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Abstract

Soils are a form afatural capitalthat supportecanomic activiy and humanwell-being.However,in
Englad, nationalsoil resources havbeen degradingver the last two centuriesThe total annual
economic cost ofsoil degadation is significant, makinghe issuea national policy priority. A
government advisory committebasrecommended that ingstment innatural capitalis needed to
restore natural capital stocksuch assoils However the dynamicinteractions letween soilhealth
and systems of financial incentivase not cleay meaning thatnatural capitalinvestmens could
produceunintended effectsIn this thesis secondarydata were used to build a quantative system
dynamicsmodel capable breproducing Istorically declining trends in the soil health and natural
capital indcator soil organic carbon (SOCJhe modelbuilt on a pre-existing SOC moe to
operationali® the relationshipsbetweenthe indicator, the economic value ofoilecosytem services
and land management decision processé&te model wasusedto clarifythe structural mechanisms
behind soil degradatiorand identify leverage pointsat which natural capital investmentsould be
targetedto reverse the trendThework confirmed that stocksof SGCare declinngbecause the inflows
of carbon from organic matter have historically been smaller than the outflows of organic matter
decay Andyses revealedthe absence of deedback mechanism by which land managersiadou
account for the improvementsor lossesof soil ecosystem servicem their businessdecisions
suggesting that there i%0 incentive to altetand managementhoiceshased or80Clevels The model
thus provided ajuantified, operationalrepresentation ofa hypothesis psed by earlieresearch that
soil degradatioris happenirg because iteconomic impacts anexternality for the land userOn this
basis he study idatified land ma n aapaumtisg’and decisiemaking processes as leverage points
for natural capital imestment. The radel was used to design and tdsto types ofinvestmens that
would introduce feedbacknechanismsa farm advisory service to enablethmanagerdo account
for the onsite ecosystem services valoetheir busines®f improving SOC stoclkand a paymentor
ecosystem serviceg®ES) whetwy offsite beneficiariespay land managers for theconomicbenefits
they experiencewhen SOC losks reversed The study found that thepolicies effectivenessdiffered
dependingon the initial SOC stock Vel ofthe landplot to which the investment watargeted. The
reasons behind these findings were determined to be #®lew and noninear rate of SOC
accumulatio originating inbiophysic stock and flow structure, and the high sensitivity of land
managment decisiondo price and supply variables farganic materialsThese findings can be
generalised tanform the discussion on how natural capitalzestmentcould beused to improve
other soil health indicators, as well as other types of natasaks. Further workis proposed fousing
the simulation model as a facilitation tool to expldhe issue with policy stakeholdeasd as anatural

capitd investmert appraisal toofor investors and suppliers.
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Chapter 1. Introduction

1.1 Background

Soilscan beconsidered a&orm of natural capitalbecause they are stocks of natural etsswhich

provide ecosystemservices thatsupporteconomic activities antiuman wellbeing (Brady & Weill,
2016;Costanza & Daly, 199Raminati etal., 2010. Examples of ecosystem servicesttbails provide

include supporting theprovision of food and liire and their role irstoringgreenhouse gases which

regulate climateHowever, he status of global soil resources is considered podrtaeir mndition

to be worsening (FAO, 2016). Emglaml, national soil resourcehave degraded over the last two

centuries due to the practices associated with their use and environmental pollution (Defra, 2009). In

2017 the UK EnvironmenMinisterwamed thatsome parts of the couawayry wer
from the fundamentak r adi cat i on o f erZee,i201/pf Ip The tothl econorhiccos¥ a n d

of soil degradation in England and Wales has been estimatéd.adtbillion per yea(Graveset al.,

2015). Addressing soil degradatiozantherefore be considered national policy priority.

