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Abstract

The pressures on our mignt resources from intensive agricultural practi@sincreasing

the need for optimisedertiliser use Alternative nutrient sources derived from industrial
waste products can recycle nutrients back into the food system, promoting a circular
approach 6 nutrient management and reducing fertiliser inpuBs; products from cement
manufacturing such as cement fppss dust (CBD) and cement kiln dust (CKD) contain
considerable amounts of K and are highly alkaline, making theuoitable fertiliser and
alkalsing agent. Analysis of existing soil pH and K indices finen@BD/CKIProduced by

four plantssuppliesenough K to meet the demands of 7% of grassland or 5% of dealole
across England and Wald$owever, the practice of treating CBD and CKD as liagengts

was significantly oversupplying K. A field trial found that CBD and CKD applied at liming rates
(5 t ha) to a ryegrasélLolium perennd.)pasture,were as effective as lime and K fertiliser

at increasing biomass production, K availability anthk and soil pH. However,Rartial
Nutrient Balanceassessment revealed that these rates would lead to build up of soil K and
risk leaching. A mesocosm experiment with ryegrass and white cloxiéslium repend..)
demonstrated thatintercroppingthe two speciesnhance growth and P uptake in limed
pastures and improve the efficiency of applied. Finally, a pot barrier experiment
discovered that the facilitative and competitive effects of intercropping ryegrass and clover
required direct root interactin. This research identified aspects of current regulatory
practice in Great Britain that are leading to inefficiencies in CBD and CKD application and
demonstrated that the use of intercropping can increase P efficiency in limed soils. It has
also contribted to the understanding of the level of interaction between white clover and

perennial ryegrass in intercropped systems.
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Table 4:Mean soil water P concentration (ug solutiénkgl) per half pot 257
containing perennial ryegrass, divided by one of four barrier treatme
paired with either the same species (monocrop) or white clover (interc

on the other side of the barrier. Dataeameans + SE of 6 pots.

Table 5:Mean tissue concentration (mgH of P in white clover tissue. Da 258
are means + SE of 90 plants (15 plants per half pot with each treat
consisting of 6 pots). Nonparametric analysis was used for this datase

to non-normal distribution.

Table 6:Leaf tissue P concentration (mgly of perennial ryegrass plan 259
grown as a monocrop or intercrop, separated by one of four bai
treatments. Data are means + SE of 90 plants (15 plants per half pot

eachtreatment consisting of 6 pots).
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CHAPTER GENERAL INTRODUCTION

1.1Introduction

The global population is currently over 8 billion, and with annual increases of 1.1% it is
estimated to reach 9.7 billion by 2050 (United Nations, 2028& hcreasingvealth of the
SENIKQ& LRLMz A2y Aa NBadzZ GAy3a Ay | RASOL
require higher nutrient inputs compared to other fooftsopittkeet al., 2019) To meet the
dietary requirements of this expanding population, a considerablereiase in crop
production will be requiredLenaertset al., 2019) Until now, food production has kept up

with demand through intensification of agriculture via advances in breeding improved crop
varieties and intensive use of fertilisers (especiallyogien), pesticides and irrigation
(McKenzie and Williams, 20159gxcessive or inappropriate use of fertilisers pollutes
watercourses, depletes finite resources such as phosphorus and accelerates greenhouse
gas emissions (Udeigvet al., 2015). These envinmental consequences are clearly not
sustainable either ecologically or economically and improving crop production sustainably
to meet future demand is a considerable challenge for both the agricultural and scientific
sectors. Therefore, developing landaptices that optimise plant nutrition are important

factors to consider for increasing the sustainability of crop production.

The aim of this literature review is to examine the importance of mineral nutrition in
regulating plant growth and thus crop yields. Additionally, fertiliser use and the issues
surrounding its use will be examined alongside the rolesaf pH in managingutrient
availability and the potential for optimising fertiliser use. This will include investigating the
use of lime and alternative alkalising agents made from industrigrbgiucts to ameliorate

soil acidity and improve nutrient availability. Reseairtlo the agronomic viability of using
alternative alkalising agents will be addressed and opportunities for further research will be

identified.



The Importance of Plant Nutrition

Plants require 14 mineral elements for optimal growth. Since plant grasdimited by the
resource that is the least availableiebig's Law of the MinimurfTang and Riley, 2021)
deficiency in just one nutrient will have a negative influence (Paris, 1992). Adequate Plant
nutrition is important for providing key componentsrfloiological processes and is essential

for proper plant growth and development. These nutrients and their role in plant functions

are summarised in Tablell

The Growth Implications of Nutrient Deficiency

Plant growth responds positively to nutrientmly in acurvilinear fashion (Figure 1.1), with
decreased nutrient availability typically increasing romtshoot ratio. More biomass is
partitioned to roots to allow greater soil exploration and nutrient acquisition (Beitchl.,

1999; Reymonet al, 2006; Péretet al,, 2011). Shoot biomass is limited by stronger sink
competition of the roots, allowing the plant to maintain root growth under limiting
conditions (Ben Brahirat al., 1996). This is a common response when plants experience N
and P deficieay, however deficiencies in other nutrients such as K, Ca and Fe do not elicit
this response (Ericsson, 1995; Marschner, Kirkby and Cakmak, 1996;d5@015). These
adaptations allow plants to survive when nutrients are scarce, but this is undesfrabt

an agronomic perspective as it reduces shoot growth and therefore yield.



Table 1.1 The nutrients essential for optimal plant growth and their role in maintaining physiologic:
functions. Adapted from: Schachtman, Reid and Ayling (199&3¥rdet (2003), Miller and Cramer (2005

and Marschner and Marschner (2012).

Nutrient

Function

Macronutrients

Nitrogen (N)

Phosphorus (P)

Potassium (K)

Calcium (Ca)

Suphur (S)

Magnesium (Mg)

Component of proteins, nucleic acids, chlorophylkeoaymes, phytohormone:!
and secondary metabolites. Needed fdunctioning of photosynthetic
machinery.

Constituent of nucleic acids, phospholipids, ATP, NADPH. Needed for ener:
carbohydrate transfer and controlling enzyme reactions.

Required for osmoregulation antierefore cell extension, stomatal regulatic
and solute movement through the plant.

Acts as a signal in response to environmental stimuli. Needed for cell wal
membrane stabilization as well as osmoregulation.

Required for synthesis of enzymes;@mymes and secondary compounds.

Component of chlorophyll and required for protein synthesis ¢
photosynthesis.

Micronutrients

Iron (Fe)
Boron(B)

Chlorine (CI)
Manganese (Mn)
Zinc (Zn)

Copper (Cu)
Molybdenum (Mo)

Nickel (Ni)

Needed for redox systems in cells and enzymes.

Maintains cell wall and membrane integrity.

Required for osmoregulation and, stomatal regulation.

Activator of enzymes and needed for lignin synthesis.

Required for membrane integrity, protein apthytohormone synthesis.
Activator of enzymes and needed for lignin synthesis.

Component of nitrogenase and nitrate reductase enzymes. Needed fo
fixation and N metabolism.
Needed for enzyme synthesis (ureaseiild metabolism.
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Root Responses to Nutrient Deficiency

Plants respond to changes in nutrient availability by adjusting their root architecture to
maximise total absorptive surface of the root system (Lépeezio, CruRanifez and
HerreraEstrella, 2003)Decreasedavailability of local N and P supply causesnpunced
lateral root proliferation in the upper layers of the soil profile, where nutrieate
concentrated(Hodge, 2004). A shallow, sometimes highly branched root system facilitates
nutrient acquisition; however, this effect varies depending on thiotkent nutrient (Gruber

et al., 2013). For example, potassium availability can have no influence on localised root
proliferation in barley (Drew, 1975) and rice (Robinson, 1994jereas nitrogenand
phosphorudeficiencystimulate primary and lateral ra@longationnutrient (Gruberet al.,
2013)

Different species vary in their root system plasticity and therefore their ability to acquire
nutrients at different soil depths (Hodge, 2004). Phytohormones, including auxin, cytokinin
and ethylene mediate morphological changes to the root system indbgedariations in
nutrient supply by regulating lateral root proliferatioremergence,and elongation
(Marchantet al., 2002; Tian, De Smet and Ding, 2014).

Turgor Mediated Leaf Growth Inhibition
Deficiency in magnesiumijtrogen,phosphorus, potassium armnc can inhibit leaf growth
by reducing leaf expansion, elongation rate and final area, impeding the plant's capacity to
intercept photosynthetically active radiation (PAR) and produce biomass (Fischer and
Bremer, 1993; Cakmak, Hengeler and Marschned34 1Rodriguez, Keltjens and Goudriaan,
1998; Plénetet al., 2000; Zhacet al., 2005 Seepaul et al., 20)9Limited carbohydrate
availability does not appear to decrease leaf expansion as short periods of stress can cause
reductions in leaf area long aftehe photosynthetic rate recovers (Guidt al., 1997;
Tardieu, Granier and Muller, 1999). Instead, starch accumulation is favoured over assimilate
export from the leaves, reducing growth (Qiu and Israel, 1994).
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Decreases in root hydraulic conductance cdnbit leaf growth by lowering leaf cell turgor
(Clarksoret al.,, 2000). Leaf turgor reductions have reduced leaf growth by up to 75% in
corn Zea mayy soybeanGlycine makand sunflowerKelianthus annuysby limiting cell
enlargement and subsequentlyhe leaf expansion rate (Boyer, 1970; Matthews, van
Volkenburgh and Boyer, 1984; Ehlettal., 2009). Radin and Eidenbock (1984) proposed
that decreased root hydraulic conductance limits growth of phosphorus deficient cotton
plants by restricting leaf )@ansion; however, this response does not appear to be

consistent in plants subject to nitrogen deficiency.

Increasing application of N increases leaf turgor pressure in creeping bentggest(s
palustris Huds.) subject to watestress, suggesting thaN supply may mediate leaf
expansion (Saneoket al., 2004). Withdrawing nitrate from the nutrient solution of barley
and tomato decreased leaf elongation, coincident with a decline in root hydraulic
conductance (Chapin, Walter and Clarkson 1988). Howésad water content and water
potential were not affected, suggesting that in these species leaf elongation was not
mediated by a reduction in leaf turgor. Additionally, Palraeal. (1996) found leaf turgor
pressure did not decline with nitrate availéityi in sunflower and changes in cell wall
properties may have caused reduced cell expansion. In dicotyledonous plants, the growing
leaf is exposed to the air and therefore subject to transpiration and evaporation, making
these plants more sensitive to Nress than monocotyledonous plants such as cereals
where expanding cells are enclosed in surrounding leaf sheaths (Radin, 1983). The extent
that N deficiency decreases leaf growth also depends on what stage it occurs during leaf
developmentwith N deficiemy restricting cell division and leaf size in younger lesatber

than changes in turgofRoggatzt al, 1999).Therefore, the effects of N deficiency and
turgor mediated growth restriction depends on both crop species and the development

stage in whichN deficiency occurs.



Stomatallimitation of Photosynthesis

Low nutrient availability can limit plant growth through reducing photosynthesis, with a
number of mechanisms being proposed. Stomatal limitation of gas exchange has been
associated with growtheductions of nutrient deficient plants (Zhao al., 2005; Heet al.,

2010; Rothwell, Elphinstone and Dodd, 2015), with root hormonal signals suggested to
mediate this response (Guidt al., 1997). | IfP. sativum leaf water status was not always
associated with decrease stomatal conductang$ &nd that the phytohormne ABA was
mediating stomatal closure rather than a hydraulic signal (Rothi#ghinstoneand Dodd
2015). However, stomatal response can vary depending on the type and severity of nutrient
deficiency. Zhao, Oosterhuis and Bednarz (2001) foundidkaggr gs was the first factor in
reducing photosynthetic rate under mild potassium deficiency but that under more severe
deficiency, biochemical factors suchdecreasecdthlorophyll content vere more limiting.
Experiments with ABA deficient tomato mutaftacca imply that ABA mediates stomatal
response in the short term rather than regulating a centralised response to low resources
(Coleman and Schneider, 1996). Furthermore, work offering alternative explanations such
as mesophyll limitation of photosynthesisrdests the importance of stomatal limitation of

photosynthesis under nutrient stress.

