Chapter 7: Synthesis

The results of Chapters@are presented and placed in the wider context of C loss and GHG
emission from agricultural soil in the UK and globally. Tihwplications andimitations of

theresearctare discussed and areas for future work are suggested.
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Question1

How do climate, soil type and
agricultural management influence the
NEP of global agricultural soils?

Chapter 2

Synthesises global data of NEP measured
at a range of sites spanning varying soil
and climate conditions and agricultural
management practices

Question 2

How does soil type affect the NEE and
NEP of maize grown for bioenergy in the
UK?

Chapter 3

Measures NEE and NEP of maize grown
for bioenergy in the UK on two different
soil types

Question 3
How does crop type affect the NEE and
NEP of agricultural land in the UK?

Chapter 4
Measures NEE and NEP of three crops
within an arable rotation

Question 4

How does agricultural land use affect the
NEE and NEP of agricultural land in the
uK?

Chapter 5
Measures NEE and NEP of a neighbouring
cropland and permanent pasture

Question 5

How does fertiliser type influence GHG
fluxes from a winter wheat crop grown on
mineral soil in the UK?

Chapter 6

Measures N.O, CH, and CO: fluxes from
winter wheat grown on mineral soil in the
UK amended with different fertilisers

Question 6

What are the implications of
environmental and management factors
on C fluxes and GHG emissions from
temperate agricultural systems for
future research and policy development?

A A A AR A

All Chapters

Considered in each of the main research
chapters and the final synthesis chapter
(Chapter 7).

FIGURE 1.8 RESEARCH QUESTIONS AND CORRESPONDING CHAPTERS IN WHICH QUESTIONS
ARE ADDRESSED
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Chapter 2 Factors affecting the net ecosystem productivity of agroecosystems on

mineral soils: A metaanalysis

2Lloyd, I.L., ®Morrison, R, 2Grayson, R.P¢Galdos, M.V.2Chapman, P.J.
aSchool of Geography, University of Leeds, LS2 JK,
b Centre for Ecology and Hydrology, Wallingford, Oxfordshire, OX10 8BE,

¢ Rothamsted Research, Harpenden, AL5,2JK

Abstract

To optimise agricultural land management for soil carnt@yrsequestration, it is necessary

to identify whether agroecosystems are accumulating or gahimis can be done by
determining an agroecosystemds net ecosystem pt
from 40 papers, containing 242 annoedasurements of NEP, to assess the impact of

climate, soil type and management on the annual NEP of croplands and managed

grasslands. Croplands lost significantly more carbon (110 ¢¢)atran managed

grasslands (29.9 g Cfpand there was little influence of climate, soil or management

practice on annual NEP. For agroecosystems to seq@dtesre should be a shift in focus

towards implementing management practices that increase C retention within

agroecosystems.

2.1 Introduction

Soil is a major component of the global carbon (C) cycle; the top three metres store around
2500 Gt of soil organic C (SOC), which exceeds that stored by the atmosphere and vegetation
combined (Jobbagy and Jackson, 2001; Scharlemann et al., 2014). &uit @ gs important

for soil structure, nutrient provision and ecosystem functioning (Billings et al., 2021), and

can help mitigate against drought by increasing soil water holding capacity (lizumi and
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Wagai, 2019). Global land use change, particularly the conversion edgraultural land

to agricultural land, has led to an estimated loss of 50 Gt C, equivalent to 186 Gt carbon
dioxide (CQ), between 1860 and 2020 (Smith et al., 2016). The decline in SOC is due to an
increase in the decomposition rate of soil organic matter (SOM) and a decrease in the amount
of C being returned to the soil. In agriculture, this can be attributed to tiMéugeh disturbs

and increases the oxygenation of the soil prpfind biomass removal via harvesting or
grazing, which reduces the amount of litter returned to the soil (Stavi and Lal, 2013). Plants
assimilate C during photosynthesis, however increased rates of biomass removal associated
with increased vyields from agultural intensification mean that less organic mat@v),

and therefore organic C, is being returned to the soil, thus reducing net C storage within
agroecosystems (Haberl et al., 2007; Ray and Foley, 2013). Furthermore, higher stocking
densities, nutent fertilisationand mowing frequency associated with the intensification of
livestock farming has increased grass utilisation (Soussana and Lemaire, 2014; Manning et
al., 2015). Severe depletion of the SOC pool is of global concern, as it degrades soil quality,
leading b a decline in solil fertility and crop yield, and an increased reliance on fertiliser
application. Such declines in soil health also compromise soil hydraulic functibnieg
infiltration, water storage and rundffwhich increase the risk of soil efos and flooding

(Ogle et al., 2019). This can subsequently increase greenhouse gas (GHG) emissions from
the agricultural sector, further contributing to anthropogenic climate change.

To meet climate targets, including the UKS®
or earlier (Climate Change Committee, 2020), a global reduction in GiAGsding CQ)
together with an increase in SOer esmovalgte,,
required. Whilst the agricultural sector currently contributes to climate change, it also has
considerable potential to mitigate against it. Policies such as the 4 per 1000 Initiative place a
strong focus on the use of agricultural soils @HG removal via SOC sequestration
(Minasny et al ., 2013marThefarmiagsevarcal c
shown to enhance SOC sequestration under certain conditions (Chapman et al., 2018). Such
practices include minimaillage or no till(Nunes et al., 2020), the use of cover crops during
fallow periods (Lugato et al., 2018), greater crop residue retention (Qiu et al., 2020),
increasing plant species diversity to include those with deeper rootyreater root mass

(Smith, 2004 and raational grazing or mixed agriculture (Albanito et al., 2022). Soil organic
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C sequestration has additional benefits of improving soil health and food security (Lal, 2016),
however the rate of sequestration depends on soil texture, soil drainage characteristics,
climate, and the length of time that the management practices havarijgemented for.

To understand where and how agricultural emissions can be reduced and soil C sinks
increased, the C sequestration potential of clirsatart management practices across

contrasting soils and climate conditions must be evaluated.

To establish whether an ecosystem is acting as a source or sink;oh€&@cosystem
exchange (NEE) is determined as the difference between thefl@Oassimilated by
photosynthesis (gross primary productivit¢sPP) and respired from plant and soil processes
(total ecosystem respiratianTER) (Eugster and Merbold, 2015). The magnitude of GPP
and TER are controlled by a combinatidncoop type, climate, soil typand management
(Davidson and Janssens, 2006). Climate conditions and soil texture re§@dte
mineralisation; warmer and wetter climates and -fexdured soils create favourable
conditions for soil microbial activity and subsequently increase TER (Dilustro et al., 2005;
Jager et a] 2011; Shakoor et al., 202TNemperature influences crop growth rate and GPP
(Baly, 1935). Intensively managed grasslands typically have higher SOC stocks than
croplands as they have longer periods of vegetation cover and less frequent or intense soil
disturbance (Guo and Gifford, @B; Ciais et al., 20H). Vegetdion type influences GPP due

to variations in photosynthetic rate, phenology, and length of the growing season (Wohlfahrt
et al., 2008; Prade et al., 2017), and TER can be enhanced by greater soil disturbance via
intensive tillage (Abdalla et al., 2013; Mammed et al., 2021). Furthermore, grazed
grasslands are likely to have a fastentwer of C than cut grasslanas nordigestible C is

returned to the soil via excreta (Chang et al., 2015).

At the field scale, eddy covariance (EC) flux towers argely used to determine NEE
(Moncrieff et al., 1997). In agroecosystems, however, NEE does not account for lateral C
fluxes, which are important for understanding whether a system is accumulating or losing C,
and thus its potential to mitigate climate nba. Net ecosystem productivity (NEP) provides

an estimate of the C sink or source strength of an ecosystem and considers lateral fluxes of

C 1 C imported via organic amendments and livestock exc@da and C exported in
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harvested or grazed aboveground biom@&3g 7 as well as NEE (Evans et al., 2021).
Alternatively, the net ecosystem C balance (NECB) can be calculated, which accounts for all
possible lateral C fluxes (Ciais et al., 2@18mith et al., 2010). In addition to the lateral
fluxes in NEP, NECB consider€y as dissolved organic and inorganic C in leachate and C

in volatile organic emissions, ariZl as dissolved organic and inorganic C in precipitation

and C in seeds. Net ecosystem productivity therefore predadnore accessible estimate of
whether an agroecosystem is accumulating or losing C, as the lateral C fluxes it considers are
considerably larger and easier to measure than those included in NECB (Chapin Il et al.,
2006; Ceschia et al., 2010). Amongst the literature, NEP is reported less frequently than NEE,
howevemustbe measured to gain a comprehensive overview of the C sink or source strength

of agroecosystems.

How NEP varies as a resoltclimate, soil type, land ussdbr the agricultural management
practices used is poorly understood, yet without this knowledge it is difficult to identify the
practices that promote C sequestration, and this information is urgently needed for effective
policy decision making. To truly werstand how agriculture can contribute to increased C
sequestration, we first need an appreciation of the net C sink or source strength of
agroecosystems from a combination of climates, gp#s and management practices. This
study collated published data to (i) ess the impact of climate, saihd agricultural
management (including land use, crop covidlage intensity,fertilisation, and grassland
management) on the annual NEP of global croplands and managed grasslands, and (ii)

identify directions for future research.

2.2 Methods

2.2.1 Datacollection

Publications were collated from Web of Science (Clarivate, 2022) using three separate search
terms (Table2.1) to conduct a rapid metmalysis. All publications considered were peer
reviewed journal articles published bef@®09/2023 The search terms were designed to

44



focus the output of the literature search to identify the most relevant publications for this
metaanalysis. The authors acknowledge, however, that due to the specific search terms used
(Table2.1), some publications containing relevant information may not have been identified
by the literature search and subsequently not included in this review. The initial search
produced 719 publications. Given the overwhelming evidence that the C sourcé or sin
strength of peat is primarily controlled by drainage amdwater table level (i.e., lowering

the water table of peat soils can effectively reduce €@issions (Evans et al., 2021)),
publications that measured C fluxes of agregstems on peat were discarded anlg those

on mineral soil were considered. Additionally, publications measuring C fluxes of
agricultural land used to grow perennial grasses for bioenergy production were excluded, as
the focus of this analysis is on food and fodder production systems. In instancesorhe
measurements included in a publication fulfilled the criteria and some did not (i.e., multiple
sites were measured with some on mineral soil and some on peat, or multiple crops were
measured with some grown for bioenergy and some for food), anlméasurements from

site years that fulfilled the criteria were included.

Each publication was then screened against the following criteria: (1) the publication
contained primary data and was not a review or faps#ysis; (2) the publication reported

data measured in the field (i.e., results were not taken from an online s#gta{® the
publication reported NEE, or GPP and TER which could be used to calculate NEE (Equation
2.1); (4) the publication reported the components necessary to calculate NEP at the field scale
(Equation 22) on an annual basis (i.e., measurements veden over a 368ay period) so

that comparisons could be made across sites. If a publication measured data over multiple
years, each measurement year was recorded separately; (5) the publkpatrted a value

> 0 for G4. This is necessary as, by definition, there will always bdr@n a cropland or
managed grassland as harvested produce or grazed biomass. Studies that reported crop yield
and not G were excluded, as crop yield alone does novide an indication of @ as it may

not consider all compwnts of the aboveground biomass removed from the field. A cropland
site and cut grassland site could be included if it reportg@ O) and no ¢(i.e., no organic
amendments are added), however grazed grassteschad to report bothi{Gand G (> 0)

to be included as there would be an import of C via livestock excreta; (6) the publication used

EC to measure annual NEE or GPP and TER (i.e., not chambers or the flux gradient method);
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(7) the study site is either a cropthgrowing a food or fodder crar a managed grassland
(i.e.,cut for fodder, grazedr both cut and grazed); (8) the publication includes information

on soil texture or reports the sand, silt and clay content so that soil type could be calculated
(Table 22); (9) the publication specifies the crop or vegetation type grown during the
measurement period; (10) the publication presents annual NEEP@@6d TER), €and

C (if applicable) in a numeric format; (11) the publication is written in or has been translated

into English.

Occasionally, identical measurements were reported across multiple publications and so only

one measurement per study site per year was recorded to avoid duplication.

TABLE 2.1 OVERVIEW OF SEARCH TERMS USED TO COLLATE PUBLICATIONS

Search term Number of results

TS=(Eddy covariance) AND TS= (net ecosystem exchange) A 573
TS= (agricultur* OR crop* OR grass* OR pasture)

TS=(Eddy covariance) AND TS= (net ecosystem carbon balat 52
AND TS= (agricultur* OR crop* OR grass* OR pasture)

TS=(Eddy covariance) AND TS= (net ecosystem productivity) 94
AND TS= (agricultur* OR crop* OR grass* OR pasture)

2.2.2 Data extraction

The screening activity identified 40 publications from whielevant data were extracted to
compile a dabase of 242 annual NEP measurements and associatedatee®iables A 1
and Al.2). Datawere digitised manually from tables or from within the text.

Where Kopperclimate classification was not reported, this information was extracted from

mindat.org (Hudson Institute of Meteorology, 2022) based on the latitude and longitude of
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the study locationWhere soil texture was not reported it was estimated using the sand, silt
and clay percentages provided within the publication using a soil texture calculator (United
States Department of Agriculture, 2022). Each observation was then given a corresponding
soil classification based on its textural class according to Hill et al. (2018) (Z&)le
Irrigation management was not included as a management practice within thenalgss,

as irrigation management was only acknowledged bgf1Be 40 papers and the irrigation
amount repori@ by 8 of these 10. Aequirement for irrigation management data would
thereforehave significantly limited the size of the dataset. Soil organic C content was not
included as a potential driver of annual NEP as it was reported by only 12 of the 40 papers
and thus would have significantly limited the size of the dataset had it regnieement.
Furthermore, very few papers reported grazing intensity or the number of cuts for the
managed grasslands (N=9 aht:7 respectively). These variables were therefore not
included as potential drivers of annual NEP, as the small sample sizes for each group would

be insufficient for robust analysis.

TABLE 2.2 SOIL CLASSIFICATION AS DESCRIBED BYHILL ET AL. (2018).

Solil texture or type Soil classification

Loam, loamy sand, sandy, sandy loam, { Light

silt loam

Clay loam, sandy clay loam, silty clay, sil Medium

clay loam

Clay, sandy clay Heavy

Where annual NEE was not explicitly reported in the publication, but annual GPP and TER

were, it was calculated as follows:

0 00 "YO'Y 0D 0 (Equation2.1)
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The micrometeorological sign convention is used for annual NEE; a positive NEE indicates
that CQ is lost from the agroecosystem to the atmosphere, and a negative NEE indicates a
net uptake of Cefrom the atmosphere by tlagroecosystem (Baldocg¢la003).

Annual NEP was calculated as follows (adapted from Evans et al., 2021):

000 OO0 6 6 (Equation2.2)

As in Evans et al. (2021), we use the micrometeorological sign convention for annual NEP,
where a positive NEP indicates the agroecosystem is losing C and a negative NEP indicates

the agroecosystem is accumulating C.

For each annual NEP measurement, infaimnaon the climate, soil typand agricultural
management practices used during the measurement period were recorded into categories
and groups to understand their effects on annual NEP (Z&)ld-or analysis purposes, the
amount of nitrogen (N) fertiliser added was converted from a continuous to a categorical
variable with categories increasing in 100 kg N'ha* increments. Where applicable, data

were converted into standardised units to enable comparisavedretstudies (i.e.,
components of annual NEP converted to g €and N fertiliser rate to kg N Hayr?). For

data classified as cropland, the crop type (i.e., annual or perennial) was assigned based on
the crop grown during the measurement periddhe crop lived for only one growing season

it was classified as annual, however if the crop was ablegmweit was classified as

perennial (Figure A1).

TABLE 2.3 CATEGORIES AND GROUPS USED TO CLASSIFY DATA

Data Category Groups

Croplands and managed| Agricultural land use | Cropland

grasslands Managed grassland
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Kdppen climate
classification

Aw: Wet tropical savannah

BSk: Cold semarid (steppe)

BWk: Cold desert

Cfa: Humid subtropical

Cfb: Temperate oceanic

Csb: Warmsummer

Mediterranean

Cwa: Monsoorinfluenced humid

subtropical

Dfa: Hotsummer humid

continental

Dfb: Warmsummer humid

continental

Dfc: Subarctic

Dwa: Monsooninfluenced hot

summer humid continental

Amount of N fertiliser
added (kg N hayr?)

0

1-100

101-200

201-300

301-400

>401

Soil type

Light

Medium

Heavy

Croplands only

Inclusion of cover

crops

Yes

No

Crop type

Annual

Perennial

Residues retained

Yes

No
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Tillage Conventional tillage

Reduced tillage
No till

Managed grasslands only Management Cut

Grazed

Cut + grazed

2.2.3 Data analysis

Data were analysedsing The R Language and Environment for Statistical Computing
V4.1.3 R Core Team202). To determine the effect of environmental and management
factors (Table.3) on annual NEP, we conducted tests for statistically significant differences
between the annual NEP of climate and soil type, and management groups. First, normality
tests were conducted using the Shapifitk method. Tests for statistically significant
differences between groups within categories were conducted using indepetesss; t
Wilcoxon test s, Kruskal Wavdy IANGVA brelTakeystests &u n n 6
appropriate, depending on the normality of the data and the number of groups being

compared.

Mixed effects models were used to assess the variable importance of climate, soil and
management practices on the annual NEP of croplands and managed grasslands. As the
model requires complete cases of data, data where one or more of the variablessf inter
were not reported by the publication were removed. The size of the croplands dataset for
analysis was N=75 and for managed grasslands was N=98. As the datasets contained some
data that was collected from the same site over multiple years, the siteasdrement year

were included as random effects in the model. Environment and management variables were
included as fixed effects in the model; for croplands the fixed effects were: Képpen climate
classification, soil type, amount of N fertiliser addemlusion of cover crops, residue
retention and tillage method, and for managed grasslands the fixed effects: were K&ppen
climate classification, soil type, management metnadl amount of N fertiliser added. Crop
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type (i.e., annual or perennial) was not included as a fixed effect in the croplands model as

data were from sites growing annual crops only once incomplete cases had been removed.