As part ofa new 25year strategic plan, the Department of Environment, Food and Rural Affairs
(“Defra”) has set the goald’ tshodeomahdygsd sudtlirgalfly, amee wan't
we will use matural capital thinking to develop appropriate soil metricsamd hage ment approac
(HM Government, 2018, p. 27Jhe Natural Capital Committee (2018an independent advisory

committee whichprovides advie to the UKgovernment on the sustainable usénatural capitalhas

emphasised the importance of investmentn nat ur al capi t2byearfision.Thea c hi ev i
business case farrivateinvesmentin B r i t sailinaturad capitahas dso bea made (Sustainable

Soils Alliance, 2019ferringto s o i | ‘inssuppoditgeupply chain resilience, mitigg financial

risk and as an opportunity to capitalise on consurhetstainabilityconcerns(Davies, 2017World

Business Council fouSainabé Development 2018. Figure lillustrates some ofthe benefits soils

provide, how soilsmight be degradedy damaging practicesand shows how investing in soils can

enhanceecosystems servicesd mitigate risks
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Figure 1: The businsegase for inveig in soil natural capitaSourcedrom Davies (2017).

Soil quality underpins all industries that involve food, fibres and fuel. Land degradation lowers soil’s ability to
D I RTY B U s I N ES S store water and releases carbon, adding to global risks such as those posed by climate change, and costing
businesses trillions of dollars per year. Investing in soil maintenance and protection limits such risks.

COSTS
Carbon loss from soils accounts for | Water scarcity and floods Land degradation costs
5-15% of global CO, emissions cost the global economy $4 trillion to $20 trillion each
over the past 100 years’. US$500 billion each year!l. year in lost ecosystem services4.
INDUSTRY I
Water intensive Soil supply chain Biomass production
Electricity production, Food and beverages, fashion, Agriculture and forestry,
manufacturing and mining energy and transport food, fibres and fuel
4 4

Investment is an
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services and mitigate risks

The impacts degrade
services and RISKS
exacerbate risks

Climate change Flooding Crop failure

\ SERVICES

Drought
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1.2 Research challenges

Snce the soil envonment can be considered a dynamic ecosystem (Brady & Weil, 24}
embedded in a complex soeexological system (Leviet al., 2012), prposals for investment in
restoring sd natural capital and supporting policies must take account of the cexfigedback
relationshipsthat characterise such systems atiicht could promote or hinder the success thfese
initiatives.Feedack processeisterrelatingthe benefits humanseceiwe from natural capital antiow
decisions are made aboits managenent bypeopleare part ofthe ecosystem servicetheoretical
frameworkdescribedin the relevant scientifititerature (Braat & de G, 2012).Suppose feedback
relationshipsinterrelating investments, natural capital benefits, returns for the investor, anchey
available for future natural capital investmeydre alsowidely illustratedin the conceptual diagrams
of publications aired at business auences, such as the Natural Capitatd®col (Natural Capital
Coalition, 2016)a recent natural capital creditrisk assessment in agricultural lending (Ascui &
Cojoiany 2019, andthe seminalNature article on the business case for insting insoils byDavies
(2017)(see Figure 1)n their calculation of the total economic costs of soilgdedation in England
and Wales, Graves et al. (201%¥er to the current absence of such feedback mechanisassan
instance ofmarket and institutimal failure which has led to the most significant costsef soil

degradation being borne by effite actorgexternalities) suchas water companies, local councils and
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national governments This absence of amcentive forsoil usersto employ more sustaible
managenent practices was thereforeproposedby these authorsas an explanation for why soil

degradatia is occuriing.

Acadenic publications irthe soil science, natural capital and land use policy literature have focused
on the not insignificant tas&f elucidating thdogic pathways behind howtocks ofoil natural capital
deliver benefits for human society (for example, Dioati et al., 2010Hewitt et al., 2015JanesBasset

& Davies, 2018). Such work supports the policy and business case firgackl degradatio, and for
recognising the valuableole of soilsfor delivering public and private goods @ecisionmaking
processesHowever,it is also apparentfrom the academic literature in this aretnat neither the
existence(or absencgof dynamic feedbackelationshipsbetween soihealth, allocations of financial
resourcesand land management decisignsor their potential policy and business implicatigrsave
been studied explicitly. Thisrepresents a challenge fguolicy makers and businescommunities
seeking to improve soil health using nattal capital investmerst becausethe appropriate scientific
evidenceavailable to inform their proposals is scarc®ecognising thishe use of systems analysis
techniques for understanding how soildhmoney interact ha been proposed by the SustainalSeils
Alliance (2018)a campaign organisation which aims to improve thdarstanding andhe health of
UK soils There igherefore a clear need to broaden the focus of the existing research agemda
investigate thepotential for harnessingand/or creatng dynamic feedback processes reverse sail