Mesophyll activity may limit photosynthesis more than stomatal restrictions (Cietrgdi,

1996; Zhao, Oosterhuis and Bednarz, 2001; Heard, 2004). Decreased ptosynthetic

CQ fixation with declining P leaf concentrations was associated with increased mesophyll
resistance (Singkt al., 2013). Causes of this mesophyll resistance may be due to starch
accumulation resulting from reduced leaf expansion, which causealecrease in GO
conductance in the mesophyll (Gugtial.,, 1997); structural changes such as decreases in
protein and pigment content (Jacob and Lawlor, 1991) and restrictions to the carboxylation
process (Terry and Ulrich, 1973). This demonstratest @ number of interacting
mechanisms may be involved in limitiphgotosynthesisunder nutrient stress. Evidently,

this is a complex issue, however Lousthal. (1999) offer a possible explanation for these



contradictions in that impaired nutrition doa®t directly affect stomatal conductance but

rather thegsvalues reflect a feedback adjustment to photosynthesis.

Nutrient deficiency can also decrease photosynthetic rate throughstomatal means as

plant nutrients are required for biochemical proses associated with photosynthesis.
Decreases in leaf concentrations of photosynthetic pigments such as chlorophyll (Jacob and
Lawlor, 1991; Oosterhuis and Bednarz, 2001; Huang et al., 2004) may be partially
compensated by increasing chlorophyll efficiengyet reductions in leaf area and
photosynthetic rate still limit growth (Ciompt al., 1996; Zhaet al., 2005). Furthermore,
nutrient deficiency is associated with increased susceptibility to photosystem damage,
limiting formation of ATP and NADPH armueging the activity and regeneration of Calvin
cycle enzymes such as RuBisco (Ben Brahah, 1996; Ciompeét al, 1996; Lu and Zhang,
2000; de Groot, 2003; Huamg al., 2004; Zhaet al., 2005; Fleishest al., 2012). However,

the extent of which deficiency impedes photosynthetic processes can vary between species
(Chaudharnet al.,, 2008) and cultivars of the same species (Daviest at., 1999) subject

to the same level of P deficiency.

Evidently, the iterruption of vital plant process by nutrient deficiency means that plant
nutrition is an integral part of crop production. However, availability of these nutrients can
be a major constraint to productivity, especially in regions where lack of infrasteiand
fertiliser availability limit their use (Horst al., 2001; Vance, 2001; Uhé&tone and Allan,
2003). Growth responses to nutrient deficiency involve complex interactions between
different physiological processes that are not fully understood. liniy reports and
variation in regulatory mechanisms of growth between plant genera, developmental stage,
nutrient type and nutrient availability mean that predicting plant response to nutrient
deficiency is difficult. More work assessing the role ofopgrmones may provide
explanations for conflicting evidence about the importance of their roles in mediating

response to different nutrient deficiencies and identify plant traits to exploit and improve
8



performance in nutritionally poor soils. Additionallgelecting species that are more
tolerant to certain nutrient deficiencies could reduce fertiliser use and its associated

problems, which will be discussed next.

Globallmpact ofDwindlingNutrient Resources

Improved plant nutrition has been the cornerstone of modern crop production, which has
become dependent on a sufficient supply of fertilisers. Without nitrogen fertilisers, global
F22R LINRPRdAzOGA2Y g2dzZ R y20 YSSG O &isn(RE&XI yYRA
et al, 2016) and 90% of global phosphorus demand is for food production (Cordell, Drangert
and White, 2009). Nitrogen and phosphorus are the most energy intensive to produce and
are more critically limiting elements for plant growth compatedther nutrients (Lopez

Bucio, Cruz=Ranf§ez and Herrerd&strella, 2003; Dawson and Hilton, 2011). There are a
number of vulnerabilities in current crop production systems and in many cases yield is
compromised unless regular fertiliser inputs are us&wor plant nutrition is partly
responsible for yield decline seen in monoculture systems (Beratedi., 2011), which

could be exacerbated by climate change in the future (St.Clair and Lynch, 2010).
Additionally, modern crop varieties are selected based hmmogenous, high fertility
systems and are not adapted for efficient nutrient acquisition (Wissuwa, Mazzola and
Picard, 2008). However, intensification of agricultural systems and mismanagement of
nutrient resources has resulted in some regions havingtaent surplus whereas others

are experiencing deficits and declining yields (Sheldrick, Syers and Lingard, 2002; Cordell,
Drangert and White, 2009; Haygarithal., 2014).

The global imbalance of nutrient supply and demand has consequences that laftact

developing and developed countries. For example, demand for rock phosphate (an

inexpensive and norenewable source of phosphorus) is likely to continue increasing due

to development of new agricultural technologies and expansion of agriculturalfamduf,

20220 Wdza i &AE O2dzyiNAS& O2yiGNRt dmr: 2F GKS
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concentration of the market can lead to restrictions in supply and dramatic price increases
(Cordell and White, 2014Anlauf, 2022. This is a particular problerfor developing
countries with nutrientpoor soils and limited capital to invest in fertiliser use. As human
health is dependent on the phytoavailability of elements essential to human nutrition
(Oliver and Gregory, 2014), poor soil fertility affects tldriional health of large portions

of the global population (Jonest al., 2013). Nutrient deficiency is further aggravated by
the increasing use of modern crop cultivars, which provide sufficient calories and proteins
but are lacking in essential micraments (Fageria, Baligar and Clark, 2002; Welch and
Graham, 2004).

Implications ofurrent FertiliserUse

In contrast, developed nations are facing challenges created by excessive use of fertilisers.
In Great Britain fertiliser use has fallen over tast three decadesHgure 1.2), however, a

large portion of cropland is still routinely treated with N (90%), P (49%), K, (50%) (DEFRA,
2018b). Applying quantities of fertiliser greater than that required for optimal plant growth
(excessive) or use of fdiser on soils that already supply adequate nutrients
(inappropriate); in particular, nitrogen and phosphorus can cause considerable
environmental damage. Nutrient ruoff caused by the overloading of soil contributes to
changes in soil pH (through nftdation of ammonia and ammonium), groundwater
pollution, eutrophication and hypoxia of lakes and coastlines (Vitoasak, 1997; Graham

and Vance, 2000; Vance, 2001; Miller and Cramer, 2005).

10
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Furthermore, nitrogen fertiliser relies on the combustion of fossil fuels during fixation of
atmospheric nitrogen into amonia (Socolow, 1999). This not only uses fossil fuel reserves,
which are becoming limited, but also contributes to climate change through the emission
of greenhouse gasses such as.@early, managing nutrient availability is essential for the

continuedsustainability of food production.

The adoption of organic agricultural practices may mitigate the problems facing traditional
nutrient management. Proponents of organic agriculture argue that the use of legumes in
an organic rotation can replace the amu of N fertiliser currently in use (Badgleyal.,
2007) and reduce nutrient runoff and> emissions (Scialabba and Muilendenlauf,
2010). However, the ability of organic systems to provide food for an expanding population

has been questioned, aseyds are often lower than conventional systems (Lotter, 2003; de
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Ponti, Rijk and van Ittersum, 2012; Seufert, Ramankutty and Foley, 2012). As global food
security depends on increasing crop yields, it is debatable whether organic agriculture can

achieve his (Godfrayet al., 2010; Folegt al., 2011).

Improving Nutrient Availability Without Additional Inputs

The pressures on crop production created by poor nutrient management threaten global
food security and environmental stability. To reduce thepacts of fertiliser use it is
important that nutrient use efficiency (NUE) be optimised, especially if increases in crop
production will be required to feed an increasing population. NUE is the ability of a plant
genotype to acquire nutrients and use tingo accumulate biomass or usable plant material
(e.g.,grain). Increasing nutrient supply beyond the level of deficiency increases growth rate
and yield before reaching a threshold where increasing supply diminishes growth (Figure
1). Because of this ther has been increased interest in cropping systems that increase
productivity and nutrient use efficiency without relying on further inputs. Different
strategies involving careful crop selection and planting multiple species at once or in
rotation are one vay of achieving this. These strategies include use of cover crops, rotation

cropping and intercropping.

Cover crops are plants that are grown after the primary crop is harvested and are popular
in low or nctillage systemqAbdallaet al, 2019 Osipitanet al., 2019. They confer a
number of benefits through providing surface cover and increasing plant diversity. For
example, cover crops suppress weed growth in between primary cropping through
competition for nutrients, water and lighOsipitanet a., 2019) By using cover crops as a
mulch or green manure they can improve soil quality between periods of normal crop
production (Adetunji et al., 2020)This can also reduce blf@aching reduced by adding a
cover crop to withdraw N from the soil that can imeorporated laterfAbdalla et al., 2019)

Soil quality can be further improved by reducing compaction and erosion as well as

12



improving microbiome diversity, structural and hydraulic properties and temperature
(BlanceCanquiet al., 2015)

Rotation croping involves growing a series of cash crops sequentially over(Zheo et

al., 2020) Again, plant species heterogeneity in these systems provides benefits. The
diversity in crop residues left behind after harvest promotes soil microbial biomass and
diversity by creating favourable niches for different functional microbe spd€lepvaiz et

al., 2020 Yanget al, 2020. Furthermore, water use efficiency can be improved through
reducing soil evaporation and runoff, soil structure can be improved throngteasing
resistance to erosion and weed dominance can be reduced by reducing the weed seedbank
(Yu et al., 2022)Thesedifferent benefits can result in average yield increases of 20%,
however this can vary greatly between regions. Howeweder-sowingwith cover crops in
springcan lead to competition for nutrients, water and light with the primary crop and

therefore reduce yield if not planned correc(i&bdalla et al., 2019

Intercropping is an ancient practice that involves planting two or more crop species
together at the same timgDaiet a., 2019 Maitra et al., 202). In some regions (such as
Latin America, Africa and India) it is still the dominant form of agricultaterdropping can

be divided in to three strategies: mixed intercropping (two or more crops grown
simultaneously), relay intercropping (growing crops sequentially where additional crops are
added before the first is mature) and strip intercropping (diffdrecrops grown
simultaneously in strips) (Booket al, 2015). Combinations of cereals or grasses and
legumes are widely used for intercropping syste(@emie et al., 2022and species
selection involves combining crops that have temporal, morphologicahutritional
complementarity (Mamine and Fares, 2020)This allows fortemporal and spatial
exploitation of available resourc@sd a reduction in interspecies competiti¢@itari et al.,
2020)

13



The benefits ofintercropping systems are numerous and widaging, the foremost of
which is the saving of land. This is quantified by the Land Equivalent Ratiod@fieie)l as

the relative land area required to produce, from soteps, the same yields as are achieved
by intercropping (Oyejola and Mead, 198Rand area and fertiliser equivalerdtios the

ratio of the fertilizer amounts used in sole cropping to the fertilizer amounts used under
intercropping to produce equal amounts of yigldften exceed 1.0 for intercropped
systems, which implies that theyawe both land and nutrient resources compared to
monocropping(Liet al., 2020) This due to the propensity of intercrop systems to overyield
(by 2.2% on average) compared to a monocrop sygBybeeFinley and Ryan, 2018itari

et al., 2020) Intercropping has also been proposed to promote biodiversity and delivery of
ecosystems services such as pollination, pest control, soil quality, nutrient cycling and
reduce soil erosionTscharntke et al., 2021Scheper et al., 2023)As agricultureis
considered the main cause of global biodiversity decl{iiischarntke et al., 2021)
intercropping therefore offers a route to mitigate some of the vulnerabilities cause by our
increasing reliance on intensive agricultural practices amwhocropping(Mamine and
Farés, 2020Demie et al., 2022)Additionally, as multiple crops are grown at once,
intercropping provides against crop failure and is more economically sustainable, especially
for smallholder farmers in regions where use of res@s such as fertilisers and pesticides

is constrainedGitari et al., 2020Demie et al., 2022)Furthermore, such systems have
improved nutrient resource use efficiency compared to monocultteston et al., 2020)

due to their lower need for fertiliseand pesticidegDemie et al., 2022)

The mechanisms behind the overyielding in intercropping are ascribed to complimentary
use of resources such as soil nutrients, light and water as well as facilitative interactions
between plant species promoting resae use(Li et al., 2014Gitari et al., 202 For
example, adding n fixing legume species to cereal crops can redGctudes derived from
fertiliser use andeave significant amounts of N in the soil after hary&sharaet al., 2010;
Demie et al.,2022) Furthermore, specific legume specia® known for their ability to

chemically alter P speciation in the rhizosphere and mobilize sparingly soldbteugh
14



rhizosphere acidification and root exudation (Pypers et al., 2023). This promotes P
availablity, P-use efficiency as well as grain protein content and forage quality (Ztaaig