2.3 Results

2.3.1 Overview of the dataset

A total of 242 individual annual NEP measurements and correspondingdaiatavere
obtained from the 40 publication§gbles AL.1 and AL.2): N=141 for croplands and N=101

for managed grasslands. The measurements were from a total of 11 countries with the
majority from the USA and Germanydbles AL.1, Al.2 and AL.3); comparedo temperate
regions, tropical regions were underrepresented. Of the 40 publications: 5 measured the
annual NEP of one field for one year; 12 measured the annual NEP of one field over multiple
years; 6 measured the annual NEP of multiple fields over eae gnd 17 measured the
annual NEP of multiple fields over multiple years. Very few of the studies witbidataset

were designed to specifically test the influence of environmental conditions or management
practices on annual NEP. Annual NERues ranged from 764.8 g Cthighest C loss) for

an annual cropland growing a cover crop, silage maize and winter wheat in Germany with a
temperate oceanic climate (Cfb) and light soil (silt loam) receiving no organic amendments
(Poyda et al., 2019) td99 g C n¥ (highest C gain) for a cut grassland in Japan with a warm
summer humid continental climate (Dfb) and light soil (silt loam) receiving 770 ¢f 6fm
organic amendments (Hirata et al., 2013). The mean (+ standard deviation) annual NEP
across th dataset was 76.6 + 211 g C2nGraphical summaries of the annual NEP of
croplands and managed grasslands grouped by Kdppen climate classification, soil type and

agricultural management are presented in Fig2ieand2.2.
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FIGURE 2.1 BOXPLOTS SUMMARISING THE ANNUAL NEP DATABASE FOR CROPLANDS
DISPLAYING THE RANGE OF ANNUAL NEP MEASUREMENTS GROUPED BY (A) KOPFEN
CLIMATE CLASSIFICATION, (B) solIL TYPE, (C) AMOUNT OF N FERTILISER ADDED, (D) USE
OF COVER CROPS OR NQT(E) CROP RESIDUE RETENMON OR REMOVAL, (F) CROP TYPE(I.E.
ANNUAL OR PERENNIAL) AND (G) TYPE OF TILLAGE. N= INDICATES THE NUMBER OF
OBSERVATIONS WITHIN EACH GROUR AND C, D, E AND G ONLY DISPLAY DATA FROM
OBSERVATIONS THAT REPORTED INFORMATION ON THAT CATEGORYTHE WIDTH OF EACH
BOXPLOT IS PROPORTIONAL TO THE NUMBER OF SAMPLES IN EACH GROUPHE DIAMOND
WITHIN EACH BOX AND THE VALUE ASSOCIATED WITH EACH BOX REPRESENT THE MEAN
OF THE GROUP POSITIVE VALUES INDICATE C LOSS FROM AND NEGATIVE VALUES
INDICATE C ACCUMULATION WITHIN THE AGROECOSYSTEM SEE TABLES 2.4,2.5,2.6AND
A1.1 FOR FURTHER INFORMATION

8004 A 80049 B
600 1 600 4
& & 37.3
£ 400 925 146 433 £ 4001 341
&) -26.8 8] |
44,2
2 200 D 2004
& & ——
z of----- T o R e ----| B o] --EEEEEEEEE - --- e ey
© ©
2 -2004 | 2 -200-
c c
<< <
-400 -400
-600 1 -600 1
Cfa Cfb Dft Dfc Light Medium Heavy
(N=32) (N=51) (N=12) (N=6) (N=80) (N=15) (N=6)
Kdppen climate classification Soil type
so0d ¢ 8004 D
600 1 600 1
- ‘ 25.4 & 42 58.8
£ 4001 55.2 57.7 98.8 £ 4004 449
(&} Q
2 2001 2 2004 | ‘
o o [ ] |
-204.3 -
4 - - - - - - 2888 - - SS0T D o} T ] -
[ : [
2 -2004 : g 200
c . 1 = .
< ¢ <<
-400 1 -400 1
-600 1 -600 1

0 1-100  101-200  201-300  301-400 >401
(N=14) (N=45) (N=15) (N=17) (N=4) (N=3)
Amount of nitrogen fertiliser added (kg N ha™ yr™)

Cut
(N=39)

Grazed
(N=33)
Management

Cut + grazed
(N=29)

FIGURE 2.2 BOXPLOTS DISPLAYING THE RANGE OF ANNUAL NEP MEASUREMENTS
GROUPED BY. (A) KOPPEN CLIMATE CLASSIFICATION (B) soiL TYPE, (C) AMOUNT OF N
FERTILISER ADDEDAND (D) GRASSLAND MANAGEMENT. N= INDICATES THE NUMBER OF
OBSERVATIONS WITHIN EACH GROURAND C ONLY DISPLAYS DATA FROM OBSERVATIONS
THAT REPORTED INFORMATION ON THAT CATEGORY SEE TABLES 2.4,2.5,2.7AND Al.2
FORFURTHER INFORMATION
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2.3.2 Annual NEP of arable croplands and managed grasslands

A t-test showed a significant difference betweemtiean annual NEP (+ standard deviation)

of croplands (110 + 234 g C'fhand managed grasslands (29.9 + 164 g% (R = 0.02).

The annual NEP of croplands had a greater range than of managed grassland®2.@yigure
For both land uses, there were more sites avfibsitive annual NEthan negative (i.e., most

sites were losing C); there were a greater proportion of croplands with a positive annual NEP

(69 %) than managed grasslands ¢6p
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FIGURE 2.3 RANGE OF ANNUAL NEP MEASUREMENTS FOR CROPLANDS AND MANAGED
GRASSLANDS THE WIDTH OF EACH BOXPLOT IS PROPORTIONAL TO THE NUMBER OF
SAMPLES IN EACH GROUP THE DIAMOND WITHIN EACH BOX AND THE VALUE ASSOCIATED
WITH EACH BOX REPRESENT THE MEAN OF THE GROUP
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A t-test showed the mean annuakitu NEE (+ standard deviation) of cropland252.9 +
218 g C n?) was significantly more negative than that of managed grasskdi@disq + 159

g C m?) (P =0.005); moreatmospheric COwas being taken up by croplands than managed
grasslands during periods of active growth. A Wilcoxon test showed that the méan C
standard deviation) was significantly lower, by around 10 times, for croplands (15.2 + 54 g
C n?) than for managed grasslands (161.1 + 185 g (= <0.001). The mean {C(+
standard deviation) from croplands (378.1 + 203 g€ was similar to that from managed
grasslands (375.6 + 175 g Cn(P = 0.73. The mean Gfrom croplands was considerably
greater than the mean annual£@ing assimilai® as NEE and (via organic amendments,
so mean annual NEP was positive and there waslb@el@ss. The meanCfrom managed
grasslands, however, was similar to the meantG& was assimilateas NEE and the mean

Ci via organic amendments and excreta from grazing livestock, so NEP was close to neutral.

2.3.3 Environmental drivers of annual NEP

2.3.3.1 Climate

The majority of annual NEP measurements indataset (986) were from temperate and
continental climate zones. Standard deviation of mean annual NEP was high for most
climatic zones, ranging from 28 to 407 g C (fable2.4), as the sample size of each Koppen
climate zone was highly variable. For croplands, the mean annual NEP (+ standard deviation)
of sites with a warmsummer Mediterranean (Csb) climat&19.7 + 177 g C ) was
significantly lower than that of sites with a wasammer humid continental (Dfb) climate
(326 + 312 g C M) (P = 0.01)and a Monsooinfluenced hosummer humid continental
(Dwa) climate (537.3 + 48 g C ) (P = 0.0007); and the mean annual NEP (+ standard
deviation) of sites with a hesummer humid continental (Dfa) climate (86.7 + 158 g & m

was significantly lower than that of sites with a Monsaaituenced hosummer humid
continental (Dwa) climate (537.3 + 48 g Ch{P = 0.03). Képpen climate classification was
identified by the mixed effects model as the only variable significantly influencing the annual
NEP ofcroplandgFigure Al.2). TheCsb climate zone was the only group with a negative

mean annual NEP, as 6@ of these sites were accumulating C; all other climate zones had a
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greater proportion of sites withhpositive mean annual NEP than negative, indicating that
most of these sites lost C. The managed grasslands sites covered fewer Koppen climate zones
than the croplands (Tahkk4). There were no statistically significant diffeces between the

mean annual NEBf any of the Kdppen climate zond3 £ 0.15), and the mixed effects

model showed that Kdppen climate classification had no significant effect on the NEP of
managedyrasslands (Figure 182). Mean annual NEP was positive for sites in temperate
climates(Cfa and Cfb) and negative for sites in subtropical climates (Dfb and Dfc); there

were a greater proportion of sites that lost C in temperate climates than subtropical climates.

TABLE 2.4 MEAN ANNUAL NEP+ STANDARD DEVIATION (SD), THE PROPORTION OF
SITES WITH POSITIVE AND NEGATIVE ANNUALNEP MEASUREMENTS AND AN INDICATION
OF SIGNIFICANT DIFFERENCES BETWEEN THE MEAN ANNUALNEP OF KOPPEN CLIMATE
CLASSIFICATION GROUPS FOR THE CROPLANDS AND MANAGED GRASSLANDS DATA=

INDICATES THE NUMBER OF OBSERVATIONS WITHIN EACH GROUP

Kdppen climate N= Mean annual % positive % negative | Significant
classification NEP + SD observations | observation | difference
(g C m?) s
Croplands | Aw: Wet tropical 2 73+78 100 0 Between
savanna groups
BSk: Cold semarid | 6 163.2 £ 407 67 33 (P=0.002):
BWk: Cold desert 5 67 +28 100 0 Csb and
Cfa: Humid 2 43 +132 50 50 Dfb (P =
subtropical 0.01), Csb
Cfb: Temperate 49 | 123.5%265 65 35 and Dwa P
oceanic =0.0007),
Csb: Warmsummer| 9 -119.7 + 177 33 67 Dfa and
Mediterranean Dwa (P =
Cwa: Monsoon 21 | 112.8+161 71 29 0.03)
influenced humid
subtropical
Dfa: Hotsummer 39 86.7 + 158 72 28
humid continental
Dfb: Warmsummer| 5 326 + 312 80 20
humid continental
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Dwa: Monsoon 3 537.3+48 100 0

influenced hot

summer humid

continental
Managed | Cfa: Humid 32 925+ 124 81 19 None @ =
grasslands| subtropical 0.15)

Cfb: Temperate 51 14.6 + 138 59 41

oceanic

Dfb: Warmsummer| 12 -43.3 + 265 58 42

humid continental

Dfc: Subarctic 6 -26.8 £ 230 50 50

2.3.3.2 Soll

Most of the data (6%) were from sites with light soil (i.e., wadrained, high sand content);

sites with heavy soil (i.e., poorly drained, high clay content) were underrepresented in our
dataset (Tabl2.5). For most soil types, standard deviation of mean annual NEP was high,
ranging from 143 to 238 g CfnNo significant differences were obsed between the mean
annual NEPof croplands P = 0.71) or managed grasslané&#s<0.32) when grouped by soil

type (Figure Al1.2) For croplands, mean annual NEP was positive foodltypes and there

were a greater proportion of sites walpositive annual NEEhan negative. Mean annual
NEP was negative for managed grassland sites with heavy soil and positive for managed
grassland sites with light and medium soils; most managed grasslands with heavy soil
accumulated a small amount of C, whereas those with digimedium soil lost a small
amount of Clt should be noted that the considerable disparity in sample sizes of the saill
types in our datasét likely to be influencing theakk of significant difference observed.

TABLE 2.5 MEAN ANNUAL NEP* STANDARD DEVIATION (SD), THE PROPORTION OF
SITES WITH POSITIVE AND NEGATIVE ANNUALNEP MEASUREMENTS AND AN INDICATION
OF SIGNIFICANT DIFFERENCES BETWEEN THE MEAN ANNUAINEP OF SOIL TYPE GROUPS
FOR THE CROPLANDS AND MANAGED GRASSLANDS DATASEE TABLE 2.2FOR SOIL TYPE
CLASSIFICATION. N= INDICATES THE NUMBER OF OBSERVATIONS WITHIN EACH GROUP
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Soil type N= Mean annual % positive % negative Significant
NEP + SD observations | observation difference
(g Cm?) s
Croplands Light 88 98.7 £237 68 32 None
Medium 47 133.3+238 70 30 (P=0.71)
Heavy 6 92.4 + 159 67 33
Managed Light 80 34.1 £ 162 85 15 None
grasslands | Medium 15 37.3+182 53 47 (P=0.32)
Heavy 6 -44.2 + 143 33 67

2.3.4 The influence of agriculturalmanagement practices on annual NEP

2.3.4.1 Croplands

Mean annual NEP (z standard deviation) was not significantly different between croplands
as a result of the amount of N fertiliser added, the inclusion of cover crops, residue retention,
crop type (i.e., annual @erennial) or tillage methodP (= >0.05) (Table2.6). None of these
variables had a significant influence on annual NilE&ure Al.2). All management practices

had a greater proportion of sites with a positive mean annual NEP than negative; standard
deviation of mean annual NEP was high, rangiogif67 to 312 g C r(Table2.6).

TABLE 2.6 MEAN ANNUAL NEP+ STANDARD DEVIATION (SD), THE PROPORTION OF
SITES WITH POSITIVE AND NEGATIVE ANNUALNEP MEASUREMENTS AND AN INDICATION
OF SIGNIFICANT DIFFERENCES BETWEEN THE MEAN ANNUAINEP OF MANAGEMENT
PRACTICES FOR THE CROPLANDS DATAN= INDICATES THE NUMBER OF OBSERVATIONS
WITHIN EACH GROUP.

N= Mean annual % positive % negative | Significant
NEP = SD observations | observations | difference
(gCm?)
0 16 180.5 + 95 100 0
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Amount of | 1-100 9 109.2 +217 67 33 None P =

N fertiliser | 101-200 41 187.3+ 238 76 24 0.45)
added (kg 201-300 28 101 £ 292 54 46
hatyr) 301-400 6 41.7 + 67 83 17
>401 20 1176 £ 178 75 25
Inclusion of | Yes 27 161.1 £ 295 67 33 None P =
cover crops | No 75 75.2 £ 213 68 32 0.17)
Residues Yes 123 109.6 + 233 69 31 None P =
retained No 10 189.7 + 135 90 10 0.27)
Crop type Annual 136 108.9 £ 232 69 31 None P =
Perennial 5 139.6 + 312 60 40 0.77)
Tillage Conventional 70 119.2 + 267 66 34 None P =
tillage 0.37)
Reduced tillage | 2 2415+ 204 100 0
No till 53 70.2+188 66 34
Unknown 16

2.3.4.2 Managed grasslands

Significant differences in mean annual NEP were observed between managed grasslands as
a result of the amount of N fertiliser addétl«{ <0.05) but not as a result of the grassland
management pcéice usedR = 0.5) (Table2.7). Mean annual NEP was significantly higher

from sites fertilised with 1100 kg N hat yr! (57.7 + 119 g C i) and 103200 kg N ha yr

1(98.6 + 148 g C ) than with 303400 kg N ha yr (-286.8 + 179 g C ) (P = 0.04 aml

P = 0.02 respectively). The amount of N fertiliser applied had the greatest (and only
significant) influence on the annual NEP of managedslands (Figure1A2). Meanannual

NEP was positive for most of the management praciioescluding those fertilised with
301-400 and >401 kg N hayr?, and those that were cut. Standard deviation of mean annual
NEP was high across all groups, ranging from 119 to 204 ¢¢C m
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TABLE 2.7 MEAN ANNUAL NEP+ STANDARD DEVIATION (SD), THE PROPORTION OF
SITES WITH POSITIVE AND NEGATIVE ANNUALNEP MEASUREMENTS AND AN INDICATION
OF SIGNIFICANT DIFFERENCES BETWEEN THE MEAN ANNUAINEP OF MANAGEMENT
PRACTICES FOR THE MANAGED GRASSLANDS DATAN= INDICATES THE NUMBER OF
OBSERVATIONS WITHIN EACH GROUP

N= Mean annual % positive % negative | Significant
NEP = SD observations | observation | difference
(g Cm?) s
Amount of N 0 14 55.2 + 149 71 29 Between
fertiliser added | 1-100 45 57.7 +119 80 20 groups
(kg N halyr?) [ 101-200 15 98.6 + 148 73 27 (P=
201-300 17 25.4 +181 53 47 <0.006):
301-400 4 -286.8 + 179 0 100 1-100 and
> 401 3 -204.3 + 156 0 100 301-400 P
Unknown 3 =0.04),
101-200 and
301-400 P
=0.02)
Management Cut 39 -4.2 +204 54 46 None
Grazed 33 449 + 123 73 27 (P=0.5)
Cut + grazed| 29 58.8 £ 139 72 28

2.4 Discussion

This study compiled data from 40 publications that measureedgndsphere and lateral C
fluxes to evaluate how environmental conditions and management practices control the
annual NEP of agroecosystems; the dataset comprised a total of 242 individisdINER
measurements and associated rdeta. The mean annual NEP (+ standard deviatiotieof
dataset was slightly positive (76.6 + 211 g &)nalthough the standard deviation of the
mean was high which reflects the large range of value% 6fthe sites ithedataset had a
positive annual NEP (696 of cropland sites and 6% of managed grassland sites),
confirming that on average these agroecosystesa€loasalsofound by Smith et al. (2007)

The mean annual NEP (+ standard deviation) of croplands (110 + 234 @) Gvas

significantly higher than that of managed grasslands (29.9 + 164 9;@mplands lost over
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3.5 times more C than managed grasslands. Our results are similar to those reported by
Ceschia et al. (2010), who found that European crop sites lost, on average, 138 £+ 239gCm
2 year! and that 70 of sites within their dataset lost C. Based on this C loss, they predict
that 2% of SOC content is being lost from European croplands annually (Ceschia et al.,
2010). Our results show that the implementation of best management practices made no
statistical difference to the NEP of croplands and that the dfERe managed grasslands

was only significantly influenced by N fertiliser rate.