2016; Mokolopi, 2019Mamine and Fares, 2020As a result, adding legumes to cropping
systems can reduce both N and P fertiliser inputs. For these reasondepgase intercrops

are a popular choice in pastures and forage production, where forage quality can be

maintained for a longer duratiorB{beeFinley and Ryan, 2018

There are however barriers to wider adoption of intercropping despite its benefits. Higher
yield variability in legume species such as white lupin has prevented adoption in European
systems that require reliable outp€arton et al., 2020)ntercropping is also not desirable

in larger scale systems that require a standardised scalable crotjueres mechanised
management Booker et al., 2016 This is due to the requirement faral and error to
create tailored management and optimisation for each @itesset al., 2022) Furthermore,

yield response to intercropped systems is highly context dependent and do not guarantee
increased productivity, making some farmers reluctant to adopt th@amburini et al.,
2020) However, strategic crop selection can maximise the agualltand ecological
benefits whilst reducing the complexity of the system and reduce the inconveniences of
such practicegBybeeFinley and Ryan, 2018Yherefore, adopting strategies such as
Intercropping with N fixing and P mobilising species could bd tsaddress global nutrient
imbalances by reducing fertiliser load, improving NUE (MenBiaskburret al.,2018) and
mitigate the decline in yields observed by modern monoculture systemestioned
previously (Bennetét al.,, 2011) However, ther factas, such as soil pH, influence nutrient
availability (Figure 3), and through maintaining an optimal soil pH, it is possible to increase

nutrient availability and lower fertiliser rates should be possible.
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1.2Factors Affecting Nutrient Uptake

Numerousfactors influence nutrient availability, from soil pH to the forms of the nutrient
that are present in the soil. Plants take up nitrogen as nitrates(N@d ammonium (N4).
Potassium is taken up as potassium iong);(l&end phosphorus is taken up in the
orthophosphate (Pi) forms 22Q" and HP@<, which occur in soil solutions at very low
concentrations (Schachtman, Reid and Ayling, 1998; Vance,-Stode and Allan, 2003;
Amtmanet al., 2005Miller and Cramer, 2005; Argyropouletial., 2015. Soil pH influences

the availability and forms of nutrients in the soil. For example, between pH 6 atah?
uptake of phosphorus prefetd,PQP over HP@, illustrating the importance of managing

soil pH for maximising nutrient availability (Schachtman, Reid and Ayling, 1998; Vance,
Uhde-Stone and Allan, 2003). As soil pH decreases below 5.5, the availability of iron (Fe)
and aluminium (Al) increases, whereas above pH 6.5calcium availability incréases.
affects phosphorus availability as calcium carbonate and Fe and Al oxides react with

phosphorus, forming insoluble compounds that render it unavailable.

A soil pH of <6.5 can increase the availability of nutrients such as B, Cu, Fe, Mn and&n (Figu
1.3) andconverselythey can remain unavailable in alkaline soils (Foth, 1990, Sumner and
Yamada, 2000). On the other hand, a soil pH of <6 is associated with decreasing availability
of P, K, Ca, Mg and Mo, resulting in deficiency. Nutrient availaisilfrther influenced by

the soil ion exchange capacity, chemical properties as well as plant and microbial activity
(Horstet al, 2001; Vance, 2001; Vance, UHsimne and Allan, 2003K for example is
relatively abundant in soils compared to P, howewrost of this K is held in nen
exchangeable forms in many mineral soils and is thus not available to fEosidtet al,,

2022) The plant available form of K exists in soil solution aptséively charged cation'K
andis released into the soil agion through diffusion of exchangeableheld on negatively
charged surfaces of clay minerals and soil organic mé®aulet al., 2024) Consequently,

the behaviour of K in soils is governed by the cation exchange capacity (CEC)Bfamatyls
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and Wei) 2008) This is defined a®tal amount of exchangeable positively charged ions
(cations) such as Nak', Mg?*, C&*, Mr2*, AP*, Fé*, HG K & OFy | Ra2Nb G2 |
at a given pHSollyet al, 2020. As the negative charge of soils surfaces increases with
increased pH, adsorption of cations such askncreased, thus reducing the amount of K

diffused into solution, where it is more vulnerable to loss through processes such as
leaching(Brady and Wil, 2008) An increase in pH also reduces the presence ¥fal

cation exchange sites that would otherwise displat&Khe soil solutionBrady and Weill,

2008) Therefore, maintaining higher soil pH reduces K losses that would otherwise require

further fertilisation to correct.

As the availability of nutrients depends on different factors, it is often present in forms that
are unavailable to plants and recovery from soils can be low. This is a problem for modern
agriculture as without fertiliser, f& soils could support the demand of modern crop species
that exhibit high growth rates (Schachtman, Reid and Ayling, 1998). Again, this highlights
the need to optimise nutrient management to address the issues associated with increasing

pressures on foodneduction.
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Figurel.3: The elationship between soil pH and nutrient availability in mineral spoils. Adapted from B
and Weil (2017).

Problems Associated with Soil Acidification

Soil acidification can be a major limitation to plant growtlagricultural systems, and if not
managed it can require considerable investments in time and money to rectify (Haynes and
Mokolobate, 2001). Soil acidification results from the release of hydrogen ichm{blthe

soil solution, often caused in areas wherainfall exceeds evapotranspiration as part of
natural processes involving the oxidation of metalfides such as pyrite (Bolan, Adriano
and Curtin, 2003). Other causes are plant acidification of the rhizosphere via exudation of

organic acids to facilite nutrient uptake (Bolan, Hedley and White, 1991) and
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decomposition of organic matter by microorganisms (van Breemen, Mulder and Driscoll,
1983). In natural ecosystems, acid drainage (the drainage of acid water due to rock
weathering) can also contribatto soil acidification, which is influenced by human activity.
For example, oxidation of pyrite increases acid drainage and land disturbance caused by
activities such as agriculture that expose it the atmosphere further encourage this process
(Bolan, Adano and Curtin, 2003).

Intensive agricultural practices, especially the use of nitrogenous fertilisers, are a major
cause of acidity in managed land. Ammaoh&sed nitrogen fertilisers are a problem due to

their high application rates for cereal crops,pesially in the United States and China
(Haynes and Mokolobate, 200Brown et al,, 2008;Liu et al,, 2011). Nitrogen fertiliser

produces an abundanag H through NG leaching and nitrification, which lowers soil pH

(Bolan, Adriano and Curtin, 2003)hs is partly counteracted by the plant uptake of NO

ions that release OHhto the rhizosphergBolan, Adriano and Curtin, 2008urthermore,

the removal of base cations (Ca, K, and Mg) from the soil via crop offtake can lower pH
(Lukin and Epplin, 20p3Some soils are more susceptible to acidification than others, with

the soil buffering capacity (the ability of the ions associated with the solid soil component

to resist changes to soil solution pH) being influenced by organic matter content and the
soh f Q&8 GSEGAZNB 6. N} Ré YR 28SAfX HannyOd ¢KA& |
OFiAaA2y SEOKIy3S OFLIOAGE 6/9/0 NBRddzOSa GKS
(Goulding, 2016)

LowSoil PH andPlant Growth

Although soil pH does not affect plant growgar se(Sumner and Yamada, 20029il acidity

can limit plant growth in numerous ways. For exampleandmanganese Mn toxicitgre
commonl encountered in acid soils because these elements are more availatbie soil
solution at a low pH, (Browet al., 2008) Fgure 1.3). Under acid soil conditions (<pH.5.5)
APF*and Mr?*become soluble due to dissolution of clay minerals, gibbsite and manganese
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oxide (MnQ) (Haynes and Mokolobate, 2003umner and Yamag 2002; Lukin and Epplin,
2003) When experiencing Al toxicity, plant growth is similar to low phosphorus (P)
availability in noracid soils, with a negative impact on root growth, nutrient uptake and
biomass accumulation (Siereaal., 2003) Al toxiciy dsamages and inhibits growth of both

the main axis and lateral roots. This reduced root growth leads to inefficient soil exploration,
commonly resulting in nutrient and water deficif¢laynes and Mokolobate, 2001).
Additionally, Al toxicity interferes i the active ion uptake by blocking ion channels across
the plasma membrane of the root cells (Kochian, 1995) emtsequently reductions in
Calcium (Ca) and P uptake are often observed and P deficiency symptoms are common

(Haynes and Mokolobate, 2001).

ManagingSoil Acidity inAgriculture

The most common method of moderating the effects of soil acidity in agriculture is the
application of lime. Currently, there are numerous materials that can be used, each with
varying aldity to neutralise acidity, including: calcium carbonate (CaQsirnt lime (CaO),
calcium hydroxideGa OH}») and dolomite (CaM@CQ)2) (Bolan, Adriano and Curtin, 2003).

In the UK, ground limestone (Caff@akes up 70% of the liming material used @mg,
2016). Liming influences soil pH by hydrolysis of the basic cations present in the material
(Ca or Mg), which produces Qbins that in turn neutralize the Hons present in the soill
(Bolan, Adriano and Curtin, 2003). The amount of liming agepiired to raise soil pH to a
desired level depends on the initial pH of the soil, the Neutralising Value (NV) of the liming
material and the buffering capacity of the soil (Bolan, Adriano and Curtin, 2003; Goulding,
2016). The Neutralising Value is a maasoff the efficiency of a liming material relative to
calcium carbonate (CaG®@which is usually expressed as a weight percentage of pure
CaC@(Bolan, Adriano and Curtin, 2003) or as percentage of calcium oxide (CaO) equivalent
(Aglime.org.uk, 2008However, the efficacy of a liming material also depends on its particle

size and hardness, which influence its rate of dissolution within the soil (Goulding, 2016).
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Figurel.4: The production process of agricultural lime. The limexisacted from limestone or chalk rock before being screened and heated in a k
Water is sometimes added before storage to make hydrated lime. Adapted from Britishlime.org (2018).
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Benefits of Lime Application

Althoughraising soil pH can effectively mitigate the crop production issues associated with soil
FOARAGEY [ ROAOS 2y HgKAOK LI Nry3aS Aa WARSIEQ
liming applications in England and Wales advises that mineral soilsre@ to maintain a soil

pH of between 6.0 and 6.5 depending on soil type or cropping system (AHI3B) Z0raditional
advice suggests liming to a pH of 6.5.0 depending on the crop (Sumner and Yamada 2002)
whereas others observe that most plants wibgy well at a pH as low as 5.5 (Bolan, Adriano and
Curtin, 2003). Clearly, there is no universal ideal soil pH for all crops, and a number of factors will
determine the target pHFor example, in two UK soils Bolton (1970) observed that optimum pH
dependedon the type of crop, with spring bean yield optimised at pH 6.8 and spring barley
between 6.5 and 7.5. These variations in response were not due to the spédrpd4 but rather

due to decreases in exchangeable Al resulting from lime application. Thikl wtherwise
immobilise phosphorus in the soil, resulting in deficiency, which was tolerated less by some
barley varieties. However, other research suggests that current recommendations can lead to
liming at rates that are much higher than needed for ssful crop growth (Sumner and
Yamada, 2002).

The application of lime and its influence on plant growth have been studied extensively, with
plant responses being generally positive. However, plant species, soil texture, application rates,
methods and opinions on the subject vary. Limiragm pH 5 to 63 increased yields of field pea
(Pisum sativuni.) (Arshad and Gill, 1996) and wheat by decreasing Al toxicity and increasing
availability of phosphorus. Increased yield of wheat, barley and faba beans was attributed to an
increase in soil pfrom 5.1 to5.5)and a reduction in exchangeable*2dnd Mrf*(Osundwaet

al., 2013). However, the authors do recognise that liming may not always result improvements
in yield and that any liming strategy should take crop species and sensitivity to Al and Mn, soill
type and relative grain yields. This is reflected in the findings collated in BRiguwehere in some

cases lime application reduced yield. The presence of P and organic matter in the upper soil layers

of unlimed plots may improve yield through precigitan of toxic levels of Al (Cairesal., 2005),
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negating the need for lime. Despite the discrepancies observed in the yield data, liming is still

considered to an important component of crop production due to its positive influences on soill
properties aml plant growth.

Barley Potatoes

Spring Beans

site
=o= Rothamsted

== Woburn

Relative Yield (%)

5 6 7 5 6 7
Soil pH
Figurel.5: Relative yield response of three different crops to soil pH across two UK sites: Rothamsted (flinty si
loam, BatcombeCarstens Series) and Woburn (sandy loam, Cottenham Series). The point of yield depriesion
between crops and between the same crop grown in different soils. Data obtained from Rothamsted Research
(Rothamsted, 2018).