Mean annual NEE was negative for both agroecosystems, thoughditeuptake of CQ

was greater for croplands than managed grasslands. This was compensated for by the
significantly greater mean annual 0 managed grasslands, which was around ten times
greater than that to gotands. The mean annuak @as similar from and accounted for the
largest proportion of mean annual NEP in both agroecosystems. Forplends) the mean

annual G was considerably greater than the C added to the system (via plant photosynthesis
and organic amendments), meaning that, on average, croplands |&sir @anaged
graslands, mean annualiGvas only slghtly higher than Cto the system (via plant
photosynthesis, organic amendments and excreta), however, meaning that overall managed

grasslands were nearr@utral and lost only a small amount of C.

Multiple studies have proposed that soil C lossigher from croplands compared to
managed grasslands, which tend to accumulate C or-meuttal (Prescher et al., 2010;
Altimir et al., 2016). Croplands typically experience greater soil disturbance via tillage and
the inclusion of bare soil or fallow periodstiin annual crop rotations, both of which have
been shown to increase €é@missions (Ciais et al., 204,@ertel et al., 2016; Jansson et al.,
2021) and NEP. We found that, on average, croplanddodel more C than managed
grasslands, althoughis was not solely attributed to the influence of management practices
on NEE, as suggested above, and instead was largely influenced by the amount of C
Furthermore, there is large potential for unaimtty when calculating €and G, which is

larger than the uncertainty associated with NEE measurement by EC (Ceschia et al., 2010);

this was likely to be a factor contributing to the large variation in our results.
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2.4.1 Environmental drivers of NEP

2.4.1.1 Climate

Kdppen climate classification was the only variable, of those considered, to have a significant
influence on the mean annual NEP of croplands. Croplands with a -svsmmer
Mediterranean (Csb) climate accumulated three times as much C, on average, éhaitlthos

a warmsummer humid continental (Dfb) climate, and five times as much as those with a
monsoorinfluenced hotsummer humid continental (Dwa) climate, both of which lost C.
Contradictorily, managed grasslands with temperate climates (Cfa and Cévgrage, lost

C, while managed grasslands with subtropical climates (Dfb and Dfc) accumulated C,
although the differences in meannualNEP were not significant. Subtropical climates are
usually warmer than temperate climates, and agroecosystems in warmer regions have been
observed to have higher rates of migablactivity, SOM decompositiomnd TER and
subsequenthigher NEE and NEP (Lope3arrido et al., 2014; Maia et al., 2019; Bandaru,
2022). Other studies have observed higher C loss from cromaddsanaged grasslands in

warmer climates compared to those in colder climates (Waldo et al., 2016).

2.4.1.2 Soil

Soil type had no statistical influence on the mean annual NEP of the croplands or managed
grasslands within our dataset. It is notable, however, that the proportion of managed
grassland sites that accumulated C increased with increasing soil clay contauagrage
managed grasslands with light and medium soils lost C, whereas those with heavy soils
accumulated C. Clay particles protect SOC from decomposition, and it has been observed
that soils with a higher clay content have lower>@mission comparedtlighter soils
(Beziat et al., 2009; Li et al., 2010; Mangalassargl., 2015; Maia et al., 2019; Prout et al.,
2022) which can increase NEP (j.=duce overall C loss). The majority of the sites in our
dataset were on light soil, and so the lack of significant difference in mean annual NEP
between the soil types can probably be explained by the small number of sites with heavy
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and medium soil8Because of this, it should be noted that robust conclusions cannot be made

on the influence of soil type on annual NEP and should be addressed in future research.

2.4.2 The influence of management practices on annual NEP

The cropland sitesiiour dataset spanned a variety of crop types (see Crop Species in Table
A1l.1) and managemeptactices, although due to the spatial dispavititin thedataset were
dominated by crops grown in Europe and North America. The managed grassland sites were
dominated by multspecies mix, which predominantly consisted of ryegrass, and wege eith

managed for cutting, graziray both cutting and grazing.

None of the managemepitactices considerédcrop type (i.e., annual or perennial), residue
management (i.e., retention or removal), the inclusion of cover clopsarhount of N
fertiliser addedor the tillage method had a statistical influence on the annual NEP of
croplands. For the managed grasslands, the amount of N fertiliser added had a statistically
significant influence on mean annual NEP, however the grassland manageithet (ne.,

cut, grazed or cut argrazed) did not.

Croplands.The mean annual NEP of the croplands was not significantly influenced by the
type of tillage, crop type (i.e., annual or perennial), retention of crop resithesinclusion

of cover crop®r the amount of N fertiliser added, suggesting that the adoption of other best
management practices, such aseasing ¢; may have greater success in reducing C losses.
Relative to conventional tillage, no till aims to reduce SOM decomposition and spil CO
losses by disturbing the soil structure less (Sn#@04; Olson et al., 2005; Stavi and Lal,
2013). Numerically, our results evidence this, as sites managed with conventional tillage lost
more C than those managed with no till, although the difference was not significant. Tillage
practices and crop residunanagement are often interlinked, with no till and crop residue
retention often promoted in conservation agriculture to improve soil health (Farhate et al.,
2018). Crop residues that are left on the field can be incorporated into the soil with tillage or
left on the soil surface if no till is adopted (Fernandez et al., 2015) and can improve soil
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quality by reducing erosion and providing an input of organic C (Oertel et al., 2016; Nunes
et al., 2020). There is a large consensus across the literature, however, that retaining crop
residues, regardless of the tillage method used, can increase¥Sions (Brye et al., 2006;
Sainju et al., 2010): combining crop residue retention with conventional tillage can oxidise
older SOC and release it as £@ssiri and Lal, 2009; Ruan and Robertson, 2013; Wegner

et al., 2018), whereas retaining residues andguso till leaves biomass to decompam

the soil surface, where ltecomes more available to microorganisms for use as a substrate
for priming and is then released as{Mangalassery et al., 2015; Wegner et al., 2018). Our
results corroborate this; the croplands sites in our dataset tended to lose C, and the amount of
C lost was not significantly different between sites with residues retained and residues
removed. The ap type (i.e., annual or perennial) also had no statistical influence on the
variablity of annual NEP. Sites growing annual crops often have higher C loss than those
growing perennial crops (Amiro et al., 2017; Sarauer and Coleman, 2018), as perennial crops
have longer growing seasons and extensive root systems which adddgoayngC into

the soil and increase SOC (Smith, 2004; Ostle et al., 2009; Pausch and Kuzyakov, 2017).
Furthermore, annual cropping systems are associated with more frequent tillage, as the soll
is often ploughed after harvest which reduttesC sequestration pential (Flynn et al.,

2012; Ledo et al., 2020). Our results do not corroborate this, however, although this may be
due to the largdisparityin sample sizes between the annual and perennial sites in our dataset.
To improve the understanding of the influence of crop type on annual NEP, further
investigation should consider crop type more specifically (i.e., by species (seSfga@ps

in Table AlL.1) or rotation). The literature evaluating the impact of cover crops on C fluxes

is conflicting. Cover crops can decrease annual NEP by providing an addition of C to offset
some of the C lost at harvest, and can reduce soil erosion and thes38ion (Abdalla et

al.,, 2013; Cates and Jackson, 2019). Alternatively, some studies observe higher CO
emissions from soils with cover crops compared to bare soils {Salbena et al., 2014).

Cover crop biomass is often left on the soil surface after terminatiooh vghiikely to have

a similar effect on annual NEP as crop residue retention, increasing C losses as a result of
priming (Wegner et al., 2018). The average annual NEP of sites with cover crops shows that
these sites lost over twice as much C as thoseoutithover crops, which supports the
findings of Abdalla et al. (2013) and Cates and Jackson (2019), although the difference was

not significant.
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Managed grassland#/anaged grasslands that received over 301 kg N/hagained C on
average, whereas those that received less than this lost C. Our findings contradict those of de
la Motte et al. (2016) who found lower C losses from a managed grassland in years when
less N fertiliser was added, but corroborate those of Hitada (2013) whb found C uptake
increased withN fertilisation rate. In addition, managed grasslands fertilised with 0 kg N ha
Lyrlhad just over twice the C loss of thoseifiseed with 202300 kg N ha yr, showing
greater C loss with lower N fertilisation and corroborating the findings of Hirata et al. (2013).
A supply of N isrequired for C sequestration in agroecosystems (Flechard et al., 2005;
Soussana et al., 2007; Moinet et al., 2017; Dmuchowski et al., 202P) fertilization can
enhance C sequestration by increasing the retention of new C @askst al., 2024 High

rates of N fertilisation could increase vegetation growth and photosynthesis, increasing
annualCO; uptake and lowering annual NEP, as found by Liu et al. (2019), but could also
result in increased Cvia biomass removalThere are negative impacts associated with
applying N at high rates, however, including leaching and ammonia volatiliziore( al.,

2012 and sad\ addition must be carefully matched to crop requirements to avoid this.

When comparing thempact of how grasslands were managed (i.e., cut, grareut and
grazed) cut andgrazed grasslands had the highest C losses, followed by grazed grasslands,
and cut grasslands had a small uptake of C; all were close to C neutral and not significantly
different from one another, however. Rutledge et al. (2015) and Carswell et al. (2019)
propose that is usually higher from managed grasslands that involve cutting compared to
grazing, althougIt; may be higher when livestock are present as excreta will be returned to
the soil in addition to any organic fertiliser. Concomitantly, the presence of livestock within
the EC footprint is likly to increase NERs the CQrespired by grazing animals will be
measured by the flux tower (Senapati et al., 2014). These factors may partially explain the
numerically igher mean annual NEP from cut aghzed grassland€arbon fluxes from
managed grasslands are also highly likely to vary as a result of management intensity
(Zeeman et al., 2010) i.e., stocking density and harvest frequenicyhowever these
management practices were only reported by a small number ofidghaged grasslands
studies in our dataset and thus not considered as variables affecting NEP in our statistical

model. To further understand the controls on the NEP of managed grasslands, our dataset
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would therefore benefit from sufficient information on the grazing intensity, grazing species,

number of cuts, yield antheamount of C removed with each cut.

It is important to consider the challenges and potential error ideabiwhen calculating«C

as grazed biomass and & livestock excretéor agriculturally managed grasslanthat

include grazing livestockMultiple methods were used to calculate these values across the
grasslandpublications used in thisnalysis. The @ via grazing was calculated by
multiplying the C content of the grass by either the difference in height of a measured area
of grass before and after grazing (Skinner, 2008; de la Mbtat., 2016; Skinner, 2013;
Laubach et al., 2019; 2023) or by a standardised pasture utilisation value of 0.85 (Rutledge
et al., 2017; Wall et al., 2019; 202@023). All publicationscontaining grazed grasslands
considered the Cas excreta as a proportion of the C ingested via grazing, however the
proportion itself is variable: Skinner (2008; 2013) assumés 87ingested C to be returned

as dung; Rutledge et al. (2015) assume this to b&34nd other studies use a more
comprehensive calculation which includes the-daestible fraction of the grazed biomass

and the amount of time livestock spend on the paddock (de la Motte et al., 2016; Rutledge et
al., 2017; Laubach et al., 2019; 2023aN\ét al., 2019; 2024 202d).

2.5 Recommendations for future research and policy

Our results show that, on average, global agroetesis are behaving as C sourdespite
the implementation of best management practices which are encouraged as methods to
increase soil C sequestration. On average, the croplands in our dataset lost C, whereas the
managed grasslands were close to C neutral. However, ové 66 all sites in both

categories had positive NEP values.

Our dataset is limited both spatially and temporally, as NEECamthdC, for the calculation

of NEP, are not reported consistently across the literature. To provide a more comprehensive
and robust understanding of the controlslmmdnnual NEP of agroecosystewss propose

the following recommendations for future research: (i) more measurements from sites in
different climates, with different soil types and management practices; (ii) steedard
reporting of NEE, @ and G for the calculation of NEP, taking measurements on an annual
timescale, and reporting sufficient metaia to make more direct comparisons between sites.

These metalata should include but not be limited to: mean air temperature and total
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precipitation during the study period, soil texture, SOC content and stock, grassland
management, crop or vegetation type (including for managed grasslands), vegetation yield,
N fertiliser rate amount and type of (Camount of G (i.e., in grain yield and harvested
residue), tillage management, grazing species, grazing duration, grazing intensity, the weight
of harvested residues, whether cover crops were grown, number obthaavel any
management (i.e., tillage or fertilisation) occurring during thiegrowing season; (iii) use
beforeafter controlimpact(BACI) type paired studies, such as in Zenone et al. (2013) and
Skinner (2013), to provide more direct evidence of how altering management practices could
influence NEP (i.e., conventional versus no till, cover crops versus no cover crops, residue
retention verss residue removal); (iv) measure SOC at sites where EC is used to measure
NEE to directly compare the impacts of management and land use practices and the
relationship between NEE and SOC. §hiould require longer measurement peribds.,

5 to 10 year$ to identify changes to SOC; (v) measure NEP over an entire crop rotation, as
also suggested by Ceschia et al. (2088)C¢ may not occur in every year; (vi) to reduce
uncertainties in the global GHG balance of croplands, systematically measure other GHG
fluxes (i.e., NO) at the plot scale to update emission factors for a range of field operations
(Ceschia et al.,, 2010; Osborne et al., 2010; Smith et al., 2010); (vii) introduce one
standardsed method to determine the amount of grass ingested by grazing livestock and the
C returned to the soil via excretieurthermorethere are potential relationships between
climate and land use typedue to the changing climate arable and grassland sites are now
found in multiple climate types, and the climate conditions are likely to have an impact on
the way that this agriculturédnd is managed. Due to the lack of daltaerved, this was not
possible in this study, however future analysis would berfedm exploring these

relationships once sufficient data is available to do so.

The agricultural sector would benefit from more targeted policy recommendations as to
which agricultural practices will reduce soil C loss; our results show that using no till and
growing cover crops do not always necessarily result in soil C gain, d@neiiseffectiveness

may be dependent on the environment in which they are grown. Guidance on the
combinations of climate, soil type and management practices that are more likely to increase
soil C sequestration would help farmers take more targeted aalibough much of the

ability to do this is dependent on evidence from research that uses the recommendations

proposed above. Furthermore, greater communication on the importance of adding organic
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amendments to agricultural soils to provide an input of C would be beneficial (Bruni et al.,
2022), as is currently being done in the UK Sustainable Farming Incentive and the
international 4 per 1000 Initiative.
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Chapter 3 Maize grown for bioenergy on peat emits twice as much carbon as when

grown on mineral soil
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Abstract

The area of land dedicated to growing maize foebergy in the UKs rapidly expanding.

To understand how maize production influences soil carbon (C) dynamics, and whether this
is influenced by soil type, we measured net ecosystem exchange (NEE) using the eddy
covariance technigue ovéne 2021growing season. We combined the NEE data with C
imports and exports to calculate the net ecosystem productivity (NEP) of two magze cro
grown for bioenergy in the Ukone site on mineral soil and the other on &vd agricultural

peat. Maize was similarly productive at both sitegross primary productivityGPP)was

1107 g C it at the site with mineral soil and 1407 g C at the peat site. However, total
ecosystem respiratio(TER) was considerably higher from the peat site (1198 g ¢ m
compared to the mineral soil site (678 g G)mAfter accounting for the removal of C in
harvested biomass, both sites were net C sources, but C losses were over two times greater
from the peat site (NER 290 g C rf) than he mineral site (NER 136 g C rf). While

annual crops may be neededpimduce bioenergy in the shdgrm, growng maize for
bioenergy in the UKloes not appear to be a viable option for C sequestration over the long
term, as it leads to hig8@ losses from agroecosystems, especially those on organic soils.
Instead, growing perennial bioenergy crops on mineral soils with a low organic C content is

a more appropriate option.
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3.1 Introduction

Bioenergy has received attention as a renewable resource and potential climate change
mitigation measure, both as an alternative to fossil fuels and a method of carbon (C)
sequestration when combined with C capture and storage (Hanssen et al., 202@&t@h]vin

2021; de Freitagt al, 2021). In the UK bioenergy is a significant source of renewable
energy, generating around 11 % of the cou
2024). Given the role of bioenergy in decarbonising the energyrsectoand t he UK®
binding commitment to reach net zero greenhouse gas (GHG) emissions by 2050 or earlier,
the demand for biomass is expected to increase significantly (DESNZy)202&re are a

range of crops, both annual and perennial, that can be grown for bioenergy production
(Pugesgaard et al., 2014). As of 2020, 121,88®f land, equivalent to 1.4 % of the
agricultural land area, were used to grow biomass for energy in the UK (Booth and
Wentworth, 2023). Biogas is produced by anaerobic dye$AD), where organic material

is decomposed by microorganisms in an oxyljmited environment, producing methane

(CH4) for use as energy (Gould, 2015; Vastorrea et al., 2018)and via biomass
combustion, where organic material is combusted to produce heat (Skoufogianni et al.,
2019). Although the C emitted via combustion during AD is balanced by the C fixed by plant
photosynthesis, bioenergy cannot be described as completely C neutral because the carbon
dioxide (CQ) savings are likely to be offsey emissions of Ce) CHs and nitrous oxide

(N20) during crop growth, field management, biomass processing and transportr{@tutze

al., 2008; Don et al., 20]1

Much of the existing research has proposed that growing perennial crops for bioenergy, such
as willow andMiiscanthusrather than annual crops like maiZe& mays [).and wheat, has
fewer negative impacts on the environment as perennials have more permanent root systems
and require less fertiliser input (Karp and Richter, 2011; Pugesgaard et al., 2014; Kantola et
al., 2022). Globally, maize is one of the most growsehergy crops, as it is highelding
and has a high biogas output when anaerobicallystige(Herrmann, 2013; Bright Maize,
2022). Maize is also grown extensively for bioethanol production, particularly in Brazil and
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the USA (Skoufogianni et al., 2019). To increase the scale and reliability of biogas
production, the amount of arable land dedicated to the production of bioenergy crops,
including maize, is growing (Souza et al., 2015; Hill, 2016). In 2021, 7$800land was

used to grow maize for bioenergy production in the UK (DEFRA, 2024 the UK, maize

is usually harvested in October, meaning that the field is left bare over winter and is
vulnerable to soil erosion, as there is insufficient time for a wintgy or cover crop to be

sown and establigll (Naylor et al., 2022). In addition, whetgop harvesting of maize for

AD results in largescale removal of crop residues that can deplete soil ar@gafSOC)
(Ceschia et al., 201 ®Raffa et al., 2015Poyda et al., 2019; Waet al., 202®). While most

of theagricultural land in the UK is on mineral soil, around % 1194,00thg) is on drained
lowland peat, representing approximatedp7 of t he UKGO6s t ot al peat
Natural peatlands area@nsiderable C store; and so peat drainage, initiated at scale in the
UK in the 1600s to facilitate agricultural expansion, increases soil aeration and thus
decomposition, leading to soil C loss asGBvans et al., 2016Agricultural mineral soils

are also sources of C following intensive management (Ussiri and Lal, 2009; Franzluebbers
2021; Bhattacharyya et al., 2022), however to a lesser extent than drained lowland peatlands
(Freeman et al., 2022).