5
5 6
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LimingEfects onNutrient Availability

Although reports conflict about the influence of soil pHrmutrient availability, liming typically
mobilises plant nutrients (Bolan, Adriano and Curtin, 2003). Liming increases available Ca, Mg
and K by increasing supply of?Gavig?* and K and alleviates N and S deficiency through
increased mineralisation of organic matter (Williams, 1967; Wilmot, Ellsworth and Tyree, 1996;
Curtin, Campbell and Jalil, 1998). Increasing soil pH promotes nitrification through rapid
conversion of ammonium toitrate, promoting availabilitySteMarie and Paré, 199%Hachiya

and Sakakibara, 20).8However, this process can be so rapid that it results in inefficient crop use
of N, nitrate leaching, groundwater contamination (Sumner and Yamada, 2002) and increased
N2O emissions (Stevens, Laughlin and Malone, 1998; Mgrkved, Dérsch and Bakken, 2007).
Additionally, solubility of the trace elements Cu, Fe, Mn and Zn decreases as pH is increased,
leading to deficiencies in these elements as pH approaches neutral (BratyVeil, 2008).
Therefore, it can be argued that maintaining a pH that improves nutrient availability whilst
lowering the potential for groundwater contamination should be the aim of any nutrient

management practice.

In highly acidic tropical soils, lingj reduced P sorption by reducing levels of exchangeabig Al
Fe** and Mrf*, which increased available P and improved P fertiliser recovery needed for high
grain yield (Kisinyet al. 2013). Plots that applied lime and P fertilizer had higher availatblerP
when either was applied alone; allowing combined lime and P application to be repeated after
every two cropping seasons as opposed to after every season. Os@nai42013) also found

that lime application (at all levels) increased the availaldlityoth native soil P and of P fertiliser.
This strongly correlated with wheat yield in some of the plots studied. However, as both studies
focused on tropical soils, the findings may not represent edaphic conditions found in other

regions and it is uncé whether this is applicable to British agriculture.
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Influence otiming onSoil Microbial Activity

Liming can indirectly influence nutrient availability by stimulating microbial activity, which
increases mineralisation of soil organic N, S and P @$ayir984) Soil pH positively correlated

with microbial biomass and respiratigAciegoet al., 2008) Microbial biomass increased directly
through a reduction of exchangeable Al and therefore toxicity, and indirectly by increasing inputs
of plantderivedsubstrates such as roots and root exudates. However, this study was focused on
a single soil typéa flinty, silty clay loam which may not be representative of all soils, growing
conditions and land management practices, especially as it had not recaiweather soil

amendments for years prior to the experiment.

Johnson, Leake and Read (2005) found that microbial communities are sensitive ttesmort
applications of lime (annual application over two years). In their study, liming increased
arbuscula mycorrhizal fungal colonisation 8grostis capillarisoots but significantly decreased
overall microbial biomass carbon. This suggests that liming may alter the diversity of the

microbial community, which may in turn influence nutrient availability.

Liming Bfects onSoil PhysicalProperties
In addition to increasing nutrient ability and alleviating toxicity, liming improves soil structure
and hydraulic conductivity, which indirectly influences plant growth (Valzano, Murphy and
Greene, 2001). Liming increases the Ca concentration in theofatioss and in turn influences
flocculation and dispersion of soil colloids, helping form soil aggregates and therefore improving
soil structure (Bolan, Adriano and Curtin, 2003; Benmgtal, 2014; Goulding, 2016). This
facilitates root exploration ananproves infiltration of water into the soil profile, thus increasing
water supply to the plant (Haynes and Naidu, 1998; Sumner and Yamada, 2002). However,
contradictory reports suggest that the influence of lime on soil physical properties may change
over time, with short term effects concentrating on dispersion of soil colloids land-term
effects favouring aggregate formation due to the cementing effects of €a@®precipitated
hydroxy Al polymers (Grant, 1992; Haynes and Naidu, 1998).

25



Negative Aspcts of Using Lime

As mentioned previously, opinions differ as to which pH range is optimal for nutrient availability
(Sumner and Yamada, 2002; Goulding, 2016) and this is reflected in findings on the influence of
liming on P availability and plant growtBumner, Farina and Hurst (1978) observed that liming

to neutrality can decrease yield, which the authors attributed to lower Mg uptake as there was
less soil exchangeable Mg. Interestingly, the authors found that initially, exchangeable Mg
increases withpH but then begins to decrease above pH 6 and they conclude that highly
6SFGKSNBR &a2Afta WFAEQ a3 YR NBYRSNI AG dzyl O A
P is sometimes depressed when Mg is limiting as it is required for activatingl@tedpansfer
enzyme systems. Carran (1991) found similar responses to lime applicationlovigh {Trifolium
repensand Trifolium subterranneuinyield decreased by 40%. However, no evidence of Mg
fixation at pH 6.8 was found. Instead, it was thoughttthmcreasing pH to 5:8.8 resulted in

Ca:Mg ratios in excess of 75:25, which proved damaging to growth. Similarly, Sumner and
Yamada (2002) and Haynes (1982) report that liming can increase, decrease and cause no

changes in phosphate availability in highleathered soils.

Rothwell and Dodd (2014) found that limiadow-pH sandfyoamto UK recommended levels
(AHDB 2®23b) decreased stomatal conductance, leaf area and photosynthesis in legume crops.
It was originally thought that the lime increased thencentration of calcium ions (€ain the

soil making them more available to plants, which in turn elevated the levels?bfnChe xylem

sap, limiting gas exchange through promoting stomatal closure. However, the results indicated
that xylem Ca++ conog&ations were insufficiently elevated to have an attinspirant effect.
Further experiments found that liming to ~pH 6.2 decreased xylem sap and tissue concentrations
of P inP. vulgarisand P. sativumand caused yield reductions Yh faba(Rothwell, Ephinstone

and Dodd, 2015). Furthermore, the negative effects of lime were partially reversed by application
of superphosphate at 200kg fawhich suggests that liming was rendering P unavailable to the
plants. Similarly, liming decreased biomass whergudls were between 6.3 and 6.5, but corn

and alfalfa yields were increased two to twenty times when extreme rates of phosphorus
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fertiliser (64 tons/hat) were applied (Bartlett and Picarelli 1973). Additionally, He et al. (2010)
found that Camellia oledra (Abel.) had higher root and shoot dry weight with combined lime
and P applicatioiPOs at 100 mg kg and lime at 0.8 g k compared to applications of either

treatment on its own, suggesting a more general response.

Several factors can govern the interaction between pH and phosphorus availability. P speciation
and distribution in the soil solution is determined by pH, howete mobility of inorganic P in

most soils can still be unpredictable, which may partially explain conflicting reports on the
influence of lime on P availability (Hinsinger, 2001). An increase in pH results in increased
proportion of divalent phosphate in(HPG@) and this change in speciation promotes adsorption

to soil colloidgBolanet al., 2003). Additionally, pH determines the type of precipitation mineral
formed by P and the metal cations present in the soil (Hinsinger, 2001). As pH increaseis towar
pH7, P precipitates with Ca to formrs@ phosphates, which decreases P solubility and therefore
plant availability (Hinsinger, 2001; Bolatnal., 2003). However, Haynes (1984) observes that this
reaction can occur even at pH 6, which may also explannesearch has found that liming can
reduce P availability. This was further explored by Curtin and Syeres (2001), who found that for
every unit increase in pH, the Olsen phosphorus (estimate of plant available P in the soil) values
decreased by 2 to 5 migyL.

HighlyWeatheredSoils May ExplainWhy ReportsConflict

Soil type may also influence the interaction between pH and phosphorus availability. Haynes
(1984) suggests that the decrease in phosphate adsorption in response to increasing pH may be
a quirk of highly weathered soils and Hinsinger (2001) notes that the mineralogy and
geochemistry of these soils favours retention of P ions onto the solid constituents of the soil and
so low levels of P ions are retained in the soil solution. Furthermongné$a(1984) found that

soil drying might also influence phosphate adsorption. Their experiments showed that when an
acid soil (pH 4.2), high in exchangeable Al was incubated with lime, the moist soil the reacted

with phosphate and increased phosphate ags@mn, but if the limed soil was air dried before
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the reaction withphosphate,then liming decreased adsorption. It was concluded that drying
significantly alters the surface characteristics of limed soil. Therefore, in regions where this
phenomenon occurs the timing of irrigation may be an important factor in nutrient
management. Moreover, soil phosphate adsorption capacity can be greater immediately after

liming but with diminish with time (Haynes, 1984).

Environmental Concerns

The production of limesialso problematic for the environment as it releases pollutants such as:
sulphur oxides (S nitrogen oxides (N carbon monoxide (CQarbondioxide CQ), nitrous

oxide (\20), particulate matterand volatile organic compounds including methé@#e) (EEA,
2016). This does not include the greenhouse gasses released by the combustion of fuels during
the manufacturing process that also contribute to pollution. In the United States approximately
30 Tg of lime are spread every year and it is thougat global lime use may triple in the next

50 years (Hamiltoet al., 2007) through increasing conversion of natural ecosystems to cropland
(Tilman, 2001). Robertson (2000) considered thai €@tributions fromliming arecomparable

to other agriculturalinputs in terms opotential global warmingmpact However, lime may also

act as a net sink for atmospheric £8rough carbonic acid weathering of the material caused by
CQemitted from root and microbial respiration (Hamiltet al., 2007) Although this may sound
promising, a limited number of crop and soil types were used in this study, and it is difficult to
say whether this would be relevant to all agricultural systems. Furthermore, it is unclear how
much this would offset the carbon atted by the production of lime considering the scale of its
use globally. It is unsurprising then, that there has been a considerable amount of research
focusing on finding more sustainable and accessible alternatives to agricultural lime. Many of
these ae developed from waste products from industrial processes and therefore present an
opportunity to improve the sustainability of both agriculture and the industries from which they

arise.
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1.3 Soil amendments and lime alternatives.

Although liming isommon practice in many parts of the world, there are issues with its use that
may prevent adoption of the practice or raise questions about the sustainability of the practice.
The cost of using and transporting lime can be prohibitive especially in gewgloountries or

in areas far from lime deposits (Dann, Dear and Cunningham, 1989; Yuan and Xu, 2010; Arshad
et al., 2012). This presents further issues for farmers choosing to forego liming, who may see
reductions in yield and profit from their crop. Tie¢ore, finding a coseffective replacement

could improve crop production for many smallholder farmers. A number of alternatives derived
from industrial waste have been investigated. These materials include biochar, wood ash, fly ash,
and sewage ash as Was sewage sludge. The alkalinity of these products makes them suitable
for ameliorating soil acidity (Dann, Dear and Cunningham, 1989; Hass et al., 2012). Although their
application improved plant growth and nutrient availability (Rosen, Olson and Biert®94;

Chan et al., 2007; Arshad et al., 2012; Schulz and Glaser, 2012), it is uncertain whether they are
as effective over the lonrterm. Additionally, different production processes and materials used

for combustion means that these waste products eany in their chemical composition, and it

is difficult to make general statements on their nutrient content and potentially toxic element
(PTE) content (Rosen, Olson and Bierman, 1994; Demeyer, Voundi Nkana and Verloo, 2001,
Ferreira, Ribeiro and Ottose2003; Pandey and Singh, 2010). It is also worth considering that
incubation experiments such as those carried out by Whalen et al. (2000) use application rates
that could be considered excessive for use within the field and caution should be applied when
making decisions based on these results in order to avoid compromising environmental and soll
quality. Therefore, further work should ascertain whether these industriapimglucts could

serve as an effective replacement for lime.
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Cement Bypass Dust a@ément Kiln Dust

Cement Bypass DusEBD and Cement Kiln Dust (CKD) arepbyducts of the Portland cement
production process that are recognised for their potential as an amendment for acid soils. Most
cement in the United Kingdom is mloced using the dry process, using raw material such as
limestone, chalk or marlstone combined with shale, clay, slate, blast furnace slag, silica sand, and
iron ore (cement.org, 2017). The material is fired at high temperatures in steel rotary kilns (MPA,
2016). Dust particles formed in the kiln are captured by exhaust gasses and then collected
through cyclones, baghouses or electrostatic precipitators (Adaska and Taubert, 2008). The site
of the dust collection determines its chemical composition andfirred to as either kiln dust

or bypass dustHgure 1.6). This means that CKD a@&8Dconsist of partially calcined kiln feed,
clinker dust and ash and as such they are typically composed of calcium carbonatg) (§ia€D

dioxide (Si@), calcium oxidgCaO), potassium sulphate.§Q), calcium sulphate (CagGnd
aluminium oxide (ADs) (Adaska and Taubert, 2008). The high Ga@® kSQ content of CKD
suggests that it has a potential as both a lime and potassium fertiliser replacement an@BDbDth

and CKD are currently used in many countries as a soil ameliorant (Bhatty, 1995; Adaska and
Taubert, 2008; Lalande, Gagnon and Royer, 2009). However, relatively little research has
examined the agronomic benefits of these materials and furthermore CKDacaicansiderably

in its chemical and mineral composition and comparisons cannot be made between the dusts

produced from each plant.
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Figurel.6: The process for producing Portland cement including the collection of cement kiln dust (CKiypass dustGBD). The site of collection
determines the chemical composition of the dust collected. CKD is collected from exhaust gasses from the kiln and dédrbestymto the kiln to
supplement the raw feedCBDis extracted from a bypass systdratween the preheater and the kiln inlet to avoid builg of volatile species with the kiln
This would produce a clinker product that is too alkaline for use. Adapted from Afietain(2015).
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Effect ofCBDand CKD ofrop Growth andSoil Properties

Research suggests that CKBDapplication can increase plant growth by improving soil pH
and nutrient availability. When applied at equivalent rates to the K fertilisers (synthetic K
fertiliser, KCl and2$Q), CKD increased yielospotato (8%), barley (16.6%) and alfalfa (14%)
averaged across 11 different soil types compared to control (Van Lierop, Tran and Morissette,
1982). There was no difference in yield between CKD and the fertiliser treatments, suggesting
that it is equallyeffective as K fertiliser. These results also suggest that that the effects of CKD
are not limited to a specific soil type. However, the effect of the lime can vary depending on
the soil type, site and year and in some cases can increase yield comp&kdt@afond and
Simard 1999).