The use of agricultural land to grow maize for bioenergy is ongoing loKrendis expected

to increasalespitehedebate within the field on how sustainablenvironmentally friendly

this is particularly when these crops are grown on peat @ians et al., 2094 The phase

out of biomethane crops grown on peaEuropehas received little attention, unlike palm

oil grown on tropical peats,ivere Jeswani et al. (2020) reported that palrmayemit 3-40

times more GHG emissions than fossil dieg@espite the likely continueidcrease in maize
production for bioenergy in the UK, the existing research on GHG emissions from
agricultural soils during the maize growing season, particularly on agricultural peat, is not
comprehensive (Pohl et al., 2015). While there is an urgedttoemove away from fossil

fuels in the energy sector, it is important to improve our understanding of the C fluxes and
potential environmental impacts associated with different components of the biomass supply
chainand calculate GHG emissions relatetitmgas production from feedstock crogven

the predominance of growing maize for bioenergy, it is important to determine the impacts

of growing maize for bioenergy on agricultural emissions and how this vetesisef the
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environment in which it is grown (Lohila et al., 2003). The aim of this study was to determine
the impact of soil type on the G®ink or source strength of growing maize for bioenergy.
This was achieved by carrying out the following objectives: (i) quantifying thefldges
associated with growing maize for bioenergyt@b commercial farms using an eddy
covariance (EC) tower at eadne on mineral soil and the other on peat; and (ii) estimating
the C sink or source strength of these systems by cataylagt ecosystem productivity
(NEP). It has been shown that GHG emissifms, CQ, nitrous oxide (NO) and methane
(CHg)) are higher from crops grown on peat than on mineral soil (Oertel et al., 2016; Evans
et al., 2021); thus, we hypothesise that the B&lance will be more positive from the maize

grown on peat than the maize grown on mineral soil.

3.2 Methods

3.2.1 Study sites

The two sites used in this study are both commercial fareesitern Englandne is located

in Yorkshire on a loamy calcareous brown earth from the Aberford series of Calcaric
Endoleptic Cambisols (Cranfield University, 2018), (subsequently referred to as the mineral
soil site (MS)) and the other is locat280 km southn East Anglia on drained lowland peat
(subsequently referred to as the peat soil site (PS)). Both sites have a temperate oceanic
climate characterised by mild winters and warm summers (Beck et al., 2018). Between 1992
and 2021 average annual temperatuas highemt PS (10.7 N 0.5 ecC,
to 11.7 eC) than at MS (9.5 N 1 eC, rangi
Office, 2023), whereas average annual precipitation was higher at MS (639 = 142 mm,
ranging from 289 mm to 916 mm) than & B61 + 95 mm, ranging from 309 mm to 699

mm) (Met Office, 2006; Met Office, 2023). During the measurement period (2021 maize
growing season), average daily temperature
at MS, and 15. 6 efectigely Figred.19; thensimilar &ir tefhBerature

and precipitation at the two study sites can be attributed to the north of England experiencing
warmer and drier than average conditions thraghmer 2021, whereas the saabt was

closer to average.
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FIGURE 3.1 (A) PHOTOSYNTHETICALLY ACTIVE RADIATION (PAR), (B) AIR
TEMPERATURE (C) solL TEMPERATURE (5 cMm), (D) soiL MOISTURE (5 cM) AND (E)
PRECIPITATION MEASURED OVER THE MAIZE GROWING SEASONS AT THE STUDY SITES

The field at MS (10.4a) has been under continuous arable rotation with conventional tillage
since 1994 with a rotation of winter wheat, spring or winter barley, and oilseed rape, and
occasionally vining peas or potatoes. Prior to thisasiete and grass leys were included in

the crop rotation. In September 2020, linseed was sown in the field, however the crop failed
due to frost conditions and so was terminated and planted with maize in June 2021. The PS
is highly fertile and nutrient rictFrom the 1600s onwards, lowland peatlands across the UK
were widely drained for use in agricultural crop production (Rowell, 1986) but since the
advent of electric pumps in the2@entury the process has become more efficient, leading
to deeper drainag The field at PS (4118 was drained during the 1940s and since then has
been cultivated for agriculture with the water table controlled by electric pibopsg the
measurement period the average daily water table deptil@&sm, ranging froml60 cm
to-110 cm.Soil properties of the maize fields are summarised in Tabjenotably, organic

matter content, total C, total organic C and total N are higher at PS than at MS.

TABLE 3.1 SOIL INFORMATION FOR EACH SITE(MEAN + STANDARD DEVIATION, N=9, FOR
TOPSOILO-30CM).

Mineral site (MS) Peat site (PS)

Soil type? Calcaric Endoleptic Histosol
Cambisol

Soil texture” Clayey loam Loamy peat over san(
Water table depth (m) - <1
Organic matter (%) 6.7+ 0.6 59.2+2.2
pH (CaCh) 6.9+0.2 73+0.1
Bulk density (g crt) 1.3+0.1 05+0.1
Total carbon (g kg) 395+9 278.6 + 37.6
Total organic carbon (g K9 229149 229.7+9.1
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Total nitrogen (g kg) 2.3+0.6 16.4 +2.2
C:N ratio 10:1 14:1

Plant available nitrogen (g Ky 0.013+0 0.085+0.4
2Data obtained from World Reference Base for Soil Resources (IUSS, 202@); obtained

from UK Soil Observatory (UK Research and Innovation, 2021)

Detailed information on management practices at both sites during the study period are
presented in Tabld.2. The planting density of maize was slightly higher at MS (110,000
seeds hd) than atPS (95,000 seeds ha and nitrogen (N) fertilisation was simliar at the

two sites (76 kg N hhat PS and 72.5 kg N Haat MS). At MS maize was planted on
02/06/2021 and harvested on 10/10/2021 (131 days) and at PS maize was planted on
27/04/2021 and harvested on 21/10/2021 (178 days).farmer at MS opted for a high
sowing density to maximize the potential for crop growth to compensate for the later planting
date resulting from the failure of a previously sown autumn cCopp yield data for both

sites were provided by the farmer; as quadrats were not used to measure yield, standard

deviation of yield is therefore nogéported.

TABLE 3.2 MANAGEMENT INFORMATION FOR EACH SITE OVER THE MAIZE GROWING
SEASON(DM = DRY MATTER).

Mineral site (MS) Peat site (PS)
Date Management Date Management
Spring 2021 | Fertiliser(N26+5S03): 50 | 27/04/2021 | Planted maize (Pioneer
kg N ha', 9.6 kg S ha variety) using precision

drill: 95,000 seeds ha
16/04/2021 | Herbicide (Amega Duo): | 30/04/2021 | Fertiliser(CHAFER

2.1 L ha! (with 0.5 L hat N30.3+10.8S03): 76 kg N
Phase Il and 0.5 L Ha hat, 10.8 kg S h&
Spryte Aqua)

06/06/2021 | Herbicide (Pendimethalin)] 02/06/2021 | Pesticide (Maya): 1 L hi
3.3Lhat
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Herbicide (Glyphosate): 2

L hat
18/05/2021 | Norrinversion tillage: 20 | 10/06/2021 | Fertilisers (Headland
19/05/2021 | 25 cm 14/06/2021 | Copper 435, Headland

29/06/2021 | Boron 150, Headland Zinc
150): 64 g copper hia22.5
g boron hd, 75 g zinc ha
02/06/2021 | Planted maize (Fieldstar | 21/10/2021 | Harvest: 11.3 t DM h&
variety) using precision
drill: 110,000 seeds Ha
Fertiliser (Drammonium
phosphate): 22.5 kg N Ha
and 57.5 kg P ha
10/10/2021 | Harvest: 12.3 t DM hé&

3.2.2 Measurement of CQ fluxes

Turbulent fluxes of C@(umol n2 s1) and sensible and latent heat fluxes (H, LE; W) m

were measured witBC flux towers (Moncrieff et al., 1997; Baldocchi, 2003). At MS, O
fluxes were measured using an1200 RS enclosed infrared @8.0 gas analyse{LI-

COR Biosciences, USA); data were sampled at 10 Hz and combined with ancillary
measurements by a CR1000X data logger (Campbell Scientific, USA) via a Smartflux 2
processing computer (L COR Biosciences, USA) and stored on a USB drive. At PS, CO
fluxes were measured with an LI7500A open path./8eD gas analyser (ECOR
Biosciences, USA); data were logged at 20 Hz using a CR3000 data logger (Campbell
Scientific,USA). At both sites a Gill Windmaster thrdemensional sonic anemometer (Gill
Instruments kd., UK) was used to measure atmospheric turbulenog W; m s?) and sonic
temperature (Tsoni c; eC) . Sensors were mol
were increased over the maize growing season to ensure a minimum distance of 2 m between

the EC sensors and crop canofyMS, the mean peak footprint distance was 40 m and had
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an average 90 % contribution of 110 Rigure A21; Kljun et al., 2015). At PS, the mean
peak footprint distance was 35 m and an average 90 % contribution of Bigure(A22;

Kljun et al., 2015). All measurememsre taken during the 2021 maize growing season. The
monitoring period at MS was 131 days (02/06/2aP110/2021) and at PS was 149 days
(26/05/202121/10/2021); at PS, EC measurements are available from around one month
after maize was planted due totmsnent failure, and so this should be sidered when
interpreting results.

3.2.3 Calculation of CQ fluxes

EddyPro® 7 V7.0.6 (LLICOR Biosciences, 2019) was used to computenBfute fluxes of

H, LE andnet ecosystem exchange (NEE) from raw EC data. Net ecosystem exchange was
calculated as the CQlux plus the CQ storage term; as both towers had a height of below

10 m, the C@storage term is likely to be negligible in comparison to the estimation of NEE
(Nicolini et al., 2018). As Gill Windmaster sonic anemometers were used at both sites, the
software appbsed bhg -GDR Bioseientes, @i24) and hpplied
double coordinate rotation to correct for any tilt or misalignmetitememometer (Wilczak

et al.,2001). Crossorrelation was used to compensate for any time lags between the sonic
anemometer and atmospheric scalars (Moncrieff et al., 1997; 2004) and fluxes were corrected
for air density fluctuations using the WeBlearmarLeuning correction (Webb eil.,
1980).The software removed statistical outliers and implausible values in the raw timeseries
according to Mauder et al. (2013). Fluxes were also corrected for high and low frequency co
spectral attenuation according to Moettiet al. (1997; 2004). Random uncertainty
estimation due to sampling error was estimated according to Finkelstein and Sims (2001).

Quality control was applied using The R Language and Environment for Statistical
Computing V4.1.3 (R Core Team, 2022) to ensure only-bigddity flux data were used,
following the workflow by Morrison et al. (2019). Examples of when data were removed
include: statistical outliers (Papale et al., 2006); data obtained when the signal strength of the
LI-COR was higher than the baseline value (Ruppert et al., 2006); data identified as non

representative by the footprint model (i.e., when ¥26f the data wasecorded outside of
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the site boundaries) (Kljun et al., 2004); data that was beyond realistic thresholds (i.e., when
H <-200 or > 450 W m, when LE <-50 or > 600 W ¥, or when NEE <60 or > 30 g m

2), and when friction velocity (u*; m™ < 0.06 at MS and < 0.08 at PS. The REddyProc
package (Reichsteiet al., 2016) was used to gilpand partition fluxes of NEEaccording

to Reichstein et al. (2005). Periods of missing data (excluding the first month of the growing
season at PS) were gélbed using marginal distribution sampling and uncertainty was
estimated as the standard deviation of the observations u§#dyéps (Reichstein et al.,

2005; 2016). Gaffilled NEE accounted for 1% and 36% of the overall dataset at MS and

PS respectively.

The micrometeorological sign convention is used for NEE, where a positive value indicates
the ecosystem is losing C and a negative value indicates the ecosyammanmsilating C
(Baldocchj 2003). Net ecosystem exchange of-@the difference between gross primary
productivity (GPP) and total ecosystem respiration (TER) as shown in Eq@4dtig@mith

et al., 2010). Following gaflling, NEE was partitioned into GPP and TER (Reichstein et
al., 2016).

0 00 "YOY 00 0 (Equation3.1)

3.2.4 Ancillary measurements

Additional micrometeorological measurements were recorded at both sites. Energy fluxes,
including net radiation Rned, shortwave incoming radiation (SWin), shesave outgoing
radiation (SWout), longvave incoming radiation (LWin) and longave outgoing radiation
(LWout); W nmi?) were measured with an SB00 net radiometer (Apogee Instruments, USA).
Air temperature (Ta; e C) and relative hum
temperature and humidity probe (Vaisala B¥hland). At MS, soil temperatue ( Tsoi | ;
and soil moisture (%) were measured using TEROS 11 temperature and moisture probes
(METER Group Inc., USA) at a depth of 5 cm, soil heat flux (G; W was measured using
HFPOXSC heat flux plates (Hukesflux, Netherlands) at a depth of 5 cm, and precipitation
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(mm) was measured at a nearby COSMaIS weather station with an OTT Pluvioain

gauge (OTT HydroMet, USA) (Cooper et al., 2021). At PS, G was measured using-HFPO1
L heat flux plates (Hukesflux, Netherlands in Campbell Scientific, USA), Ta and Tsoil were
measured using TDT soil water content sensors (Acclima, USA) at a depthGfE and

25 cm, while water level (cm) was measured with a CS451 pressure transducer (Campbell
Scientific, USA), and precipitation was measured with an SBS500 tipping buckgarage
(Environmental Measurements Ltd.).

3.2.5 Energy balance

Energy balance closure (EBC) is a method used to assess the quality of EC data at a study
site (Aubinet et al., 2001; Wilson et al., 2002). Energy balance closure assumes that the sum
of fluxes measured by EC (LE + H) are equal to the available energureeasdependently

using dher instrumentsRneti G). The measureditbulent fluxes accounted for %6 and

72 % of the available energy at MS and PS respectively (Fig2)e The R values (i.e.,

amount of variance) are within the typical range of reported EC measuremerds9j0.7
(Wilson et al., 2002; Foken, 2008; Wagle et al., 2018).
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FIGURE 3.2 ENERGY BALANCE AT THE STUDY SITES OVER THE MAIZE GROWING SEASON
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DUE TO MISSING DATA PRIOR TO THIS DATE

3.2.6 Net ecosystem productivity and crop carbon use efficiency

Net ecosystem productivity (NEP) is a measure of the C sink or source strength of an

agroecosystem, and accdsirior lateral fluxes of C, that,i€ exported from the field via
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harvested biomass and C imported via seed or organic fertiliser (EqB2tioadapted from

Evans et al., 2021), as well as NEE. The C content of harvested biomassa&Zalculated

by analysing the C content of maize samples taken from the field on the day of harvest, and
scaling this to the reported yield for the field. As this study assesses NEP at the field scale, it
is assumed that all C within the exported biem#as converted back to atmospheric CO
during AD (Eichelmann et al., 2016; Morrison et al., 2019). We note that this assumption
requires further analysibowever,as the AD process involves storage and transformations

of C across gaseous, liquiddasolid phases, but a full Ifeycle analysis is beyond the scope

of the present study. Carbon import)(@as in the form of seed only, as neither site was
fertilised with organic amendments prior to maize planting or during the growing season. As
in Evans et al. (2021), we use the micrometeorological sign convention for NEP where a
positive value indicateshe ecosystem is losing C and a negative value indicates the

ecasystem is accumulating C.

000 VOO 6 6 (Equation3.2)

The C use efficiency of harvested material (GUE a measure of how efficiently
atmospheric C is converted into new plant material (Chen et al., 2018); i€ 0&lculated
as Gy over GPP (Kim et al., 2022) as in Equati®B.

6 YO — (Equation3.3)

3.3 Results

3.3.1 Carbon fluxes

Over the maize growing season, both sites exhilmtedunet CQ uptake as NEE, however
the net CQuptake at PS-208 + 49 g C@C n?) was less than half of that at M@129 +

57 g CO-C m?) (Figure3.3; Figure3.4; Table3.3). Maximum CQ uptake was greatest at
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MS during August and at PS during September (Fid4¢ Both sites were similarly
productive, with GPR107 + 113 g C Mhiat MSand1407 + 129 g C mat PS, howevefFER

was nearly twice as high at PS (1198 + 100 g & than at MS (678 + 62 g Cfj) (Table

3.3). Total ecosystem respiration was notably higher during the night at PS compared to MS
(Figure3.4).
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TABLE 3.3 CARBON BUDGET AT THE STUDY SITESE ROOT SUM SQUARED(ASIDE FROM CH
WHERE * REPRESENTS STANDARD DEVIATION. THE MICROMETEOROLOGICAL SIGN
CONVENTION IS USED FORNEE AND NEPWHERE POSITIVE VALUES INDICATEC LOSS
AND NEGATIVE VALUES INDICATE C GAIN.

Mineral site (MS) Peat site (PS)
NEP (g C 1P 136 + 122 290 + 99
NEP (t C hd) 1.4+12 29+1
NEE (g CQ-C m?) -429 + 57 -208 + 49
GPP (g C ) 1107 + 113 1407 + 129
TER (g C n®) 678 + 62 1198 +100
Yield (t ha?) 12.3 11.3
Maize C content (%) 46 44
CUE (gCgCh 0.51 0.35
Ch (g Cm? 567 £ 65 499 + 50
Ci (g Cm? 2+0 1+0

3.3.2 Net ecosystem productivity

Cumulative NEP was positive at both sites, showing that C was lwshffom bothsites
under maize cultivation, although C losses from PS (290 + 99 § Growing season) were
over twice those from MS (136 + 122 g C’mrowing season) (Tab®3; Figure3.5). The
Ch at MS 667 + 65 g C nf) was higher than that at P89 + 50 g C m), with yield also
being slightly higher at MS, and @as minimal at both site ¢ 0 g C nfand MS and 1 +
0 g C m? at PS, in the form of seed only (Table 3.3).
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3.4Discussion

3.4.1 Carbon fluxes

While GPP was higher at PS, more £/&s lost to the atmosphere via soil respiration, and

so this supports our hypothesis that theG&ance will beéhigher (nore positive from the

maize grown on peat than mineral soil. Given that GPP was similar at both sites, the
difference in NEE between sites can be attributed to the fact that TER was nearly twice as
high at PS than at MS. The large C store in peat is exposed ang ragigred following

peat drainage and the lowering of the water table due to increased oxygen diffusion,
ultimately increasing decomposition of the peat and loss eft€Me atmospheré.ghila et

al., 2003;Evans eal., 202]). Our results corroborate those of Purola katdtonen (2002)

and Freeman etl. (2022) who found considerably higher rates of £#nission from

peatlands used for crop production compared to mineral soils.
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This study is among the first to quantify growing season C fluxes of maize grown for
bioenergy in the United Kingdom, particularly from bioenergy maize grown on peat. The
growing season NEE measured at both study sites sit within the broad rangedrepor
throughout the literature§ 8 0 § %radn nmaize grown in the USA; Hollinger at, 2005

t o 6 47 %gom @aize grown in Canada; Eichelmanrakt2016; Table A2l When
comparing the growing season NEE of MS in our study with that of other sites in temperate
climates with mineral soil, our results are comparable and wtiinmthe reported range
(Table A2.3). While there are no measurements from maize grown on peat to be compared
with those from PS in our study, the growing season NEE from PS is less negative, that is,
more of the GPP taken up by the crop was respired as TER, than most sites in temperate

climates with mineral soil (Table A2.1

3.4.2 Net ecosystem productivity

As Cywas greater than NEE, andwWas minimal at both sites, growing season NEP was
positive at both sites, although C losses from PS were over twice those from MS. The
negligible contribution of Cto NEP is observethroughait much of the literature (Table
A2.1). The higher @ at MS is attributed to the higher yield, maize C content andr@QUE

this site compared to PS. The yield at both sites fell within-terrp UK averages for whole
crop mai ze 'o(Macmillag,2023. Thévhighea CUEof the maize grown at MS
compared to PS indicates that atmospheric C was converted into new plant biomass more
efficiently (Chen etl., 2018 Kim etal., 2022, meaning that less of the ¢@ken up by the
maize during photosynthesis was lost via respiration. Despite PS having lewemMsS,

it also had dess negativBlEE, meaning that PS had a greater loss of C overall, that is, higher
NEP.

The NEP of maize during the growing season reported across the literature is highly variable,
although most studies report a positive NEP and thus an overall loss of C fré@dhe
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(Table A2.1) As well as NEE, the magnitudeof€Cs hi ghly variabl e, rangin
m' ¥or maize grown in China (Liu el., 2019 t o 1 0 &®B majze gdwnnin New

Zealand (Wall eal., 202®), and Cis often zero onegligible in comparison (Table A2.1

Sites with a large (&an still lose C overall, however, as t&énds to be larger than NEE, as

found by Loubet eal. (2011), Tallec etal. (2013 and Wall etal. (2020. Considering studies

from temperate climates only, NEP is generally positive when the whole crop is harvested

(i.e., C is lost), whereas NEP is more likely to be negative when only the grain is harvested

(i.e., C is accumulated) (Tabf.1), as the C in leaves and stalks is left on the field as crop
residue. The NEP of the mai z'éfisqithmth@broad MS i n o
range reported from sites with mineral soil in temperate climate zones harvesting the whole

crop ( L%Albgti e@l., 2010t o 8 5 1 2Vdall efal.,202(0; TableA2.1), all of

which behave as C sources, although to varying magnitudes. For a field to behave as a C sink

or to be C neutral, the amount of C remaining in the field must be greater than, or equal to,

all other losses of C viaxported biomass or TER (Cates aadkson2019. In bioenergy

cropping systems, all of the biomass produced is removed for AD, and so very little crop

residue is left on the soil surface after harvest. High rates of residue removal, combined with

oxidation of the existing SOM (especially in peat 9aikn therefore deplete the SOC pool.

3.5 Implications for research and policy

Our results show that growing maize for bioenergy in the UK, especially on peat, is

guestionable as a climate change mitigation measure due to the ongoing loss of SOC under

maize cultivation. Both agecosystems we considered were net C sources oncestealve

biomass wasonsideredwith emission from peat being two times greater than those of the

mineral soil site. There is potential for these losses to exceed the avoigeth{S€§lons from

subsequent bioenergy production (Brack and King, 2020). As statedt he UK Gover nment

Biomass Strategy (DESNZ, 20@3the process of growing biomass for AD should not result

in an overall loss of C from an agroecosystem and must reduceni€sions by at least 60

% relative to fossil fuels once the full production ddgcle isconsideredOur data suggest

that this may not be possible when growing maize for AD in the UK. There are multiple

pathways by which the management practices used to grow maize for AD can cause SOC
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loss, such as ploughing (Bhattacharyya et al., 2022), residue removal (Raffa et al., 2015;
Naylor et al., 2022) and the drainage of peat soils (Evans et al., 2016). Previous research has
shown that growing maize is strongly associated with C loss fromasteh to a greater
magnitude than other crops such as winter wheat (Ceschia et al., 2010; Poyda et al., 2019;
Wall et al., 2020). Winter wheat has a longer growing season than maize, however, which

is likely to be a primary factor controlling the difégrces in C uptake between the wrops.

It is therefore important to consider entire crop rotations and the use of cover crops during
fallow periods. It has also been argued that growing maize on productive agricultural land
can contribute to food insecurity by reducing the availabilityand for growing food crops

(Qin et al., 2015; Kiesel et al., 2016), and could also lead to indirec¢i@i@sions as a result

of the displacement of food crop production to other areas. If maize is to be grown for use as
a bioenergy crop, our resultsast that it should be grown on mineral soils with a low C
content. In addition, good practice would consider growing maize as part of a crop rotation,
and with an input of organic materials via organic fertilisers, such as the digestate from the
AD plant. Returning digestate from AD will likely be particularly important, as it is¢h

and has a considerable potential to offset C or GHG emissions from vehicles and the AD
process itself (Moller, 2015), as well as contributing to a circular economy by rgadveste

and enhancing resource efficiency (DESNZ, 2)23his C input would also offset some of

the C removed as harvested biomass and contribute to enhancing the SOC stock (Sun et al.,
2023; Yan et al., 2023). Alternatively, growing perennial, rather than annual, bioenergy crops
would provide a greater inpof C, as these crops often have a greater proportion of their
residues left on the soil surface (Ferchaud et al., 2015; Booth and Wentworth, 2023). To
avoid SOC loss and compromising food productimnenergy crops should be grown in
addition to, rather than instead of, existing food crops, on land that has a low existing SOC
content, with a particular avoidance of peat. If peatlands are to be used for agricultural
production they should be managedngsmethods which aim to minimise C loss, for
example by growing food or biomass crops that are tolerant of high water levels (Evans et
al., 2021; Freeman et al., 2022).

Further research should consider the impacts of increasing C imports via organic
amendments on the NEP of bioenergy maize, and the return of AD digestate on soil health

and SOC, to evaluate whether substantially increasing C imports can equate to dn overal
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reduction in SOC loss. As this study only presents data from one growing season, continuing
to measure C fluxes from maize grown in the UK would provide a clearer indication of its
average NEP and how this is influenced by annual variability in the cliaradeover the full

crop rotations that characterise agricultural practices in the UK and elsewhisrevould

also strengthen the results of our study, as a true comparison between sites requires several
years of dataand would help make more robust clusions on the future management of

UK croplandsThe two sites in this studgceived different management, namely in the form

of a different planting density, tillage practices, and herbicide inptese is the potential

for these factors to influence NEP, and so continued research would allow more focus to be
placed on the impacts of these management prachicagdition, it would be beneficial to
collect data from sites witharying levels of soil C. Whilgrowing maize on mineral soils

with a lowC content may be feasible in the future, the influence of SOM content on NEP is
unknown. It is likely that crop N fertilisation will also have a strong impact on the GHG
balance as a result of its impact osgONemissionsln addition, the low C:N ratio of the soil

at both sites may also result in these sites being large source®db the atmosphere
(Klemedtsson et al., 2005)hus, future research should measus® Emissions in addition

to CO fluxes to determine a complete GHG budget associated with growing maize for AD.
Finally, it should be considered that our results represent NEP at thedaétiuring the

maize growing season only, and, whikeyondthe scope of this study, a kgycle analysis
considering the fate of the crop beyond the farm gate, and accounting fan@s3ions
associated with the AD process and velsiclis necessary to fully understand the>CO

emissions associated with maize production for bioenergy.
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Abstract

To combat climate change, agricultural soils must sequester carbon (C) whilst providing
sufficient food for the growing human population. Despite this being widely recognized,
there is a significant lack of data on the extent of C losses and gains betojgands and

the atmosphere associated with the growth of different crops, particularly in the UK. In
response to this, the eddy covariance technique was used to measure net ecosystem exchange
(NEE) of carbon dioxide (C£and the net ecosystem produdi(NEP) calculated of a UK
cropland over 2fyears,which included the growing seasonsméize, winter wheat and

vining pea Net ecosystem productivity showed the cropland was losing C during the maize
growing season (136 g C?)) but wasactingas aC sink during the winter wheat and vining

pea growing seasonsl@#8 g C n? and-154 g C n? respectively). Over the complete 2.5

year measurement perioghich included fallow periods when there was no crop in the
ground thecropland was a net C source (2P8 m?) to the atmospherd his highlights the
importance ofmeasuring NEE and NERiring nonproductive fallowperiods as well as crop
growing seasons when estimating cropland NEP. Foreagsystems to accrue C, the
amount of C added to the system must be greater than all other losses of C as exported
biomass and the ecosystem respiration. Increasing C impoaddiyg organic fertilisers,
retaining a greater proportief crop residues in the fieldndbr growing cover crops during

fallow periods have the potential to reduce C losses frorreagseystems in the UK.

4.1 Introduction
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Since the 1940s the proportion of land in the UK dedicated to agricultural production has
rapidly expanded to provide food security for a growing human population (Robinson and
Sutherland, 2002). Of the 17.2 millidva of agricultural land in the UK, approximately 30

% (5.16 millionha) is used for crop production (DEFRA, 2@22In conjunction with this
agricultural expansion, agricultural management practices have intensified as producers
strive to achieve maximum crop yields. These practices include frequent deep tillage, high
rates of biomass removahd the growth of crops for namonsumption purposes such as
bioenergy production (de Grdaét al., 2019; Schils et al., 2022). Intensive agricultural
management practs contribute to the depletion of the soil organic carbon (SOC) pool (Eze
et al., 2018) and the resultant emission of carbon dioxide)(@@he atmosphere (Ussiri and

Lal, 2009; Bhattacharyya et al., 2022). Carbon (C) losses from these practices are often not
compensated for by sufficient additions of C via organic fertiliser (Peng et al., 2021).
Intensive agricultural land use and mamagat is therefore responsible for the majority of

the ~133 Pg C lost from the top 2 m of global se#r the past 20@ears(Sanderman et al.,
2017).

In the UK, winter wheat is the most common crefth winter wheat alone accounting for
around 40 % of the countryodsandgdmaz@gndvinglg ar e
pea are commonly grown break cropénter wheat yields in the UK average around 8t ha

1 which is more than double the global average of 3.5 {Kaight et al., 2012; Slater et al.,
2022). In addition, the amount of UK cropland used tmagmaize has recently rapidly
increased by 120 % between 2015 and 2021 (DEFRA, 2)2This increase is mainly
attributed to its use in bioenergy production; maize is a favoured bioenergy crop as it has a
high biogas output when anaerobically digestedriHann, 2013; Bowman and Woroniecka,
2020). In 2020, 75,000a0f land was used to grow maize for bioenergy (DEFRA, 221
mostly in the mid and south of the UK (AHDB, 2018), which is equivalent to 1.5 % of the
arable land area in Englanthere is debate surrounding the use of productive tdidlands

to grow nonfood crops such as maif@ bioenergy production, as this presents the potential

to negatively affect food security and increase the reliance on importeqKbioe et al.,

2016). In 2023 the UK Government introduced a recommendation to move away from the
use of food crops, including maize, for bioenergy production to reduce the pressure on food

prices (DESNZ, 2043. Severalstudies have found tharoplands loseC during maize
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production buaiccumulate C under winter wheatd.,Buysse et al., 201 Belgium Poyda

et al., 2019n Germany. Around 35,00haof UK land, mainly in the east of the country, is
used every year to grow vining peas (Ashworth, 2023). Peas are legumes which fix nitrogen
(N) into the soil (Jakobsen, 1985) and have a short growing season (Maier et &), 2022
usually between 3 and 4 months. They therefore have a low requirement for N fertiliser and
are a popular break crop between cereals to prevensptead of pests and diseases
(Lavergne et al., 2021).

Despitewinter wheat, maize and vining pbaingcommon in the UKthere is limited dat

on thenet ecosystem exchang¥¢EE) andnet ecosystem productivifNEP) of these crops
during their growing seasons, and the impadheffallow periods betweethese crops on

soil C fluxes This knowledge is crucial for a comprehensive understanding ctitinent C
balance of different commonly grown crops in the UK, informationighetdtical to facilitate

a transition to food production systems that have low €fissions and thaequester C in
agricultural soilsThis study aims to begin to address this knowledge gap by determining the
impact of crop type on the C swe or sink strength of a cropland in the UK. The objectives
were to: (i) quantify C@fluxes from a cropland over 2years, calculating NEE fahe
entire measurement periadd during the growing seasons of maize, winter wheat and vining
pea; and (i) estimate the C source or sink strength of the croplandthevet.5year
measurement peripdndduring each crop growing seasamd fallow periogdby accounting

for lateral C fluxes to determine NEP.

4.2 Methods

4.2.1 Sudy site

This study was conducted in a crop field (CF) at the University of Leeds Research Farm in
Tadcaster, UK, acommercial farm that also supports scientific research. The soil is
predominantly a Calcaric Endoleptic Cambisol (IUSS, 2022}9G&m deep, and is
underlain by dolomitic limestone (Holden et al., 20I)e farm has a temperate oceanic

climate with mild winters and warm summers (Beck et al., 2018); average annual temperature
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is 9.5 £ 1 °C (Met Office, 2019) and average annual precipitation is 639 £ 142 mm (Met
Of fice, 2006). The crop field (53AB)has5 8. 6 4
been under continuous arable cultivation with conventional tillage since 1994, with a rotation

of mainly winter wheatand spring or winter barleyvith oilseed rape as break crop. Soll

properties of thdéield are summarized in Table 3.1 (Chapter 3, see data for Mineral Site).

An eddy covariance (EC) flux tower with associated meteorological and soil sensors was
installed in CF in 2021Measurements from CF over three crop growing seasons-(2021
2023), and their associated fallow periods, were used to assess the influence of crop type on
agricultural soil C fluxes. The three crops were maksa(mayp winter wheat Triticum
aestivum and vining peaRisum sativum [. Average dailyair temperature and total
precipitation over the crop growing seasongmaesented ifable A3.1 airtemperature, soil
temperature, soil moisture, photosynthetically active radiation (PAR) and precipita&ion o

the measurement period are shown in Figure 4etail2d management information for CF

over the measurement periopigesented iTable A.1
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FIGURE4.1 (A) PHOTOSYNTHETICALLY ACTIVE RADIATION (PAR), (B) AIR
TEMPERATURE, (C) SOIL TEMPERATURE (D) SOIL MOISTURE AND(E) PRECIPITATION
MEASURED OVER EACH CROP GROWING SEASON I&F. GAPS INDICATE MISSING DATA
AND DOTTED LINES INDICATE THE START AND END OF THE MAIZEWINTER WHEAT AND
VINING PEA GROWING SEASONS AND THE FALLOW PERIODE-1,F2 AND F3).