{FNIEfIFOFA FYR 2AG8S1tFYylFYREY O6mMdppHO F2dzy R GKI
6TAf RO f SHPYANBIY RAYBEE FGAAYAT LI GA2Y NIGS 06«
O2YLI NBR G2 Iy dzyiNBFGSR O2yiNRf® /Y5 GNBIFGY
CS> YX /IZ ay X ads to FYR %y gKAOK gSNB 02
F2NJI S @2aAaSSaR oAty ADMN §SyasS [P 9 NBLISya [ o
O2yGNRBf FTYR wmMwmM: O2YLINBR G2 fAYS FLILXASR |
I LILIE A Olaid:2gy FRRup: Ay GKS &aSO2yR &SIk N NBalL)S
LINE REzOf 26 SNJ 8ASEt R O2YLI NBR (2 K 2

Ay az2Ait SEGNIOGlIo6tS Y YR a3 o6wz2RR Si Ff o H
AYONBI A4SR a42Af LI FtYR AYONBI ASRIUGA2¥dzZRSONBO
F2NI 3AS b t>X ad FyR %y O2yOSYiGN}dA2ya AYyRSLIS
¢tKS RSLINBaaAaAz2ya Ay t FyR a3a O2yOSYyiGN)rGA2ya o
/'L YR Y LINBaSyletaly20ld) kS YIFGSNAFf ow2z2RR

Although CKD has a lower neutralising value compared to lime, it reacts quicker and can have

a greater influence on soil pH. Roeldal. (2004) found that CKD application changed soil pH

at 12-15cm soil depth by 0.41 units compared to lime which incregdddoy 0.12. These
differences were attributed to the fineness of the CKD and its greater CaO content, which is

more reactive than calcium carbonate. However, other research has found that crushed
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limestone reacted similar to CKD (Carol, Erickson and Waittal964). When CKD was
applied at the same rate as agricultural lime, both materials increased soil pH to a similar
degree (0.8) (Dann, Dear and Cunningham (1989). However, superfine lime was more
effective, increasing soil pH by 1.3, though herbagedyaélforage crops increased similarly
between the three treatments. Lalande, Gagnon and Royer (2009) found that CKD increased
soil pH to a similar degree to lime at the20cm depth when applied at the same rate across
two contrasting soils (sandy loam @ilty clay).These findings indicate that CBD and CKD
may be effective substitutes for lime, however the variability in alkalising effect evidenced by
this literature means that extrapolating the alkalising effects of the products to those
produced in Geat Britain is difficult. It is likely that the CBD and CKD produced in Great Britain
vary in chemical composition than those studied previously (van Lierop, Tran and Morissette,
1982) and therefore more experimentation is needed to determine their alkglisffects on

British soils.

CKD application may also increase the availability of certain soil nutrients. Soil extractable K
was significantly increased compared to lime, but lime increases extractable P more than CKD
(Lalande, Gagnon and Royer, 2009)was as effective as coarse lime at increasing soil
extractable K and Mg when applied at the same rate (Lafond and Simard 1999), correlating
with increased potato yield. Similarily, plant K and Mg uptake increased with the CKD

application, suggesting #t CKD may be an effective source of K and Ca for potato production.

Generally, CKD has positive effects on plant growyhreducing soil acidity and supplying
some of the elements needed for plant growth. Therefore, its wider adoption could reduce
fertiliser use. Although this is encouraging, no work has been published to assess its
performance on UK soils. The UK h@gément kilns currently in operation (MR&ement
2023a), suggesting a plentiful supply if CKD is beneficial to UK agriculture. dfegrafore

work is needed to assess the agricultural suitability of CKD to make use of this resource.
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Advantages obsingAlternativeAlkalisingAgents

There may also be nemgronomic benefits of using waste products as a replacement for
agricultural lime Firstly, using alkalising waste products would reduce the amount of lime
being used and therefore limestone being mined, lessening environmental impact and land
degradation. The nutrients provided by some of these products could also reduce the number
of fertilisers required for adequate plant nutrition, therefore reducing environmental impact
and saving money (Mittrat al., 2005; Singh and Agrawal, 2008). Additionally, the cost and
availability of materials prevents some farmers, especially those inalgwg countries, from
liming their fields (Dann, Dear and Cunningham, 1989; Yuan and Xu, 2010; Arsiad
2012). Using an alkalising-pyoduct such as CKDBDmay provide a cost effective, more
easily available alternative. However, this may onlyapelicable to farms situated within
regions where cement plants operate, and transport costs may still be prohibitive to resource
poor farmers. In this case, other locally available alternatives such as biocharcaddash

may be more suitable.

Reusingndustrial byproducts such as CKD or wood ash as soil amendments would decrease
the volume of these wastes being sent to landfill, therefore reducing the environmental
impact of disposing of these products and avoiding dfiten-considerablefees associad

with their disposal (Etiengi, Campbell and Mahler, 1991; Arstal, 2012). For example,
although many modern cement plants canuse CKD an@BDas raw feed, approximately
3.35 million tonnes are landfilled in North America each year, incurmagdial losses for the
industry (Bhatty, 1995; Rodt al., 2010). However, the cement industry has recently focused
on sustainability and in the United Kingdom it has ensured that 0% of production waste is
sent to landfill through recycling the materightkinto the kiln and alternative methods such

as spreading to land (Table2) MPACement 223b). In 2@1, 31,095 tonnesof process
waste were recovered ofite, indicating that there is a market for novel methods of
disposing of these wastes, which would benefit both the producers of the waste and for

growers who may require a cheaper alternative to lime.
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Table 1.2 Cenent production and waste (includind3@ KD management in the United Kingdom 2042021.
Adapted from Mineral Products AssociatioMRA Cemen2017, 2023b, 2023}

Year Cement Total waste and Process waste Process waste Process waste
Production  by- products used recovered onsite recovered offsite sent to landfill
as fuel and raw
materials
(tonnes)

2010 7,883,000 1,528,315 11,379 36,945 14,021
2011 8,529,000 2,481,106 9,195 47,796 4,631
2012 7,952,000 1,811,200 2,819 57,471 0

2013 8,203,000 1,452,553 10,390 47,238 0

2014 8,598,000 1,612,581 1,513 33,988 0

2015 9,235,000 1,619,766 11,009 35,103 0

2016 8,056,000 1,454,354 4,086 49,238 0

2017 7,824,000 1,549,393 2,270 43,273 0

2018 7,734,000 1,414,195 1,401 41,186 0

2019 7,830,000 1,329,517 1,126 43,624 0

2020 6,941,000 1,224,967 864 37,192 0

2021 9,008,000 1,292,639 1,152 31,095 0

35



Disadvantagesf UsingAlternative AlkalisingAgents

One of the main disadvantages of using waste products is the inconsistency roathaal
produced. With CKD for example, the composition of the dust produced depends on the type
of raw material usedd.g.,limestone or chalk), processing and kiln operations at each cement
plant (Bhatty, 1995; Adaska and Taubert, 2008). Thus, duduped from each plant can

vary markedly in its neutralising capacity, K and Ca content, particle size distribution,
chemical, mineralogical, and physical composition (van Lierop, Tran and Morissette, 1982).
Therefore, the findings of previous experimentaymot be reproducible and the effects of
individual batches of CKD on plant growth cannot be predicted with any certainty. This lack
of quality assurance may limit more widespread adoption of the product as each batch of CKD

would need characterising bafe use.

Concerns have been raised about the safety of applying CBIR6 agricultural land due to

the concentrations of PTEs (such as arsenic (As), cadmium (Cd), lead (Pb), meamg (HQ)
nickel (Ni)) found in the material, which could cause harm if theter the food chain (EPA,
1993). However, Bhatty (1995) argues that at the application rates used to ameliorate soll
acidity, concentrations of these metals are well below the permissible land application levels
in North America. Two applications of 2ha-! of CKD increased levels of extractable
Chromium (Cr¥oil content by 17% though this did not affect heavy metal tuber uptake in
two different soils and values were comparable to those from commercially available fertilizer
and lime (Lafond & SimartP99). This implies that although CKD application increased soil
content of PTEs, they may not be bioavailable. In the UK, application of soil amendments
(including CKD) containing PTEs is regulated by the Sludge (Use in Agriculture) Regulations
1989, whch sets limits for yearly application rates and soil concentrations of these elements
giving clear guidelines on permissible maximum application ratesCiBD and CKD.
Considering this evidence, the issues VBBIXCKD use as an agricultural amendmentzoe
insurmountable andCBICKD has the potential to be alternative to agricultural lime.

However, as few experiments have studied the agricultural benefits of usingXBRmMrther
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work is needed to assess its viability as a soil amendment comparedverdmnal methods

such as fertilisers and lime application.

1.4ConcludingRkemarks

Managing soil acidity has a vital role in enhancing crop nutrition, which is becoming
increasingly relevant due to the need to increase crop production to keep updeitiand.
Concerns surrounding the application of synthetic fertilisers means that their extensive use
may no longer be an appropriate solution, and finding alternative methods of optimising
nutrient availability is critical to addressing the sustainabitinallenges facing future crop
production. Maintaining a pH that optimises nutrient availability may allow reduced fertiliser

inputs, lessening their impact on the environmeaetd.,nutrient run-off and pollution).

However, evidence suggests that cramasoil responses to agricultural lime application are

not uniform and that in some situations, recommended liming rates may decrease yields
(Sumner and Yamada, 2002; Rothwell, Elphinstone and Dodd, 2015) as a result of inefficient
nutrient use and reducedutrient availability (Haynes, 1984; Hinsinger, 2001; Sumner and
Yamada, 2002; Bolan et al., 2003). Furthermore, gaps in the experimental data indicate that
the mechanisms behind these responses are not fully understood. It is not clear if yield is

limited solely by lack of soil extractable nutrients, or whether other factors influence growth.

Increased evaluation of alternative alkalising materials as a lime replacement implies that
optimal rates need to be determined based on their individual compmsiti However,
relatively little researcthas assessetihe agronomic performance of CKCBDcompared to
conventional lime and fertiliser practice and determining their efficacy will require further

examination of soil and plant responses to their applicatio
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In Great Britain 65% of agricultural land is devoted to permanent grassland andabdef
and dairy productgurrently contribute £6.9 billionto the British economy{Higginset al.,

2019 DEFRA, 2022l ivestock farming also provides numerous ecosystervices including

but not limited to stabilising soils, cycling nutrients, carbon storage, habitat provision and
rural income(Norton et al., 2022) However, the sector is coming under increasing scrutiny
and sustainable livestock farming needs to develop meffecient nutrient management
practicegHigginset al.,, 2019 van der Lindeset al., 2020) As CBD and CKD are currently being
used as part ba sustainable nutrient managemestrategyin Great Britain, ie aim of this
thesis is to optimise the use of soil alkalising agents by determining the effect of differing
rates CKDCBDand agricultural lime on plant responses and soil properties on dveps
typically used for grazing in Great Britain (white clovEifglium repend..) and perennial

ryegrassl(olium perennd..).