TABLE 4.1 MANAGEMENT IN CFOVER THE822-DAY MEASUREMENT PERIOD

Date Management
Maize Spring 2021 Fertiliser (N26+5S03): 50 kg N Ha9.6 kgS hat
16/04/2021 Herbicide (Amega Duo): 2.1 L Ha
Application aid (Phase II): 0.5 L Ha
Application aid (Spryte Aqua): 0.5 L fa
06/05/2021 Herbicide (Pendimethalin): 3.3 L fia
Herbicide Glyphosate): 2 L ha
18/05/2021 Norrinversion tillage: 225 cm
19/05/2021
02/06/2021 Planted maize (Fieldstar variety) using precision drill:
110,000 seeds Ha
Fertiliser (Diammonium phosphate): 125 kgh@f which
22.5 kgN ha' and 57.5 kg Pa?)
10/10/2021 Harvest: 12.3 t hadry matter
F1 20/10/2021 Non-inversion tillage: 25 cm
Winter wheat 21/10/2021 Non-inversion tillage: 25 cm
Planted winter wheat (Extasariety) using precision drill;
440 seeds rh
10/11/2021 Herbicide (Flufenacet + pendimethalin): 4 L*ha
01/02/2022 Fertiliser (Pig slurry): 30 miha* (of which87 kg N hd,
21/03/2022 54.9 kg P hd, 61.8 kg K h& and 450 kg C h§
16/04/2022 Fertiliser N26+5S03: 120 kg N ha, 23 kg S ha
26/04/2022 Fungicide (Bixafen, fluopyram + prothioconazole): 0.9 L
1
Plant growth regulator (Chlormequat chloride): 2.2 t* ha
14/05/2022 Herbicide (Pyroxsulam + floraulam): 265 gha
20/05/2022 Fungicide (Fenpicoxamid + prothioconazole): 1.5 t* ha

Plant growth regulator (Mepiquat chloride + 2
chloroethylphosphoric acid): 1 L fia

96




20/08/2022 Harvest: 15.5 t hadry matter (10.3 t hAgrain, 5.2 t ha

straw)
F2 October 2022 Norrinversion tillage: 25 cm
Vining pea 14/05/2023 Planted vining pea (Noroit variety) using 6 m rapid drill:
145 seeds
15/05/2023 Herbicide (Nirvana): 3.5 L hla

Herbicide (Sirtaki): 0.15 L ha
Application aid (Grounded AD): 0.2 L Ha

17/06/2023 Herbicide (Tropotox): 1.8 L ha
Herbicide (Benta): 1.8 L ha

21/06/2023 Insecticide (Teppeki): 0.4 kg Ha

20/07/2023 Harvest: 1.1 t Adry matter (pods only)

4 2.2 Measurement of CQ fluxes

Turbulent fluxes of C®( ¢ mo4s?) amd sensible and latent heat fluxes (H; LE; V§)m
were measurkusing the EQechnique; the EC set up was as described for MineralrSite
Section 3.2.2 (Chapt&). The maximum flux footprint radius was 440 m, with a mean peak
distance of 43 m and an average 90 % contribution of1@igure A31). The total
monitoringperiod was 822 days (02/06/20@1/09/2023) althoughdata is only reported for
695 days (8/06/202126/09/2022 and 0@2/202301/09/2023) due to a periad instrument
failure between 27/09/20221/02/2023. The measurement per@ttompassed three crop
growing seasons (maize: 131 days (02/06/20210/2021), winter wheat: 304 days
(21/10/202120/08/2022) and vining pea: 68 days (14/05/20087/2023)) and three fallow
periods (F1: 11 days (11/10/2620/10/2021), F2: 266 days1/®8/202113/05/2023) and
F3: 43 days (21/07/20231/09/2023)).

4.2.3 Calculation of CQ fluxes

Flux data processing, including tbalculationof CO; fluxes, quality control and gafdling

was conducted as described in Section 3.2.3 (Chapter 3). yualidy control, data were
removed when friction velocity (u*; m3 < 0.1. Gagfilled NEE accounted for 27 % of the
overall dataset. Between 27/09/2022 and 01/02/2023 (128 days) there was a prolonged period
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of instrument failure, meaning that no £fluxes were recorded for the majority of F2
equivalent to 16 % of the total 82y monitoringperiod.This period of missing data was
considered too large to be ghlbed.

Net ecosystem exchange is calculated as the difference between gross primary productivity
(GPP) and total ecosystem rgafion (TER) as shown in Equation 4.1 (Smith et al., 2010);
following gapfilling, NEE was partitioned into GPP and TER (Reichstein et al., 2016). The
micrometeorological sign convention is used for NEE, where a positive value indicates the
ecosystem isosing C and a negative value indicates the ecosystem is accumulating C
(Baldocchi et al., 2003).

0 ‘00 "YO'Y 00 0 (Equationd.1)

4.2.4 Ancillary measurements

Additional micrometeorological measurements were recorded for the calculatiobuwémi
fluxes, as describefdr Mineral Site in Section 3.2.4 (Chapter 3).

4.2.5Energy balance

The degree oénergy balance closuf&BC) is used to assess the quality of EC data at a
given site (Aubinet et al., 2001; Wilson et al., 2002). It compares the sum of H and LE
measured by EC, with energy balance terms measured by other means (i.e., net radiation
(Rnet) and sil heat flux (G)). Over the 698ay measurement period in CF, turbulent fluxes
accounted for74 %, 72 % and 45% of the available energy in 2021, 2022 and 2023
respectively (Figure 4.2). The amount of variance (as measured \miuR$ for all years

are within the typical range of EC measurements (i.e-Q@) (Wilson et al., 2002; Foken,

2008; Wagle et al., 2018).
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gs0. 20211y = -1.1 +0.74 + x, R2 = 0.77
2022:y=-2.6+0.72+x, R2=0.75
750 2023:y = 6.2 + 0.45 + x, R2 = 0.79
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FIGURE 4.2 ENERGY BALANCE IN CFOVER THEG695-DAY MEASUREMENT PERIOD
(02/06/202101/09/2023)PLIT BY YEAR, WHERE H IS SENSIBLE HEAT FLUX LE IS
LATENT HEAT FLUX, RNET IS NET RADIATION AND G IS SOIL HEAT FLUX.

4.2.6 Net ecosystem productivity and crop carbon use efficiency

To estimatethe C source or sink strength of the agroecosystems, NEP was calculated
according to Equation 4.Exports of C (@) were in the form of harvested vegetation; the
entire maize crop (i.ewhole-crop maize) and winter wheat crop were harvested, whereas
for vining pea only the pods were harvested and crop residues were left on thEhke(d.

removed via harvested vegetation was calculated by analyzing the C content of biomass
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samples takefrom the field on thelay of harvest, and scaling this to the reported \es$d

in Abraha et al.2018 and Poyda et aR019. As the aim of this study is to assess NEP at
the field scale, it is assumed that all C within the removednass was converted to
atmospheric C®on leaving the field (Eichelmann et al., 2016; Morrison et al., 2019) via
anaerobic digestion (AD) for bioenergy in the case of maize, or respiration from humans that
consumed the winter wheat and vining pea. We acknowléti the AD process involves
further C fluxes' in some cases the digestate is returned to the field, although not the case
here. A full life-cycle analysis, beyond the field boundary, is beyond the scope of this study,
however. Carbon imports (Cvere in the form of see@alculated according tgue et al,

2023) and organic amendments. As in Evans et al. (2021), the micrometeorological sign
convention is used for NEP, where a positive value indicates Galmbs negative value

indicates C gain

000 OO0 6 6 (Equation 4.2)

The C use efficiency of harvested material (GQUE a measure of how effectively
atmospheric C is converted into new plant material (Chen et al., 2018) and is calculated

according to Equation 4.3 (Kim et al., 2022).

6 YO — (Equation 4.3)

4 .3Resultsand discussion
4.3.1 Carbon fluxes

The crop field exhibitedh-situnet CQ uptake as NEE during all crop growing seasons; with
winter wheat having the most negative cumulative NEB&§ g C nY), followed by maize
(-429g C m?) and vining pea-193 g C n?) (Figure 4.3; Figure 4.4; Table2}. Over the
2.5year measurement period the field had an ovaraitu net CQ uptake asNEE of-897

g C m? (Table4.2).
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The pattern of NEE ovehe maize and winter wheat growing seasons was as expected and
similar to that observed amongst the literature (Anthoni et al., 2004; Hollinger et al., 2005;
Adviento-Borbe et al., 2007; Moureaux et al., 2008; Gebremedhin et al., 2012; Liu et al.,
2019; FancoeLuesma et al., 2020 Niu et al., 2022). The field behaved as a>GGurce at

the start of the maize growing season and was as@R from crop emergence onwards,

with the greatest uptakeccurring between July and Septembé&or winter wheat,CF
behaved as a G@ourcefrom October to Marchas the winter wheat was dormant and there
wasvery little photosynthesignd therswitched to a C&sink between March and June, and
then back to a C&source in Juldue to senescence of the crdjning pea had the greatest
CQO uptake in June and continued to behave as astt® until the crop was harvested.

The difference in cumulative NEE between the three crops can bmitattr to the large
variation betweertheir GPP and TER valuesnd differences in the length of the crop
growing seasonsGross primary productivity and TER were highest for winter wheat,
although the difference between thése values was the greatest of all the crops, meaning
that it had the greatest GOptake (i.e., most negative NEEhe mean daily NEE of maize

and vining pea were more negative than that of winter wheat howe8egy C m? day? for

maize and vining pea an#él g C n¥ day* for winter wheat (Table 2) i which reflects the
considerable period of dormancy at the start of the winter wheat growing sd&son.
considerably highaotal TER fromwinter wheat compared to maize and vining peaatsm

be attributed to thikong period of dormancy at the start of the winter wheat growing season
where photosynthesis was limited due to the low leaf amedso overall TER was not
balanced by GPP (Liu et al., 201®inter wheat had the longest growing season of the three
crops studid and thus the greatest amount of time in which to photosynthesise following
emergence (Prescher et al., 2010), hence its higher GPP. Several studies comparing NEE
betweermaize and winter wheat have found that winter wheat has a greatep@®e than
maizeas a result of its longer growing season (Prescher et al., 2010; Tallec et al., 2013; Wang
et al., 2015; Lv et al., 2022). Data on C fluxes from crop rotations containing peas is limited,
with no existing measurements from peas grown in the UK. Of tips eamaur study, vining

pea had the lowesbtal GPP and TER which can be attributed to its very short growing
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season in comparison to maize and winter wheati aab also grown in drought conditigns
which is likely to have affected its productivity relative tatihad been growm a normal

year. The vining peahowever,did still show CQ uptake This contradicts Ceschia et al.
(2010) and Lopegarrido et al. (2014) who propse that NEE would be positive (i.e2, CO
emission) or C neutral during the pea growing season due to its low capacity to

photosynthesise as a result of its low leaf area and short greeaisgn.

During the three fallow periods, TER was gredl@n GPP, which resulted in an overal

situ emission of CQ(Table 42). Tillage events occurred during F1 and F2 to both prepare
the soil for planting and to prevent the emergence of weeds and volunteer crops. These events
will have disturbed the soil structure, exposing SOC and oxidizing it to(REGinn and
Akinremi, 2001; AtKaisi and Yin, 2005; Moureaux et al., 2006; Reicosky and Archer,)2007
The considerably lower NEE of F1 (22 g CPhcomparedd F2 (183g C m?) is due to F1
being shortethan F2 (11 days compared to 138nd thus a shorter fallow period and less
soil respiration Furthermore, the NEE value for Kdll be higherthan that reported, as
around halfof the CO, fluxesduring this periodverenot measuredlhe large emission of

CO: during F3 (170 g C ), despite this period only being 43 days, is a result of TER being
considerably higher thanRP, asthevining pea residues were decomposing rapidly on the
soil surfacefollowing the harvest eventhis is reflected in the daily TER valueshich
showmean daily TER was over twice as high for vining pea as it was for winter wheat (5 g
C m? day* compared to 2 g C ¥day?) (Table 42) due to this rapidesiduedecomposition.

The CQ emission during these fallow periods contributes to increasing the NEP of CF.
Amongst the literature, NEE tends to be measured over crop growing seasons only, and there
are considerably fewer reports of NEE during fallow periods or over entire crop rotations.
Davis et al. (2010) report NEE during fallow periods to range betweem.5 g C it day

1 and Liu et al. (2019jnd an average of 1 g C*Aday* NEE during fallow periods, values
which are considerably lower than the meaiy NEE measured durirtge fallow periods

in CF in this studyEmissions of C@may be reduced during fallow periods by growing
cover copsas the field would be able to photosyntseqiSteenwerth and Belina, 208&iis

etal., 2017; Jian et al., 202Rigon and Calonego, 20pMhowever it is important to then
consider the fate of the cover crop, as this; @@take may be counteracted by emissions

from cover crop residue decomposition on the soil surface (Nilahyne et al., 2019; -Blanco
102



Canqui et al., 2022¥anzCobena et al. (2014) and Nguyen and Kravchenko (2021) observed
elevated CQfluxes during periods when cover crops were grown relative to when they were
not, with Liebig et al. (2010) noting that @@&missions may be lower in cropping systems

that include fallow periods rather than cover crops due to lovnandthus no priming effect.

Maize F1 Winter wheat F2 Pea F3

Jul-2021 Jan-2022 Jul-2022 Jan-2023 Jul-2023

FIGURE 4.3 30-MINUTE FLUXES OFNEE OVER THE 2.5 YEAR MEASUREMENT PERIOD
DOTTED LINES INDICATE THE START AND END OFTHE MAIZE, WINTER WHEAT AND
VINING PEA GROWING SEASONS AND THE FALLOW PERIODE1,F2 AND F3). THE RED
LINE INDICATES THE ROLLING DAILY MEAN.
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GPP (g Cm?day™)
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‘Maize F1 Winter wheat F2 Pea F3

Jul-2021 T Jan-2022 Jul-2022 Jan-2023 T ul-2023

Jul-2021 T Jan-2022 Jul-2022 Jan-2023 " Jul-2023

e

Jul-2021 ' Jan-2022 Jul-2022 Jan-2023 Jul-2023
Date

FIGURE 4.4 DAILY (A) NEE, (B) GPPAND (C) TERFORTHE CROP GROWING SEASONS
AND FALLOW PERIODS OVER THE322-DAY MONITORING PERIOD(02/06/2021

01/09/2023)DOTTED LINES INDICATE THE START AND END OF THE MAIZEWINTER

WHEAT AND VINING PEA GROWING SEASONS AND THE FALLOW PERIODEF1, F2 AND F3).

NOTE THAT THE PERIOD OF NO DATA INF21S THE 128-DAY PERIOD IN WHICH FLUXES

WERE NOT MEASURED
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TABLE 4.2 CARBON BUDGETIN CFOVER THE695-DAY MEASUREMENT PERIOD
(02/06/202101/092023)+ ROOT SUM SQUARMD (ASIDE FROMCH WHERE £ REPERSENTS
STANDARD DEVIATION OF BIOMASS CARBON CONTENT UPSCALES TO REPORTED BIOMASS
OFFTAKE, AND C| WHERE * REPRESENTS STANDARD DEVIATION OF PIG SLURRY CARBON
CONTENT). F1,F2 AND F3REPRESENT THE FALLOW PERIODSNOTE THAT DATA IN F2 (*)
WAS MEASURED OVER138DAYS AS THERE WAS ALARGE PERIOD OF MISSING DATA
BETWEEN27/09/2022AND 01/02/2023128DAYS). THIS IS REFLECTED IN THE NUMBER
OF MEASUREMENT DAYS FOR THE TOTAL PERIODTHE MICROMETEOROLOGICAL SIGN
CONVENTION IS USED FORNEE AND NEPWHERE POSITIVE VALUES INDICATEC LOSS

AND NEGATIVE VALUES INDICATE C GAIN.
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Maize F1 Winter wheat F2 Vining pea F3 Total period

Measurement period 02/06/2021 11/10/2021 21/10/2021 21/08/2022 14/05/2023 21/07/2023 02/06/2021

10/10/2021 20/10/2021 20/08/2022 13/05/2023 20/07/2023 01/09/2023 10/09/2023
Number of 131 11 304 138 68 43 695
measurement days
NEP (g C nv) 136 £ 122 22+7 -148 + 48 183 £ 20 -154 + 34 170+ 29 208 + 261
NEP (t CO- 55 1+0 5+2 71 9+1 61 810
equivalent hd)
Meandaily NEP(g 1+1 21 -05+0 1+0 2+1 4+1 0.2+0.5
C m? day?)
NEE (g C ) -429 + 58 22+7 -648 *+ 83 183+ 20 -193 + 34 169 + 29 -897 £112
NEE (t CQO- -16+£2 1+0 -24 + 3 71 -Tx1 61 -33 +4
equivalent hd)
Meandaily NEE(g -3+x0 2+1 -2+0 1+0 -3+0.5 4+1 -1+0
C nm? day?)
TER (g C n¥) 678 + 62 247 1031+ 76 293 + 27 313+40 181+ 30 2490+ 112
Mean daily TER (g 5+0 2+1 3+0 2+0 5+1 4+1 4+0
C m? day?)
GPP (g C ) 1107 + 113 2%3 1679 + 150 110+ 14 506 + 70 12+16 3388 + 200
Mean daily GPP (g ¢ 8x1 0.2+0 6+0.5 1+0 71 030 50
m? day?)
Yield (t DM ha?) Whole-crop - Straw | Grain - Pods - -
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12.3 5.2 10.3 1.1
C content of 46 40 40
harvestediomass
(%)
CUE (gCgCh 0.51 0.37 0.09
Cx (g Cmd) 567 + 65 616 + 6 45+ 0
Ci(gCnd 2+0 116 + 41 6+0
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4.3.2 Net ecosystem productivity

Cumulative NEP was positive ovilie maize growing season (136 g G)with CF behaving

as a C source. In contrast, cumulative NEP meggmtive during the winter wheat and vining

pea growing seasonsl48 g C n? and-154 g C n¥, respectively), with CF behaving as a C

sink (Table 42; Figure 4.5)This corroborates the results of Buysse et al. (2017) and Poyda
et al. (2019) who found a crop field to behave as a C source during the maize growing season
and as a C sink during the winter wheat growing seaslowever, wer the 2.5year
measirement period, the cropland wasing C(Table 42; Figure 4.5), which highlights the
importance of including fallow periods in C budget calculations so as not to overestimate C

uptake capacitpf agrirecosystems

During the maize growing seasory Was greater than NEE, andwWas negligible, resulting

in a positiveNEP (Table 4£). Likewise, G was negligible for vining pea (seed only),
however G for vining peawas over four times smaller thas NEE. This is because only

the pea pods weremovedat harvestand the remaining aboveground biomassas leftin

the field ascrop resuide. Winter wheat also had less C removed from the field than was
added; the g of grain and straw was slightly less than the.Qftake as NEE, and, @as
considerabldorganic fertiliser plus seed). The results of published studies show that agri
ecosystems usually behave as C sources over the maize growing season, however there is a
tendency for NEP to be lower, or even negative, when only maize grain is removedezbmpar
to when thewvhole-cropis harvestedTable A3.2), as Gy is lower. For winter wheat there is

a less obvious pattern, with most published studies finding winter wheat to behave as a C
sink, although this conclusion is typically based on systems vadmdyegrain is harvested
(Table A3.2). As in this study, rany farmers harvestinter wheat residues as straw well

as grainas it is highly valuable for use as feed and bedding for livestock. Despitagtis,
ecosystemswvhere both straw and grain are harvestagle presented considerably less
throughout the literature. Similar to our results, Aubinet et al. (2009), Schmidt et al. (2012)
and Tallec et al. (2013) measured NEP of wheategsystems where both the grain and
straw were removed, and founidet fields were behaving as C sinkiable A3.2). This
highlights the potential for agacosystems to behave as C sinks even when straw is removed

in addition to thegrain, although it is important to be aware that these are growing season
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measurements onlit. should also be noted that the removal of straw for livestock feed may
increase noitCOz emissions such as methane (tla enteric fermentation, with tleenount

of CHs; release being partially dependemm livestock diet(Beaucheminet al., 200%.
Multiple studies have observed that retaining crop residodbe soil surfacean increase

the SOC pool (Raffa et al., 2015; Zhan et al., 2019; Zhao et al., 2020) as more C is kept
within an agriecosystem(i.e., G is reduced) Crop residue retention can increase.CO
emission from a field, however, as the decomposition of residues, either on the soil surface
or atter being ploughed into the soil, can increase soil microbial activity and thus respiration
(Brye et al., 2006; Sainju et &2010. Winter wheat residue has a particularly high C:N ratio
and decomposes slowly when left on the soil surface, sce@3sions can be higher when
residues are retained during fallow periods as they decompose over that time (Gebremedhin
et al., 2012; Veeck et al., 2022). Increasthgo a field, either vidhe addition oforganic
amendments adecreasing @by retaining more crop residues on the soil surface, therefore
has considerable potential to increase soil C sequestration and reducdi@.lodscrease
NEP). This will vary depending on the amount of residues retained (Jans et al., 2010),
however, and it will be crucial that C is being added to the system rather than being

transferred betweesites, which is not a form of C sequestration.

Whilst growing season measurements allow us to compare C dynamics between different
crops, it is important to consider the system as a whole and to account for C fluxes during
fallow periods When summing the fluxes measured during the three crop growing systems,
NEP for CFwould be-166 g C n?, which shows an overall C uptake. However, when
summing all fluxesmeasured during the 2y®ar/695day measurement period (i.e., crop
growing seasonplus fallow periods), NEP for CF was 208 g C2rshowingan overall C

loss (Table £). There is no @p growth during fallow periodand thus no opportunity for

the field to photosynthesise and offset the constant TER with GPP; furthermore any crop
residues from the previously harvested crop are left on the soil surface, also contributing to
TER as they decompose (Veeck et al., 20R2}. e¢eosystem exchange was positive during

al fallow periods whichincreased the NEP of the fietuverall Therefore, these fallow
periods cannot be ignoredliow periods accountiefor 28% of the data collected during

the 695day measuremeneriod in CF. Reporting the NEP of a crogldrased on the C

fluxes measuredluring crop growng seasons onlgan therefore be misleading, as there is
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huge potential for the C sequesira rate to be overestimatedliixes during fallow periods

are ignoredldeally, the C budget of the entire crop rotation should be measured to fully
understand the C losses or gains associated with aaa@gystem. It should be noted that a
large proportion of the data in F2 is nigg (128days out of a total of 266 days) andve®
provide a conservative estimate for the field. For the field to beaeQtral during the
measurement peripgroviding NEE and @remain he same, Gvould have tde increased

by at keast 208 C n12, or 2.08 t C ha. This could be achieved by increasing organic inputs

to add C via OM (Hijbeek et al., 2019; Li et al., 2023; DEFRA, no date retaining crop
residues on the soil surface (Stella et al., 2019; Haas et al., 2022; Aditi et al., TA23).
feasibility of adding this much C via organic amendments will depend on the type of
amendment, and its C contemhere is the potential for crop residue retention to result in
elevated C@emissions however, as thesidues decompose on the soil surface or enhance
the decomposition of older SOC by facilitating increased soil microbial activity (Nilahyane
et al., 2019; Blanc&anqui et al., 2022). Alternatively, an effort could be made to reduce C

by decreasing the amount of biomass removed from the field as harvested vegetation,
however this is unlikely to present a feasible option as the demand for food is expected to

increase with the growing global population (HYDE, 2017).

Maize F1 Winter wheat F2 Pea F3
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FIGURE 4.5 CUMULATIVE DAILY NEPIN CFOVER THE822-DAY MONITORING PERIOD.
DOTTED LINES INDICATE THE START AND END OF THE MAIZEWINTER WHEAT AND
VINING PEA GROWING SEASONS AND THE FALLOW PERIODEF1, F3AND F3).
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4.3.3Limitations and implications for research

The C dynamics of an d@gecosystem and its potential to behave as a C sink or source are
strongly influenced by crop typend management practicéihe results from the 69%ay
measurement period in CF show that the inclusion of fallow periods in a crop rotation,
whether left bare or covered with crop residues, has a clear impact on the NEP of an agri
ecosystem. Across the literature, C fluxes during fallow periods aretedpmnsiderably

less than thosmeasurediuring crop growing seasons, however they highly influential

on the NEP of a croplands shown by Davis et al. (2010) and Liu et al. (2089bsequently,

there is a clear need for measurements of NEE in croplands to be extended beyond crop
growing seasons and include fallow emissiangring the fallow periods in Cihere was a

large C loss from the field, and so future reseaisbshould explore the extent to which
increasing ¢ as organic fertiliser or retained crop residues, or growing cover crops during
fallow periods, can decrease REHere, we present data for only three crops and three fallow
periods, which is not the entire rotation of the field, and so further research strougddo
measure the NEP of croplands over entire crop rotations to fully understand the C dynamics
associated with lonrgerm agricultural managememfis only one growing season of each
crop is presented, the study does not account for any potential variation of the NEE and NEP
of these crops with varying climate conditions over time or in different aretige dfK.
Furthermore, the crops were grown as part of a rotation in the same field, and so no impact
of soil type can be shown. There is considerable potential for the NEE and NEP of an agri
ecosystem to be affected by the climate conditions and soil Dyjustfo et al., 2005; Jager

et al., 2011; Shakoor et al., 20Z&ee als&@hapter 2)and so there is a clear need to measure

C fluxes from these commonly grown crops both over time arabathe UK to place the
results of this study into the wideontext.To reduce theegativeimpact of agriculture on

the environment, ne@0O; greenhouse gas emissions must also be consitehede being
methane (Ck) and nitrous oxide (PO) which are emitted in large quantities from the
agricultural sector. Further work should aim to measiese fluxes in addition to C@o
account for any tradeffs associated with the use of certain management practices, including
the choice of crop grown. This coubg achieved by using greenhouse gas flux chambers at
sites where EC is used to measure NEE.
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In addition, the period of missing data during F2 (128 dagsinot be ignored when
discussingthe limitations of the dataset. Whilst short gaps in NEE data can bdiligap

using established methods, as wage for the remainder of the dataset, the large section of
missing déa between 27/09/2022 and 01/02/2@2®0 large to gaifll in this way. During

F2, CF was fallow with the soil surface exposed as no crops were growititeamavere no

crop residues covering the soil surfalgtiltiple tillage events also occurred during this time.

As both leaving soil exposed and tilling the soil is known to cause an emission Gt&lO

2016 Tanveer et al., 2018; Daryanto et al., 2010is highly likely that CQ would have

been emitted during F2 and thus the reported NEE value is likely to be underestimating the
fluxes from the field. Amongst the literature, methods fanglliin longer gapfiave been
utilisedhowever are ot yet established or standasetis One such example is the use of linear
regression to estimate G@uxesbased on air temperature and PAR; measurements recorded
during similar site conditions (i.e., fallow) would be used to create a model showing the
response of C@to air temperature and PAR, and this model would be applied to the air
temperature and PAR recorded during the period of missatey td estimate COfluxes
(LucasMoffat et al., 2022). Alternatively, the mean daily NEE recorded by the flux tower
for the remainder of the studynpmd could be calculated and this multiplied by the number

of days of missing data (Keane et al., 2019). Tdldshows NEE and NEP for the 2ygar

period as reported in this study, and estimated using the two aforementioned methods.
Compared to the897 g C n? and 208 g C m reported in this study for NEE and NEP
respectively, the values estimated usimg linear regression method are higher, suggesting
greaterC loss, and those estimated by the mean daily method are lower, suggesting greater
C uptake.This highlights the difficulty associated widstimating large periods of missing
data; CQfluxes are highly dependent on the climate and soil conditionhantanagement
practices used, so it is difficult to provide an accurate estimate ofl@@s based on other
periods of data unless the environmental conditions and management practinearare

identical

TABLE 4.3 NET ECOSYSTEM EXCHANGE AND NET ECOSYSTEM PRODUCTIVITY IEF OVER
THE 2.5 YEAR MEASUREMENT PERIOD USING THREE APPROACHES TO GARLLING THE
128-DAY PERIOD OF MISSING DATA(27/09/202201/02/2023)6 NN-GAP-FILLEDO
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REFERS TO THE APPROACH TAKEN INCHAPTER4 WHERE THE GAP IN THE DATA WAS NOT
FILLED. O INEAR REGRESSIONDREFERS TO THE USE OF LINEAR REGRESSION TO PREDICT
THE NEE VALUES (AS IN LUCAS-MOFFAT ET AL., 2022)BASED ON DATA MEASURED
BETWEEN11/10/202121/10/202121/08/202226/09/2022aND 02/02/202313/05/2023
(149DAYS, WHEN FIELD CONDITIONS WERE SIMILAR TO THOSE DURING THE PERIOD OF
MISSING DATA) AND ADDED TO THE MEASUREDNEE. O MAN DAILY OREFERS TO THE
CALCULATION OF MEAN DAILY NEE ACROSS THE ENTIRE2.5 YEAR MEASUREMENT
PERIOD (EXCLUDING THE PERIOD OF MISSING DATA, THIS VALUE BEING MULTIPLIED BY
THE NUMBER OF DAYS OF MISSING DATA(128)AsS IN KEANE ET AL. (2019)AND ADDED

TO THE MEASUREDNEE.

NEE (G C M) NEP (G CMm™?)
NON-GAP-FILLED -897 208
LINEAR REGRESSION -743 361
MEAN DAILY -1062 42

4.4 Conclusions

A comprehensive understanding of the extent of C loss or gain as a result of the growth of
different crops and associated management practices in the UK is critical for reducing C
emissions and combatting climate change. This information will supporypuallers to

make evidencdased decisions on how to best support farmers to adapt their management
practices to reduce thegreenhouse gas emissiorkhis study measurethe NEP of a
cropland over 2 4years, encompassing three crop growing seasons aedahlosv periods.

Of the crops grown in the rotation, maize behaved as a C source over its growing season (136
g C m?), whereas winter wheat and vining pea were C sifiit8(g C n? and-154g C m?
respectivelyduring their growing season#&/hen considering the fallow periods in between
crops in addition to the growing seasons, the cropland was a C §208og C nY) over the
2.5year study periadn order forthe cropland to behave as a C sink, the amount of C added
to the field must be greater thdre amount exported as harvested biomass. The demand for
food crops will continue to growith the global population, and so reducing the amount of
exported biomass, and thus C, from agosystems is an unlikely solution. Increasing
additions of C via organic fertiliser, by returning crop residues, and by growing cover crops
during fallow periods, will therefore be required to offset some of the exported C, and to

increase the C sink awity of the cropland soil.
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Chapter 5 Comparing net ecosystem productivity of neighbouring arable and pasture

systemsover one year
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b Centre for Ecology and Hydrology, Wallingford, Oxfordshire, OX10 8B,
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Abstract

There is an urgent need to adopt farming systems that sequester carbon (C) in agricultural
soilsto mitigate climate chang@chieve net zero targetad improve soil healtilo achieve

this, there is a need to understahd C fluxes associated with agricultural management
practices, howevein the UK measurements of C fluxes from croplands and managed
grasslands are lacking.o provide an indication of how C fluxes differ between UK
croplands and managed grasslands, we used the eddy covariance technique to measure net
ecosystem exchange (NEE) of carbon dioxide fC&hd calculated the net ecosystem
productivity (NEP) of a cropland amkighbouringcut and grazed pasture in the UK over

one yearOver the same periodnaual NEP showed the cropland to have a small net C
uptake {26 g C m?) and the managed grassland to be a source of C (311°%.Eaon both
agriecosystems to accumulate C, the amount of C added into the systems must be greater
thanthe C removed as harvested and grazed biomass and the ecosystem respiration. This
could be achieved by growing cover crops during fallow periods in croplands, and increasing
the addition of organic fertilisers to croplands and managed grasslands.

5.1 Introduction

The use of intensive agricultural management practices, such as frequent deep tillage, high
rates of biomass removal, intensive grazing and the conversion of grassland to cropland to
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increase crop yields and the output of anideived products has, and continues to
contribute to global soil carbdf) loss (Sanderman et al., 2017; de Graaff et al., 2019; Schils

et al., 2022). This C loss depletes the soil organic carbon (SOC) pool (Eze et al., 2018) and
results in an emission of carbon dioxide (@ the atmosphere (Ussiri and Lal, 2008;
Bhattacharyya et al., 2028ince the early 1800s, an estimated ~133 Pg C has been lost from
the top 2 m of global soil, with much of this attribd to agricultural practices, creating a

soil C debt (Sanderman et al., 2017). It has been widely recognized that a shift in food and
farming systems is required to reverse this soil C debt by deqgugsC in agricultural soils,

which will only be achieved by adopting appropriate management prattiaefacilitate

soil C sequestratiorP@darian et al., 2022; Thamarai et al., 2024

It is estimated that around 71 % oligist he L
currently usedor agriculture (DEFRA, 2028. Approximately 30 % of this (5.16 million

ha) is used for crop production and 60 % (10.32 mill@has managed grassland (DEFRA,
20229). Winter wheat is one of the most commonly grown crops in the UK, with average
yieldsfor the countrymore than double the global average (Harkness et al., 2080)vinter

wheat growing season is typically followed by a fallow period, where no crops are grown,
until September or October whére nexicrop is plantedAdil et al., 2022Li et al., 2024).

During the falbw periodthe soil is often left bare and multiple tillage events can o@duch

can encourage higher yields (Zhong et al., 2023) butsaiserosion and soil C loss as £0
(Curtin et al., 200D Agriculturally managed grasslands are usedlif@stock grazing and
growing vegetation for fodder (Felten et al., 2013; Abraha et al., 2018). Most managed
grasslands in the UK are cut for silage and/or grazed by livestock, such as sheep and cattle,
to both reduce the cost of feed and maintain pasteight. Croplands have been found to
have lower soil C stocks than grasslands (Blair, 2018; Guillaume et al., 2022; Wall et al.,
2023); the 2007 Countryside Survey estimated the average SOC stock in UK arable land to
be 43 t h&, compared to 61 t Nefor improved grassland and 62.4 t¥far neutral grassland
(Countryside Survey, 2007). The conversion of cropland to managed grassland therefore has
the potential to increase SOC storage and sequester C back into agricultural soil (Guo and
Gifford, 2002; Lugato et al., 2014dpntributing to a reductioaf the soil C dehtalthough

the effects are likely to be observed over the ltarg ratherthan on a short term basis

(Gosling et al., 2017)
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The widescale implementation of agricultunalanagement practices that reduce soib CO
emission and facilitate soil C sequestration is heavily reliant on a sound understanding of the
extent of C losses and sequestration associatbccertain management practicedich in

turn requiresrobust measurements from existing agricultural systems. The extent of these C
losses from croplands and managed grasslands in the UK are relatively unknown however.
This study aims to contribute to addressing this knowledge gap by determining the iimpact o
land use oithe C source or sink strength of agricultural soils in the UK. The objectives were:

() to quantify CQ fluxes, as net ecosystem exchange (NEE), from a neighbouring cropland
and managed grassland over one year; and (ii) compare the C source or sink strength of the
two fields by calculating net ecosystem productivity (NEP). This researtipnoilide a

direct evaluation ofhe impacts of land usen NEE and NEPthe fact that the cropland and
managed grassland are neighbouring sites, and thus have idetiticale and soil
conditions, means that these factors can be discounted when considering the impacts on NEE

and NEPRin favour of a focus on land management.

5.2 Methods

5.2.1 Study sites

The two sites in this study are neighbourieids at the University of Leeds Research Farm
in Tadcaster, UKa commercial farm that also supports scientific research. The soil is
predominantly a Calcaric Endoleptic Cambisol (IUSS, 2022}9G@m deep, and is
underlain by dolomitic limestone (Holden et al., 2019). The farm has a temperate oceanic
climate with mitd winters and warm summers (Beck et al., 2018); average annual temperature
is 9.5 £ 1 °C (Met Office, 2019) and average annual precipitation is 639 + 142 mm (Met
Office, 2006). The cropfld (CF)6 3A51656. 26 0N, 1A190628a3220W; el e\
has been under continuous arable cultivation with conventional tillage since 1994, with a
rotation of mainly wintewheat, and spring or winter barley and oilseed rape as break crops.
The permanent pasture (PP 3 A510658. 6 40N; 1A19061hae8oWwW; 46 m
been used to grow grass for silage since 2012. The predominant grass species is perennial
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ryegrassl(olium perenng During the springand summer months PP is periodically grazed
by sheep, and typically receives one silage cut via mechanical harvest in the summer. Soll
propeties of both fields are summeagsin Table 5.1.