White clover is one of the most important legumes in British farming and is often grown with
perennial ryegrass long tem pastures to increase N availability, yield of companion grasses
and to increase the nutritional value of livestock forggkarris and Ratnieks, 202 0hapter

2 analyses the efficacy of current CBD/CKD application practice by assessing whether treating
(BD/CKD as a liming agent or K fertiliser is the more efficient practice and tests the hypothesis
that applying CBD at rates designed to correct soil K deficiency rather than rates to correct
soil pH is a more agronomically and economically efficient usbeofproduct. Chapter 3
performs an agronomic comparison of one source of CBD and one source of CKD, agricultural
lime and K fertiliser on a ryegrabased pasture over the course of two growing seasons. The
chapter tests two hypotheses: that CBD, CKD iegibn will be comparable to lime + K
fertiliser in terms of improving plant growth, increasing soil pH, soil nutrient availability (K and
P) and nutrient uptake (Ca, Mg, K and P) compared to a control; and CBD and CKD will increase
plant tissue concentiizon of PTEs compared to lime and K fertiliser. This is to provide insight

in to whether CBD and CKD application at liming rates is efficient in the use of K and whether

they are as effective as traditional sources of lime and K.
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Although nutrient availality and yield responses to liming can be positive, this can vary with
plant species and increasing soil pH above 6 can decrease P availghitie,and growth,
especially in legumes (Figure 1.B)agnes, 1982Sumner and Yamad&002 Rothwell,
Elphirstone and Dodd, 2015Therefore, CBD/CKD application could decrease P availability,
uptake and growth in mixed ryegrass and legume pastures. To address this Chapter 4
compares the responses of perennial ryegrass and white clover grown acrossapumng
methods to lime and P fertiliser application over two growing seasons in a mesocosm pot
SELISNAYSYyiGod ¢KS YSaz20z2ay LkdGa Ftft26SR F2NJ 3
and ease of access for harvest and soil analysis. Four hypothesestace tene application

will increase soil P availability and P uptake in both crepsrdropping ryegrass with clover

will increase biomass production and P uptake in ryegrasgP application + intercropping

will improve P uptake in ryegrass more thno P was added

Finally, Chapter 5 examines the importance of root interaction between the two species to
the facilitative and competitive effects seen in the intercropping mesocosm by testing three
hypotheses. The first hypothesis is that root acyivay neighbouring clover causécalised
changes in soil P availability that promote P uptake and growth of ryegbas®nd is the
hypothesis that the roots of both species need to be in close proximity to each other in order
to influence growth. Lastlyhe hypothesis that AMF associatiofexcilitate growth and P
uptake in the monocrop and intercropped ryegradsver systemss tested also. A split pot
design using root barriers of varying porosity was used. This allowed the assessment of the
impact of poximity of the two root systems on biomass production, soil P availability and P
uptake through the elimination of four levels of resource exchange: physical interaction,
exchange through mycorrhizal hyphae, nutrient mobilisation in the soil solution aand

combination of the other three.
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CHAPTER: Z’THE AGRONOMIC EFFICIENCY OF CURRENT CBD AND CKI
APPLICATION PRACTICE

2.1 Introduction

World demand for potassium (K) fertiliser (also referred to #3 & muriate of potash) for

the year 2021 is estimatl at 39.5 million tonnes (0f2R) (FAO, 2019) and its use is projected

to increase to 40.2 million tonnes by 2022 (Rawashetell> HAaMc O ® Y FSNIOAE A &S
to the detrimental environmental effects associated with N and P use, but its stedjgy on

a finite resource of mined minerals such as sylvite, carnalite and langbeinite (Rawagthdeh
al., 2016; Santost al., 2017). The world supply of K fertiliser currently meets demand at 52.8
million tonnes per year. However, the increasing inté&oation of agriculture and the
development of higkyielding crop varieties means that removal of K from soils in crop off
take may exceed input in some regions in the future (Kuetal., 2016; Rawashdeét al,,

2016). Countries without their own K fdisier reserves either import it or continue to strip K
from their soil (van der Wiedt al,, 2020). Furthermore, increasing urbanisation is separating
the centres of nutrient production (farms and rural communities) and areas of nutrient
consumption (townsand cities), resulting in lost opportunities for recycling nutrients back
into food systems through strategies such as manure use (Jirads 2013). This had led to
discrepancies in soil reserves between regions with surplus soil K (e.g.West Eupapg, Ja
and depletion of soil reserves in regions (eg. Africa) where imports are prohibitive (Sheldrick
et al, 2002).

Use of K fertilisers in regions such as Great Britain with ample K reservesdtiahe3013)
presents its own set of issues. Betwee¥o@nd 60% of nutrient inputs remain in agricultural
soils after harvest (Highlest al., 2011; Smitret al., 2016) and intensively managed dairy
farms can produce high K surpluses through inputs such as K fertiliser and manure (Kayser
and Isselstein, 2005)vhich may not be balanced by crop-tdke. For example, Bengtsseh

al. (2003) found that in a conventional dairy farm system, the K inputs from manure, urine
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and mineral fertiliser were not balanced by crop-tatke, rootzone leaching and surface run

off, resulting in a K surplus of 39 kgthaConversely, in an organic system, which did not rely

2y YAYSNIf TFTSNIALAASN AN Eddedsapphcation of K isvhot okelf | y O S
to remain in the soil for crop utilisation as it is highigbile and prone to leaching, especially

in sandy, acidic soils and when applied in large amounts (Kaysgr 2007; Romheld and

Kirkby, 2010). Therefore, a system which has a surplus of K is more likely to leach it and any
additional K added iswasteéd ! & &0l 6 SR LINEQGA2dzafes GKS dzas
have any direct environmental consequences, however the use of such fertilisers in areas
where surpluses are likely to arise wastes a finite resource which could be deployed to areas
where t is needed more. Additionally, excessive use of K fertiliser on land used for grazing is
associated negative impact on the nutrient content of forage crops as well as contributing to
various metabolic disordersuch as fipomagnesaemiand hypocalcaemiavhich canaffect

up to 39% of livestock animalKayser and Isselstein, 2005:DB 2@23c; Finnan and Burke,

2013 Kumssaet al., 2019.

These nutrient imbalances could partly be addressed through adopting the principle of the
circular ecoomy. The circular economiias been definedas a gradual decoupling of
economic activity from the consumption of finite resources and designing waste out of the
system (Ellen Macarthur Foundation, 2018). This is seen as a departure from traditional linear
WAlE1SZ YIS YR RAALIRASE LINRPRAzOGAZ2Y Y2RSt & |y
as nutrients/fertilisers) through a whole economic system and conserve natural resources
(Ghiselliniet al, 2016; Geissdoerfest al, 2017; Troopet al, 2017; S&neet al,, 2018). The

four main principles of the circular economy are:

Design products with their entire life cycles in mind,

Maximise product life cycles,

Recycle materials from eraf-life products and,

Accomplish this across diverse industries and value chains éBaily2013).

HwnNPE
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Ideas such as this have gained traction in recent years and organisations such as The European
Commission have developed initiatives such as The Circular Economy Actipwlitmnis

part of the European Green Deal (European Commission, 2020). By developing ways to re
cycle nutrients back into food systems, the gap between areas of surplus and deficient K could
be narrowed, therefore avoiding the waste of such an importagource. As seen in the

previous chapter, wastes from various industries could be used for such a purpose.

The European cement industry largely supports the circular economy and as mentioned in the
previous chapter, substitutes nemenewable materials (£h as limestone) with waste
material that is fed back into the cement kilns (The European Cement Association, 2016).
Waste that can no longer be recycled into the kiln processes is eithpurmmosed as an
agricultural amendmentstockpiled,or landfilled(Sreekrishnavilasa®t al., 2017). Currently

Great Britain is a net exporter of K fertiliser, and Boulby Mine is the sole producer (H¥ghley

al.,, 2011). Considering that CBD has a high K content (see preceding chapter) and there are
currently 10 kiln stes operating in Great Britain (MPA Ceme20239, they present an
opportunity to recycle potassium back into the soil and therefore food system and replace K

fertilisers. This approach would contribute to three of the four circular economy principles

by:

1 Allowing nutrients to be recycled through input into soil andtae through crops
and animal produce (principt® and 3).

1 Bypassing the need to landfill the CBD that is not recycled by the kiln through end
of-life use as an agricultural amendmeptitciple 3).

1 Acting as a link between the cement industry (through waste management) and
agriculture (through nutrient recycling) (principle 4).

However,this approaclonly addresses the rdirection of the K in waste products to a more
productive endpoint. It does not address the surpluses which arise from-@ypglication of
K fertiliser. There is also potential for CBD to be used in ways where it may be contributing to

K surpluses, which will be discussed below.
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CBD is currently being deployed asadl alkalising agent in Great Britain, however its use as

a K fertiliser has not been addressed even though it may contain appreciable quantities of K
(J Silverwood 2020, personal communication, 4 May). The literature reviewed previously
indicates that vinen applied at the equivalent rate to K fertiliser, CBD can improve crop yields,
increase soil available K and crop uptake of K and is therefore a suitable alternative to K
fertiliser (Van Lierop, Tran and Morissette, 1982; Saralabai and Vivekanandanl-a@8ie,
Gagnon and Royer, 2009). The reason that CBD is not applied at rates that could replace
conventional K fertiliser is that its application is regulated by The Sludge (Use in Agriculture)
Regulations 1989, Statutory Instrument No. 1263 (Anon, 1888 the resulting permit fees
mean that application of rates <5 t are not cost effective and thus avoided (J Silverwood
2021, personal communication [email], 09 July). As the amount of CBD needed to meet crop
K demand is less than that needed toreat soil pH, CBD is not currently used solely as a K

fertiliser.

CBD therefore has potential as a K fertiliser independent of its value as an alkalising agent,
yet the way its application is regulated prevents its use as such. This begs the question as t
whether the current use for CBD makes agronomic sense, especially within the context of
nutrient recycling and the circular economy principles outlined abovecyRkng K into the

food systemby usingCBD only makes sense if it is deployed in areasevti@re is a crop
demand for K and does nothing to address the K surpluses which may arise from modern
farming practices, especially in Great Britain (Joztesl.,, 2013. As the K content of CBD is
comparable to that of K fertiliser (s&&hapter ), the aurrent practice of applying it at ~5 t ha

Lis likely to be adding K well above actual crop requirements. Whether this is true in practice
has yet to be addressed. This leads to the question of what the best agronomic use of CBD is;
as an alkalising ageng K fertiliser or both? Therefore, this chapter aims to investigate
GKSGKSN) 6KSNBE Aa + WRSYFIYRQ F2NJ /.5 +Fa | Y
replace a portion of the K fertiliser that is currently being used in England and Wales.

Additionally, it will examine whether current application practices are agronomically optimal,
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with the hypothesis being that applying CBD at K fertiliser rates in areas where K is needed is

the better use for the product. This will be achieved through:

Gathering data from natiofwide soil K and pH testing.

Obtaining CBD production and chemical analysis data from different cement kilns
operating in England and Wales, and.

1 Determining whether CBD production can meet a percentage the K fertiliser demand
(based on actual fertiliser use by farmers) for each region.

= =

This would identify where the CBD would be more efficient as a fertiliser or alkalising agent
and identify areas where their use as an alkalising agent would result in excessive application

of K.
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2.2 Materials andMethods

2.2.1DataSources

National soil pH and available K analysis data was obtained from the Professional Agricultural
Analysis Group (PAAG, 2019). The data comprises of soil analysis results reproduced as pH x
K index matrices for percentage of samples collected. Theplesmwere taken on UK
agricultural soils submitted to PAAG laboratories during the period 1st June 2018 to 31st May
2019. The arable dataset consists of arable crops following a ley. Where no other cropping
details were available, maze data was also inetlth the arable dataset. Data for current
arable crops and forage maize following permanent grassland or grazed(geapsasture)

was included alongside permanent grassland in the grassland dataset.

CA3IdzNBE Hodm Aa I RI LI S RnsHNRitEd KingdSm oPGréat BritaiFand | ¢ {
b2NIKSNY LNBfFYRQ ObAfFIYyA2YyZ HaAMHUO YR f 20l
YI ydzFlI OGdzNENE Y| L) H3b)MEBD ptddaction data Qvas3akehn FromHthe H

four cement plants producing the CBDedsby Silverwoods Waste Management Ltd. These

are: Rugby(operated by CEMEX) arkktton, Padeswood and Ribblesdale (operated by
Hanson). Data for the other cement plants operating in the UK was not available at the time

of writing and therefore this studig restricted to the four plants used by Silverwoods Waste
Management Ltd. CBD production data and cement plant locations were supplied by
Silverwoods Waste Management Ltd (J Silverwood 2020, personal communication [email], 12
June). Chemical analysis daif the CBD was provided by Silverwoods Waste Management
Ltd, and the analysis of the CBD was done by NRM Laboratories, Berkshire. The neutralising

value (%) and K concentration (mg‘kevere used for this study.

Recommended application rates for th8Q were determined using the older version of the
The Rothamsted Lime Requirement Model (Rothlime) (McGrath and Goulding, 2002) as
opposed to the current modebBgciphus Computing Ltd et al., 2021). The older model allows a
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WOdza 1 2 YQ f koYbk yhidredvahdlitSnettralising value specified. This feature is
missing from the newer model, which uses a fixed set of liming products as inputs. Because
GKS ySdziN} t AdaAy3a GFtdzS 2F /.5 @GFENASaE FTNRBY Y2

be used.

Land area data for England and Wales (excluding silage in Wales, which is missing from this
RFGFraSao éla 20GFAYySR FTNBY (KS W{ {iNUHzOGdzZNBE 27
Fd WdzyS 06006& NBIA2YILE FyR 02dzyie®ERRA ARMNE | dzi |
{Af I 3S RFEGF F2NJ2FfSa gla aGF1Sy FNRBY GKS w{i
GKS 'Y |G WdzyS o6l yydzZt GAYS aSNASa omdpyn G2
restricted to England and Wales because these regiare where CBD is mostly used (J
Silverwood 2021, personal communication [email], 08 July). All English regions and Wales
were used for the national summaryable 2.7), and the following regions were used for the

regional summaries: North West EnglandsEEngland, East Midlands and Wal&ab(es¢

2.9-2.11). Only four regions were used for the regional summary because haulage of CBD is
typically kept to a minimum, and the dust is spread in or near the region where it is produced

(J Silverwood 2021, persal communication [email], 08 July). East England and East Midlands

were combined due to East England having two cement plants and the East Midlands being

the nearest region with the highest arable output (DEFRA, &018

The land area dedicated to grasiNE RdzOU A2y g1 & OF f OdzZf I SR FTNRY
FYR WDNIT Ay3 fAQDSaiTavep (fani tgpé;fatea/(Redt@es)DBDEFRA, Y & A
2021a). The dairy column was used as a proxy for Silage production. The winter wheat and
winter barley olumns were used to calculate arable land area because these are the

predominant arable crops grown in UK (DEFRA, 2018

The overall K used by farmers in England and Wales (summariSadhlen 2.4) has been

adapted from the British survey of fertiliser practice 2019 annualreforo £ S o MPH | 6 Wh
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2.2.2Cdculations

The K supplied at different applicatioates {Table 2.6) wasalculated using the chemical

analysis data provided by Silverwoods Waste ManagemenahtdNRM laboratories. The K
concentration of the CBD from each cement plants is measuredgakgm of elemental K.

The value for the maximum recommended K fertiliser application rate was taken from the
Nutrient Management Guide (RB208HDB, 202b), Tr 6 f S ndmMo 6 Wt K2 & LK G S
recommendations for all cereatsd Gt NI ¢ NB Y 2 @S R e highdstisifigie ddsdaf dzA NS F
K fertiliser at equivalent to 133kg fiaf elemental K and were therefore used to demonstrate

the potassium requirements of a high K demand crop.

The total K applied (in tonnes) by agriculture in England and Waddxeé 2.7 2.11) was
calculated by multiplying the land area for each cropping type by the relevant overall
application rate(kg K ha) and multiplied by 1000. The overall application rates were taken
from the British survey of fertiliser practice 20&8nual report (DEFRA, 2020) tables EW1.1
and EW2.2.

The economic value of the K applied to the agricultural land in England and Wales as well as
the economic value of the tesent in CBD was calculated using the GB Fertiliser Price Series
dataset (AHDER2023a). Theaverageprice of muriate of potash (MOP) fromnk 2022to June
2023was used. The price per tonne of MOP was converted to elemental K to compare it
CBD. One tonne of MOP contains 600kg6i KPNI Canada, 2019) or 468 kg of K, with an
average value of £265.70. Therefore, the value of the K in MOP is £0.53 per kg and £530 per
tonne. This £530 value per tonne of K was multiplied by the K production (t) from the cement
plants and the totaK applied by farmers to obtain the economic valuered €BD produced

and economic value of the K uséi@dbles 2.72.11).
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The fertiliser use data taken from the British survey of fertiliser practice 2019 and the fertiliser
pricesobtained from the GB Fertiliser Price Series were originally presented for tewafia
potash (KO). To maintain consistency all(X data was converted to elemental K (by
multiplying amount of O by 0.83) before any calculations were made. Furthermore, the use
of KO in the scientific literature is considered obsolete and the coneergias made to

maintain accuracylLambers and Barrow, 2020)

To calculate the relationshipf CBD/CKRpplication rate and soil pH, the Rothlime model
(McGrath and Goulding, 2002) was used to construct @esponse curves for each dust. The
relationshipbetween application rate and soil pH was linear and therefore a linear equation

was used to calculate the pH unit change p& tlha'. This equation is as follows:

/00 1 Qe EXRAO G 0 2D N O QN QEH
‘08 0 Qi EHRNDBI § OVt Q

Table 2.1 summariseabe resulting pH change perdt ha' at a range of starting pHs. This
data was then used to ascertain whether application rates required to correct soil K rather

than pH (< 3 t h4, seeTable 2.3) are likely to alter pH by more than 0.3 units.
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Table2.1: The pH unit change for diffent application rates of the CBD produced by four different cement plant
operating in England and Wales on a clay soil. The rate of pH change differs depending on each CBD and stg
therefore the data presented is for the mean and standard deviatibfour different starting pHs. Soil texture and
cropping influence the leaching of Ca and therefore the ability of the liming material to influence soil pH (Goul

McGrath and Johnston, 1989).
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2.2.3Doseresponse Pot Experiment
To observe how CBD changes soil pH compared to agricultural lime across a range of

application rates, a dosgesponse experiment was conducted.

2.2.4Soil Collection and Preparation

Soil was collected from a livestock farm in Novitrkshire Rikeber Fan, Skiptm, latitude:
54.002133ongitude: -2.306200. Soils from this area are described as being fairly fertile,
free-draining and loamy (Cranfield Soil and Agrifood Institute, 2019), and when tested (in 1:25
water) the pH was ~5.6, making it suitabte the addition of a liming materiaFurther

information on this soil is provided in Appendix A, Tdhlend Figure 2.

Soil was passed through a 5mm sieve to remove rocks and plant matter and then sterilised
using a 68itre soil steriliser (Thermoforcktd, Cumbria, Unkited Kingdom) for 90 minutes
and stored in black polythene bags until needed. Lifre grit sand (Moist Horticultural Sand

- BLP205, Boughton Topsoil, Kettering, United Kingdom) was added to the soil at a 1:3 ratio.
2 KSy (KS decbriteftavas¥aefigldidapacity, it wasmogenisedalong with the

sand and alkalising treatmenits a cement mixer for four minutes in 1®atchesthen stored
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in sealed in black plastic g and left for eight weeks at ambient temperature (~18.5°C) to

allow the lime reaction to take place.

2.2.5Treatments and Experiment Design

The treatments used for the experiment consisted of anranmended control, and three
different rates of agricultural lime and CBD. The CBD was collected by Silverwoods Waste
Management Ltd (Clitheroe, United Kingdom) from the CEMEX Rugby facility in 2018. The
lime and CBD treatments were applied at 1, 2.5 and*4@duivalent to 2, 5 and 8 t Hy. The
CEMEX Rugby CBD had a neutralising value of 35.9% whereasitiitural lime used had

a neutralising value of 56.7%hd soil was placed in 1L pots ariiete were eighteplicates

per treatment, including the wlimed controls.Pisum sativurmAlderman’ (Mole's Seeds,
United Kingom)were pre germinated in dishes mtaining paper towels wetted with de
ionised water After five daysthe largest and smallest seeds wedéscarded,and the
remaining ones planted one per p&/atering took place every other day and the amount of
water used was determined gravimetrically teplace evapdaranspiration.After five weeks

the plants were harvesteand the soil from each patastaken for pH analysis.

2.2.6SoilPH Analysis

The soil was prepared for analysis bydaying for seven days before being passed through a

2mm sieve and stored in sealable plastic bags. To measure pH, 10g of soil was mixed with
25ml of deionised water in a 50ml centrifuge tube, stirred and left targl for an hour. The
alkYLXS g6l a GKSyY GSal SRSuddowyH Eldctrode NThenyo)Fisher2 R S f
Scientific Inc., Waltham, USA) and pH meter (Denver Instruments, Bohemia, New York, USA).

Soil samples were tested in triplicate, withe averagebeing used for statistical analysis.

2.2.7 Statistical Analysis
Statistical analysis was performed using the R software package (R Core Teani 2081).
way ANOVAAnalysis of Variancejsed to determine differences between treatments and

rates of treatment application.

50



2.3 Results

2.3.1 CBD Production and Properties

Of the four cement plants used for this study, three are operated by Hanson Cement (Ketton,
Padeswood and Ribblesdale)daone by CEMEX (Rugby). Ribblesdale operates in the North
West of England, Rugby and Ketton operate in the East Midlands and Padeswood operates in
Wales. Rugby is the biggest producer of CBD, wproximately 17,000 tonnebeing
produced a year by the @ht. The CBD produced by the Rugby plant has the lowest K content
at ~6%, which equates to an annual K production of 1,020 tonnes. However, the CBD
produced by the Rugby plant has the highest neutralising value, at ~41.5%thBd{letton

and Ribblesdalelants produce ~5000 tonnes of CBDy@ar. Ketton CBD has a K content of
~12.8% and produces ~640 tonnes of K annually. Ribblesdale CBD on the other hand, has a K
content of ~16.8% and produces 840 tonnes of K annually. Both have a lower neutralising
valuethan Rugby at ~33.7% and ~27.6% respectively. This means they will not be as effective
as Rugby CBD at increasing gHijhowever their higher K content means they would be more
effective as a K fertiliser. The Padeswood plant has the second lowestdfticant8.3% but

has the second highest neutralising value at ~36.9%. This indicates it may be better suited to
use as a soil alkalising agent. It is also the lowest producer of CBD, with 3,500 tonnes produced
annually, which equates to ~290.5 tonnes offKe total CBD production of the four plants is
30,500 tonnes annually, which equates to ~2790.5 tonnes of K. These findings are

summarised iMable2.2.

The CBD produced varies within batches from the same plant, however multiple material
analysesvere ot available for the Ketton and Padeswood plants and therefore the variability
of the dusts could not be calculated. The variation in K content of the Ribblesdale and Rugby
dusts is between 0.5 and 2@ (Rble 2.2). The neutralising value of Ribblesdalé BRagby

CBD variedy 1.6 and 2.6%. Duw this variability, application rates to corresbil acidity

(Table 2.5) andneet crop demand must be adjusted accordingly.
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Table 2.2 Thecement manufacturing plants used in tisitudy, theirCBD and K production, potassium content a

neutralising value. The information was provided by Silverwoods Waste ManagemeAslrtdt enough data was

provided to calculate standard errors for the Ketton and PadeswoodkC&ihtent and neutralising vad, they have
0SSy LINBASYiSR Fa Wb! Qo

CBD Production K Production

Company Plant Region K Content (%) N\?ultrallsol/ng
alue (%) (t year?) (t year?)
UKF,
CEMEX Rugby 6.02+1.3 415+2.6 17,000 1,020
East Midlands
UKF,
gansor; Ketton 12.8 + NA 33.7+ NA 5,000 640
emen EastMidlands
UKL,
Padeswooc 8.3+ NA 36.9 £+ NA 3,500 290.5
Wales
UKD,
Ribblesdale 16.8+0.5 276+1.6 5,000 840
North West
Total 30,500.0 2,790.5

Due to the PTE content of CBD (cadmium in particular), its application on agricultural land is
regulated by TheSludge (Use in Agriculture) Regulations 1989 (Anon, 1989), the limits of
which are described ifable 2.3 and 2.4. PHBalysis was provided for two of the four dusts
studied;therefore, commentary is restricted to the Rugby and Ribblesdale dusts. As CBD is
typically applied at % t ha', its application is restricted to every 3 years to insure that the

PTEs listed do mduild up in the soil.
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Table 2.3PTEcontent of CBD produced by two of the cement plants studied (data was not available for the other
compared to the limits imposed by The Sludge (Use in Agriculture) Regulations (Anon, 1989). The limitsf chntist
limit of detection in the dry matter of the substance (in this case CBD) being applied; and 2) the limit found in drie
samples 25 soil cores amalgamated). Soil testing shaddur whenthe sludge is first applied and every five years
thereafter. The reported PTE concentrations in the two dusts studied is taken from an average of two different an
performed in July and September 2019.