Eddy covariance (EC) flux towers with associated meteorological and soil sensors were
installed inboth fields in 2021. Measuremeritsm CF and PP over a twelve month period
(11/10/202110/10/2022) wereised to assess the influencegficultural land use on soil C
fluxes. Over this period, PPas periodically grazed by sheapd silage was harvested in
July 2022 with a yield of 80 bales weighing 200 kg dry matter (DM) each. Detailed
management information for CF during the gm@ar measurement period psesented in
Table A4.1 Averagedaily air temperature over the twehneonth period was 11 °C and total

precipitation was 481 mm (Figure 5.1).

TABLE 5.1 SOIL INFORMATION FOR EACH FIELD(MEAN * STANDARD DEVIATION, N=9,
FOR TOPSOILO-30CMm).

CF PP

Soil type? Calcaric Endoleptic Calcaric Endoleptic
Cambisol Cambisol

Soil texture® Clayey loam Clayey loam, sandy loan
Organic matter content (%) 6.7+ 0.6 75+1.7
pH (CaCh) 6.9+0.2 6.8+0.1
Bulk density (g cri) 1.3+0.1 1.1+0.1
Total carbon (g kd) 39.5+9 27.7+7.8
Total organic carbon (g K 22.9+49 26.4+£6.2
Total nitrogen (g kd) 2.3+0.6 2.3+0.8
C:N ratio 10:1 11:1
Plant available nitrogen (g Ky 0.013+0 <0.01t£0

2 Data obtained from World Reference Base for Soil Resources (IUSS, 20225o0il
Observatory (UKRI, 2021)
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FIGURE 5.1 (A) PHOTOSYNTHETICALLY ACTIVE RADIATION (PAR),(B) AIR
TEMPERATURE, (C) SOIL TEMPERATURE (D) SOIL MOISTURE AND(E) PRECIPITATION
MEASURED DURING THE ONEYEAR MEASUREMENT PERIOD INCF AND PP.GAPS
INDICATE MISSING DATA AND DOTTED LINES SHOW THE START AND END OF THE

MEASUREMENT PERIOD

5.2.2 Measurement of CQfluxes

The EC technique was used to measure turbulent fluxes of(C@ol n2 s1) and sensible

and latent heat fluxes (H, LE; W (Moncrieff et al., 1997; Baldocchi et al., 2003); the EC

set upfor CFwas as describgdr Mineral Site in Section 3.2.2 (Chapter 3) and was identical

in PP. In CF the maximum flux footprint radius was 440 m, with a mean peak distance of 43
m and an average 90 % contribution of 119 m (Figu#elA In PP the maximum flux
footprint radius was 200 m, with a mean peak distance of 45 m and an average 90 %
contribution of 123 m (Figure A2). Data collectedbetween 11/10/2021 and 10/10/2022

(365 days) wereised to compare C fluxes between CF and PP.

5.2.3 Calculation of CQ fluxes

Flux data processing, including the calculation ob@@xes, quality control and géfling

was conducted as described in Section 3.2.3 (Chapter 3). During quality control, data were
removed when friction velocity (u*; n$ < 0.1 in CF and < 0.12 in PP. Gfiled NEE
accounted for 30 % and 37 % of the overall dataset in CF and PP respectively.

Net ecosystem exchange is calculated as the difference between gross primary productivity
(GPP) and total ecosystem respiration (TER) as shown in Equation 5.1 (Smith et al., 2010);
following gapfilling, NEE was partitioned into GPP and TER (Reichsteial e2016). The
micrometeorological sign convention is used for NEE, where a positive value indieates
ecosystem is losing C and a negative value indicates the ecosystem is accumulating C
(Baldocchi et al., 2003).
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0 ‘00 "YO'Y 0D 0 (Equation 5.1)

5.2.4 Ancillary measurements

Additional micrometeorolgical measurements were recorded in CF andfd&tPthe
calculation of turbulent fluxes, with the set up as described for Mineral Site in Section 3.2.4
(Chapter 3).

5.2.5 Energybalance

The degree of energy balance clos(EBC) is used to assess the quality of EC data at a
given site (Aubinet et al., 2001; Wilson et al., 2002). It compares the sum of H and LE
measured by EC, with energy balance terms measured by other means (i.e., net radiation
(Rnet) and soil heat flux (G)). @v the oneyear measurement period, turbulent fluxes
accounted for 71 % and 54 % of the available energy in CF and PP respectively (Figure 5.2).
The amount of variance (as measured bydRues) foreach fieldare within the typical range

of EC measuremesfi.e., 0.70.9) (Wilson et al., 2002; Foken, 2008; Wagle et al., 2018).
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FIGURE 5.2 ENERGY BALANCE IN CROP FIELD(CF) AND PERMANENT PASTURE(PP) OVER
THE ONEYEAR MEASUREMENT PERIOD(11/10/202110/10/2022)WHEREH IS SENSIBLE
HEAT FLUX, LE IS LATENT HEAT FLUX, RNET IS NET RADIATION AND G IS SOIL HEAT
FLUX.

5.2.6 Net ecosystem productivity and crop carbon use efficiency

To estimate the C source or sink strengththed agroecosystems, NEP was calculated
according to fuation 52. Exports of C (&) were in the form of harvested vegetation (i.e.,
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when winter wheat was harvested in CF or when grass was cut for silage in PP) and grazed

vegetation (i.e., during grazing events in PP).

In CF, G4 as harvested vegetati¢the entire winter wheat cropjas calculated by analyzing

the C content of winter wheat samples taken ftioenfield on the dagf harvestand scaling

this to the reported yiel@hs in Abraha et gl2018 and Poyda et ak019. In PR Cy as
harvested vegetation was calculated by analyzing the C content of grass samples taken from
the field on the day of the silage cut and scaling this to the reportedtiiielgield from the

silage cut in PP was reported as 80 bales weighpmyoximately200 kg DM each. We
acknowledge that this carries the assumption that all 80 bale=xhatlythe same weight,

and thus @ via the silage cuis likely to be slightly underor overestimated as a result of

this assumptionConversations with staff at enUniversty of Leeds Research Farm
confirmed that the yield measured during this study was similar to those in previous years
however, and so are aligned with what is expected at thi€gitkision cages were used to
determine @ via sheep grazing in PP. Prior to sheep entering the field, skeketusion

cages were erected to prevent sheep gramingprtain areas. After grazing events, grass
samples were taken from inside and outside of the exclusion cages usingZg0&dmat.

The samples were dried and the difference in weight between the grass from inside and
outside of the exclusion cages was determined as the amount of vegetation removed from the
field viagrazing. This method was adapted from Hunt et al. (2016) anchthuh al. (2023);

these studies used a plate meter and took grass samples before and after grazing events
respectively to determine the quantity of vegetation removed, whereas we used exclusion
cages.The C content of the grass was analysed and scaled to the amount of vegetation
removed as done by Hunt et al. (2016) and Laubach et al. (2028)acknowledge that this
method relies on the assumption that the grass grew and was grazed at an even rate across
the field, which may result in a slight overr underestimation of @ via grazing livestock

as it is unlikely that the grass growth and grazing rates were urgfodrthat the grass grew

in a similar manner in the grazed and ungrazed areas due to different inputs (i.e., the grazed
areas received livestock excretand the grasms the grazed areas being pulled up by the
livestock As the aimof the study is to assess NEP at the field scale, it is assumed that all C
within the removed biomass from CF and PP was converted back to atmospheoa CO

leaving the field (Eichelmann et al., 2016; Morrison et al., 2019), via respiration from humans
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and livestock that consumed the biomassl humans that consumed the livestock products.
We acknowledge that not all of the C exported will be converted back toiG@., some

will be returnedo the fieldby grazing animals as duiigand somewill be lost asmethane

(CHg4) via enteric livestock fermentation, however we were unable to account for these fluxes

in this study.

Carbon imports (J were in the form of seeftalculated according to Yue et,&023)

organic amendments and excreta from grazing livestock. We assumed the addition of C via
livestock excreta to be 37 % of the C ingested via sheep grazing, as in Skinner (2008; 2013).
This assumption was made as more specifiormation required to calculate deposited

via excretasuch as the nearganic matter digestability and thember of grazing days, as

in de la Motte et al. (2016) and Rutledge et al. (2017), was unavailable.

As in Evans et al. (2021), the micrometeorological sign convention is used for NEP, where a

positive value indicates C loss and a negative value indicates C gain.

000 OO &6 & (Equation 5.2)

The C use efficiency of harvested material (GQUE a measure of how effectively
atmospheric C is converted into new plant material (Chen et al., 2018) and is calculated

according to Equation 5.3 (Kim et al., 2022).

6 YO — (Equation 53)

5.3 Results anddiscussion

5.3.1 Carbon fluxes
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Over the ongrear measurement period, CF exhibiteditu net CQ uptake as NEE-$26 g
C m?) whereas PP had a small €0ss as NEE (37 g C A (Figure 5.3; Figure 5.4; Table
5.2). A diurnal pattern was observedoioth fields, with maximum Cguptake occurring in
the middle of the day (Figure 5.5).

The differencébetween thé&dEE of the two fields can be attributed to the fact that GPP and
TER were nearly equal in PP (1394 g € and 1431 g C rirespectively), whereas in CF
GPP (1700 g C f) was considerably higher than TER (1175 g ) fTable 5.2; Figure

5.4). Gross primary productivity was considerably highe€F due to intense CGQuptake
during the winter wheat growing season, which was trigddoy rapid crop growth after
nitrogen (N) fertilisation i average daily GPP was 1 g C2?rhigher duing the 7 days
following the secondfertilisation event on 21/03/2022 comparedthe 7 days before ith
fertilisation eventA difference in GPP befe and after the first fertiggion event was not
noticeable, as the crop was not well established at this point in the growing $&asgen
fertilisation did not acur in PPand so CQuptake was less intense in PP. Although similar
between the two sites, TBRas22 % higherin PP than CF. This can be attributed to the fact
that PP had a higheoil organic matter $OM) and SOC content (7.5 % and 26.4 g'kg
compared to 6.7 % and 22.9 g’kip CF) and also had more continuous vegetation cover,
and thus more living roots, during the measurement peftoel decomposition of SOM and
utilization of root exudates as a substrate by soil microorganisms would have increased soil
microbial activity and respiration (Kruse et al., 2013; Kotroczo et al., 2023), which most
likely explains the higher TER from PP. &ddition, grazing livestock were sometimes
present in the field, with EC alscapturingthe CQ emitted via livestock respiration
(Senapati eal., 2014; Rutledge et al., 2015), although the grazing intensity was low and so

livestock respiration will be a small proportion of the L&ission.

In CF, the magnitude of diurnal NEE was highest between April and June when winter wheat
was growing vigorously (Figure 5.5). The GQ@ptake in PP was also greatest during this
time, which was when the field was not grazed, and the grass was left to grow before the
harvest event in July (Figure 5.5). Similar to our findings, Skinner (2008) and Myrgiotis et
al. (2022) observed that G@ptake by managed grasslands was greatest in spring. The
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overall CQ uptake and magnitude of diurnal NEE decreased considerably following harvest
events in both fieldé August in CF and July in PP (Figure 5.3; Figure 5.5). Cutting events
have been shown to decrease-@ftake as leaf area index, and thus the ability for plants to
photosynthesise, is reduced (Klumpp et al., 2004; Prescher et al., 2010; Zeeman et al., 2010;
Jerome et al., 2012kollowing a grass harvest event, the Qtake capacity of the field
typically increases as vegetationagtablishes rad photosynthesis resumes (Aires et al.,
2008; Wall et al., 2019; 202) as observed in our study (Figure 5.3; Figure 5.5). Cardenas

et al. (2022) report the only measured values of annual NEE from a cut and grazed grassland
in the UK. Whilst Gy and G are not reported for the calculation of NEP, thex@@Quivalent

values of NEE are reported. The NEE of PP (1.4 t-€quivalent hd) is well within the

range reportethy Cardenas etla(2022) which rangeffom -5.4 t CQ-equivalent ha to

6.17 t CQ-equivalent hal. This rangef values can be attributed to the difference in livestock
stocking density, number of cuts and amount of harvested material between tlaadites
between the study years in Cardenas et al. (2022), and hightlghteseed formore

measurements to account for ireemual variability.
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FIGURE 5.3 30-MINUTE FLUXES OFNEE IN (A) CFAND (B) PP.DOTTED LINES INDICATE
THE START AND END OF THE ONEYEAR MEASUREMENT PERIOD THE RED LINE INDICATES

THE ROLLING DAILY MEAN .
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FIGURE 5.4 DAILY NEE,GPPAND TERIN CF (A, C,E) AND PP(B, D, F) OVER THE ONEYEAR MEASUREMENT PERIOD(11/10/2021

10/10/2022)DOTTED LINES INDICATE THE START AND ENDOF THE ONEYEAR MEASUREMENT PERIOD
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TABLE 5.2 CARBON BUDGET INCFAND PPOVER THE ONEYEAR MEASUREMENT PERIOD
(11/10/201210/10/2022365DAYS) £ ROOT SUM SQUARED(ASIDE FROMCH WHERE
REPRESENTS STANDARD DEVIATION OF BIOMASS CARBON CONTENT UPSCALED TO
REPORTED BIOMASS OFFTAKEAND Cj WHERE = REPRESENTS STANDARD DEVIATION OF
SPIG SLURRY CARBON CONTENY. THE MICROMETEOROLOGICAL SIGN CONVENTION IS
USED FORNEE AND NEPWHERE POSITIVE VALUES INDICATEC LOSS AND NEGATIVE

VALUES INDICATE C GAIN.

CF PP
NEP (g C n?) -26 +132 311+ 215
NEP (t CQ-equivalent ha) -1+5 11+8
NEE (g C n¥) -526 + 85 37+42
NEE (t CQ-equivalent hd) -19+3 1+2
TER (g C n¥) 1175 £ 79 1431 + 82
GPP (g C 1) 1700 + 150 1394 + 96
CUE: (g CgCY 0.36 0.22
Ch (g C m?) 616 = 6 313+173
Ci (g C m?) 116 + 41 39+0

5.3.2 Net ecosystem productivity

Over the ong/ear measurement period, C was being lost from the managed grassland, with
PP having a positive cumulative NEP (311 g €, hl t CQ-equivalent hd), whereas CF
had a small C uptake26 g C n?; -1t COz-equivalent hd) (Table 5.2; Figure 5;6igure

5.7).

An overall loss of C from agricultural systems has been reported by multiple studies, as most
of the C fixed by vegetatioduring photosynthesis is removed by metbal harvest or
grazing event®r via respiration from grazing animgSkinner, 2008; Chang et al., 2015;
Carozzi et al., 2022; Niu et al., 2022). The managed grassland lost &l @ was
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considerably higher than NEE anduwas small in comparison, whereas the cropland was C
neutral as the sum of its NEE andwas near equal todTable 5.2). Much of the literature
suggests that a conversion of cropland to managed grassland would reduce (lgsses

Guo and Gifford, 2002l.ugato et al., 2014), however our results show that this is not
necessarily always the case, as PP had a greater C loss than CF. An emission of C from
managed grasslands has the potential to offset the C sink behavior of other ecosystems
(Chang et al.2021). The Cto CF (116 g C m) was in the form of seed (8 g C3nand

organic fertiliser (108 g C 1) which is more than double the © PP (39 g C m) which

was added via excreta from grazing livestock. It has been proposed thatr@plands is
generallylower thanto grasslands (Janzen et al., 2022; De Rosa et al., 2023), however we
show here that this is not always the case jais @ependent on orgnic fertiliser use and
livestock grazing intensity. Thexdrom CF (616 g C mi) was nearly twicghat from PP

(313 g C n¥). For CF and PP to behave as C sinks, the amount of C added must be greater
than all other losses of C as exported biomass and TER, as highlighted by Cates and Jackson
(2019). In croplandsCi can be increased by adding organic amendments (Lal, 2016) and
reducing the length of time that soil is bare for, which camelve growing cover crops

during fallow periods (Steenwerth and Belina, 2008; Ruis et al., 2017; Jian et al., 2020). In
managed grasslands, this may be achieved by increasing grassland productivity to increase
Ci to the soil through plant roots, which candmhieved by increasing fertiéion, seding

with high-yielding specieand increasing species diversity (Cong et al., 2Mokley et al.,

2014; Rutledge et al., 2017).

The NEP measured in PP is higher thaany ofthe NEP values reported across mucthef

the literature for cut and grazed grasslands in temperate climates; annual NEP ranges from
249.4 g C it (Laubach et al., 2023) to 337 g C’rtSkinner, 2013)Table A4.3. The G

from PP is close tthe average of that reportedtive literature (298 g C 1), however NEE

is positive, and so, as most of the NEE values reported by the literature are negative, the NEP
of PP is relatively highThere are comparatively fewer published studies to compare the
results from CF with; only one published study could be found containing annual NEE, C
and G for winter wheat followed by a fallow period in a temperate climate (Poyda et al.,
2019). Annual NEP reported by Poyda et al. (2019) ranges-82&19 g C rifto 382.2 g C
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m? (TableA4.2); although Poyda et al. (2018)ly harvested grairand grairand straw are
harvested in this study, the NEP of CF fits well within the reported range.

FIGURE 5.6 CUMULATIVE DAILY NEPIN CFAND PP.DOTTED LINES INDICATE THE

START AND END OF THE ONEYEAR MEASUREMENT PERIOD

FIGURE 5.7 ANNUAL CARBON BALANCE OF CROP FIELD(CF) AND PERMANENT PASTURE
(PP).NOTE THAT ALL UNITS ARE G C M2,
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