PTE Content (mg Kyof By

pass Dust Produced By: Limits Imposed by The Sludge (UseAigriculture) Regulations 1989

@I Limit According to soil pH (mg Kgpf

Element Rugby Ribblesdale N L&gito?cfd?; tric:tig;)(mg dry matter)
5.0<5.5 5.5<6.0 6.07.0 >7.0
Cadmium (Cd) 36.3 55.5 1 3 for pH 5 and above
Chromium (Cr) 32.65 29.8 25 25 across all pH
Copper (Cu) 123.25 479 25 80 100 135 200
Lead (Pb) 449 1750 25 300 for pH 5 and above
Mercury (Hg) 0.1 0.24 0.1 1 for pH 5 and above
Nickel (Ni) 12.6 22.9 10 50 60 75 100
Zinc 291 309 50 200 250 300 450

Cadmium is of most concern, because at 6t havould exceed the limits outlined ifable

2.6 if applied annually. At an application rate ef 2hat, an annual application of CBD would
not exceed the maximum applicatioate (Table 2.4). Foall other elements an application
rate of 26 t ha'! would not reach the maximum rate whether applied annually or every 3

years.
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Table 2.4 Amountof eachPTE (kg hd) applied at a range of CBD application rates. The text is
highlighted red where PTE application would exceed the annual maximum rate for application to |
applied every year (semble 2.5).

Kg ha' of Each Element Suppliec Kg hat of Each Element Suppliet Maximum

Element by Rugby CBD at: by Ribblesdale CBD at: Application Rate
2thal 4thal 6thal 2thal 4that 6tha  (Kghayear)

Cadmium (Cd 0.1 0.1 0.2 0.1 0.2 0.3 0.15
Chr(%rgi“m 0.1 0.1 0.2 0.1 0.1 0.2 NA
Copper (Cu) 0.2 0.5 0.7 1.0 1.9 2.9 7.5
Lead (Pb) 0.9 1.8 2.7 3.5 7.0 10.5 15
Mercury (Hg) 0.0 0.0 0.0 0.0 0.0 0.0 0.1
Nickel (Ni) 0.0 0.1 0.1 0.0 0.1 0.1 3
Zinc 0.6 1.2 1.7 0.6 1.2 1.9 15

2.3.2AlternativeUses for CBD

CBD is currently used at rates designed to correct soil acidity and therefore the Rothlime
model (McGrath and Goulding, 2002) was used to calculate recommended rates of CBD across
a range of soil pHs, which are displayedable2.5. Thaliffering neutralising values for each

of the dusts means that application rates can vary, with a 10%diffierence in application

rates between the dusts with highest (Rugby) and lowest (Ribblesdale) neutralising value
needed to reach a targgiH 6.3 in a pH 5 soil. In practice the typical application rate is much
lower than this at 56 t ha'(JSilverwood 2021personal communication [email], 09 July). This

is partly to avoid buildup of PTEs as mentioned previously, and to avoid the excetisaton

of K. However, application rates lower than 5 tYare also avoided due to the permit
application process required by The Sludge (Use in Agriculture) Regulations 1989 and resulting
fees which render it cost ineffective $llverwood 2021persmal communication [email], 09

July). This means that CBD is not currently used at rates lower than'sastaK fertiliser, a
practice that may lead to inefficient application of K. Application rates of I aihd above of

the Ribblesdale dust can ndsin K application which is above the maximum recommended
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amount of K in a single application for a cereal crop graksland Table 2.6). Thivaries
between dusts with Ribblesdale having the highest potassium content and an application of
1t ha! (166kgKha?) exceeds the recommended maximum dose in one application (132.8 kg
K hat for oats, 99.6 kg for silage and 66.4 kg for graziagliDB, 2023bRugby has the lowest

K content, with an application of 4 t #8240 kg K hidapplied) exceeding the aximum dose.

Table 2.5 Recommended application rates of four-pgss dusts to correct soil acidity in a clay soil. 7
rates were calculated using the Rothlime calculator (McGrath and Goulding, 2002) with a target p
for grass and 6.5 for Arab{@HDB, 202b). Note that for grassland, no more than 7 1t of lime
should be applied ione applicatiorto account for slower increases in pH below the soil sur{é¢¢DB,
2023D).

Recommended Application Rate (t Hafor a Clay Soil

Soil pH Rugby Ketton Padeswood Ribblesdale
Grass Arable Grass Arable Grass Arable Grass Arable
5 11 21 13 25 12 23 17 31
5.2 9 18 11 22 10 20 14 27
54 7 15 9 19 8 17 11 23
55 6 14 8 17 7 16 9 21
5.7 4 12 5 14 5 13 7 18
5.9 2 9 3 11 3 10 4 14
6 N/A 8 N/A 10 N/A 9 N/A 12
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When compared to actual K fertilisase [able 2.7), the Kupplied by CBD at a rate as low

as 0.5t ha is between 2.1 and 2.8 times higher than the average rate used by farmers in
England and Wales for tillage crops in 2019 (30 Kg.l#or grassland a rate of 0.5 thaould
supplybetween 3.1 and 8.6 times the average rate ugdfarmers (10 kg h¥. Generally,

CBD is not applied to soils with a K index of 3 and above and application is limited to once
every three years to prevent butdp of PTEs in the soil and counteract the high K content of

the dust (Bilverwood 2021personal communication [enif 09 July).

Table 2.6 Average amount of potassium supplied at different application rates of CBD from the four cement |
used in this study. The red text indicates instances where K application would exceed the maximum recomme
a singleapplication of potassium in a cereal crop (oats) (k§&lemental K) as described in the2R8(AHDB 2023Db).

The maximum doses for silage and grazing are 99.6 and 66.4'kgdmectively.

K supplied (kg h&)

Application Rate(t ha?) Rugby Ketton Padeswood Ribblesdale
0.125 7.5 16 10.4 21
0.25 15 32 20.8 42
0.5 30 64 41.5 84
1 60 128 83.0 168
2 120 256 166 336
4 240 512 332 672
6 360 768 498 1008
8 480 1024 664 1344
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Table 2.7 The total overall average K (converted froe®Krates used by farmers in

England and Wales surveyed for the British survey of fertiliser practR2(BEFRA,

2023). The overall application rate measunastrient application rate over the sown

area ofall fields irrespective of whether they received dressing of that nutrient or.r
It is calculated aaverage filed rate multiplied by percent dressing cover.

Overall Total K Use (kg Kha

Year Tillage Crops Grass All Crops and Grass
2015

omMdp M ®n M b D
2016

OH®nN M PN MG P d
2017

onaeT Mn®n MdPm
2018

HpPm MAndn My ®o
2019

HY ®H hPwm My ®o
2020

HN &M PPm Mp ®y
2021

HO ®H PPm Mn ®d
2022

M P p ®n MM®cC

Average
HT ®n GdDn MT ®H O

As CBD is currently only used to correct soil acidity in England/ales, Table2.8a and 2.8b
wereO2 Yy A G NHzOGSR (2 ARSYUOGUATe a2Afa FT2N 6KAOK /
both soil acidity and meeting crop K demand at the same timeilAvere CBD could be

used at a rate designed to correct soil acidity, but which would also supply enough K to meet
demand withoutoverd dzLJLJt € Ay 3 g2dzf R 6S O2yaARSNBR WARSH
at a pH which needed minor correction (to keep the application rateer than 2 t ha

depending on the CBD used) and of a low K index (0) to account for the amount of K being
added. For the Rugby CBD, this represents 3% of grassland samples or, ~118,444 ha. For the
Ketton, Padeswood and Ribblesdale dusts, no soils falthis category, meaning thaheir

useat liming ratesover-suppliesk every time. This equates to 53% of grassland samples and

32% of arable samples or ~2,092,506 and ~ 674,480 ha of farmland respectheatyajority

of samples where both pH and K cestion are needed (50% of grassland and 32% of arable

land) would also be over supplied with K if the Rugby CBD was applied at liming rates.
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a

Mean Soil pH

A small percentage of samples (1% of grass and 7% of arable) would benefit from lime
applicationbut existing sdiK supplies are adequate thus CBD would not be aghgewever,

if it were feasible to apply at lower rates as a K fertiliser then ~ 1,697,693 ha of grassland
(43%) and ~ 906,333 ha of arable land (43%) would be eligible for receiving any of the four
duds studied. If this were the case, application of CBD would not need to be limited to every
three years to account fdPTEbuild-up in the soil. Additionally, analysis of soil pH from the
doseresponse pot tial indicates that application of the Rugby C&2 t ha' produces a pH
change of less than 5%igure 2.2). Oubf the four dusts studied, the Rugby CBD has the
highest neutralising value (41.5%, degure 2.1) and it is therefore assumed that the other
three dusts would have a smaller effect on His suggests tha@BD could be used as a K

fertiliser in soils where pH was not needed as well as lower pH solls.

6.6+

6.34

-+ CBD -+ CED

Mean Change in Soil pH (%)

Y
5.71 + T
T
T
1 0 4
0 2 5 8 0 e 5 8
Application Rate (t ha-1) Application Rate (tha™)

b
CAIANBKIHWIASE Ay &2Af LI i RAFTFSNBY (O i AI RArATGA 2y NI 0832 p;
gla | AAIYATFTAOIYyG STFFSOG 2F LILX AOFGAZ2Y NIXGS 2
F1P 711G | 26 SOSNEY I NV (i SVIBNBLBdAEH [GfAS28 8 GKEyYy | pz OKFy3S Ay
FOSNIAEAGSNI FGwNY 18AaAf53aaK8BKBYLIH O2KNBOGAZ2Y A
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¢l of YalmdpyA OSa 2F G KS LIS NOSHFISNSS (i2 FLJl & 20¢ 1 ad&aSyaLJt §/aR AYY Ay R}
FONRaa GKS ! YyAGSR YAY3IR2Y FTNBY nmMKAckMy (2 oOMKpKkMdg Ot!
LIN2 RdzOSR o6& SIFOK OSYSyid LI YﬁNJOEde R % ST IWMIBRE i 2S 2 NNS D K
RSLISYRSyG 2y GKS LIX AOFGAZ2Y NIGSSE gAGK f286SNI N G§S&RSD Sy
Ff GSNJ a2Af LI o0& Y2NB (GKIFIy ndo dzyAda 0a4SS ¢l ofS wodOmOND

0SSOI dzaS GKSANI Y O2yiSyd NBadzZ Ga Ay 2@SNI | LILIX

Ity o8
I 2 NNB O
Y b20 b
I NI o JE2 0 H? LB A
DNJ a JE? p 03z M2 n o:: 0373 b k!
Percentage of arable samples Percentage of grassland samples
K Index K Index
pH 0 1 2- 2+ 3 4 5 pH 0 1 2- 2+ 3 4 5
0.1 o0.01 <5.0

5.05.4 04 01 0.01 5.05.4

5.55.9 1.7 03 0.04 5.55.9

3.8 06

0.1 6.06.4
6.56.9
7.07.4
7.57.9

8.08.4

8.58.9
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¢l of YaH@NIHOSEa 2F (GKS LISNOSydl3S 2F az2Aiaft al YL Sa Ay RAT
FONRaa GKS ! ymimKR ckiwyd RiZ2Y ofNEK Mmp 6t ! ! DI HAMPLD ¢KS &l
LINE RdzOSR o6& (KS wdzaAoe& OSYSyid Lilyid O02dfZ R 0SS dzaSR (2S804t
2N Y Ad RSLISYyRSHM Nyl SEK S5 AFGLELIEAZGISINI NI 6S& 6SAy3 Y2NB ad

R3/2G tftGSN) az2Aat LI o6& Y2NB (GKIy noo dzyA

wdz3o e
/'y 0SS ! b2 {IY
/I 2 NNB O /26880

Y b20G b
I NI o JE2 0 H? LB n oi: M T332 b k!
DNJI a 032 p fE: M2 n o:: 0373 b k!

Percentage of arablsamples Percentage of grassland samples
K Index K Index

pH 0 1 2- 2+ 3 4 5 pH 0 1 2- 2+ 3 4 5

<5.0
5.05.4
5.55.9
6.06.4
6.56.9
7.07.4
7.57.9

8.08.4

8.58.9
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2.3.3 National Picture of K Demand, K Supply and Economic Value of CBD Production

CAJdeMB Y2dE] (KS b !NS[aM 2/ya 2F GKS ! YyAGSR YAy3IR2Y 27F I

bAft Tl yA2y:X OHnMHlﬂ)quJ)/RKESt 10 A/INDY SyRil yoj DS NA NBLINBaSyi

{Af OSNB22RA 2IauSdza\I.ID)8Ia38Y$¥)l§Hf[SLRI G®» *XKS oAfAGe 2

NBljdZANBYSyiia F2NJ GKS F2dzNJ aSt SOGSR NB3IA2ya OLX Ly

AYF2NXYEGAZ2Y 2y yydzdf LINRPRAZOGINZ YA RGRG B §E I KBRK $ dzd REF

LINE RdzOG A2y A& SELINBRASKRKSENE SORB Syt & e Z ¥ S vy RE LIY NI
wioof SaRIlIf S

t L Fydas a2 OFENRFGAZ2Y Ay YO 02y Sy
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