degradation usingnatural caital investments

Figure 2a and 2bummarise the issue in causal loop diagrams (CLDs). Figure 2a (top) illustrates how
both regenerative and dangang soil management practiseare influenced by existing financial
incentives and policies but ar®t basedon changes ithe value of ecosystem services provided by
soils. Figure 2b (bottom) illustrates theoreticalmechanisnby which natural capitahvestmentis
supposedto incentivise regenerating practices and reduce damaging practices. Natural capital
investmens are implicitly discusseds representingintroducing reinforcing feedback mechanisms
(e.g. Davies, A¥; Ascu& Cojoiany 2019)becau® improving soil health shouliinprove ecosystem
services delivery, their economic value, and therefore thiarres on natural capital investment which

can provide more funds for further investmefithese ideas are deseng of futher exploration given

the theoretical challenge higlgihted above. Thiseesearch project has been designed to hekplore

the issue.
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Figure 2atpp) and Figure 2b (bottomgausal structuredf he s upp os e d whiohdas
led to soil degadation and the supposed rohanism by which natural cadgal investment can
introduce a reinforcing feedback iacentivise regenerativerpctices. Alapted from Graves et a
(2015),Natural Capital Coalitiof2016),Davies (2017) anéscui & Cojainu(2019.
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In addition tothis theoretical challengghe practical challenge of developing new decissoipport
tools capable of infornng natural capital investment appraisatas been recognised by thidatural
Capital Committe€2018).Arange ofnatural capital and ecosystemrsices assessmenbols already
exist with welldocumented case studies on their use in both research and aeial applications
(Howard et al., 2016 including highly sophisticated datliven spatiallyreferenced moels such as
Viridian(Ecosystems Kndedge Network, 20T), as well as more conceptuabualisatioraids such as
ENCORENGtural Capital Financellilance, 2019 None of theseexistingtools are currently able to
operationalise thalynamic feedback relatitships betweersoil natural capitastocks, the econonai
value of their ecosystem services benefisystems of financial returdor investorsand land
management decisioprocessesThis represents a challenge f@searchers as wieaspolicy makers
and business communities becaufiee avalable appraisal tols are underdeveloped for informing
their decisions or addressing the theoretical challengutlined earlier. This research project

recognises thigractical challengand wasdesigned accordingly

1.3 Research Objectives

The overalhim of this reseath is to clarify the dynamic interactions between $@ihlthandmoney
to explore why soiflegradationmight occur and evaluate the potential for natural capital investments
to reverse it.In the conext of the background anttheoreticalchallengeoutlined above thisresearch

aimwaselaborated intotwo specificResearch Djectives:

1. ldentifydynamic structures underlying soil natural capital degradation in Englaglalighing
dynamics liking soihealthto systems of financial invesentsand incentives
2. Use these dynamic structursto identify opportunities and limitations fortte effectiveress of

natural capital investments in regenerating sail€ngland

To fulfil these obgctives and address the theoretical challengthis regarch required the
development of a prototypesoil natural capital investmenappraisal toolwhich ook the formof a
dynamic simulation modelTre development of such a tool was necessary in the cdrgesed by the
practical challengamentioned above.Although developing this toolwas not a formalresearch
objectivethis was considered a valuable resdaoutput ard potential for further applications and

development are included in the text to suppduture work
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1.4 Research Questions

The followingResearch Questionswere developedfor this studybased onthe ResearchObjectives

The type oknowledge sought igdicated in brackets.

Objective 1:

1.1.Whichdynamic structuregould beresporsible for promoting the decline of soil natural
capitalin England?explanatory)

1.2.Whichdynamic structuregould beresponsible for mitigatig or slowing the decline in
soil natual capital in England? (explanatory)

1.3.Which of thesalynaric structuregelate soilhealth tosystems of financlancentives and

investment® (desciiptive)

Objective 2:

2.1.What are theleveragepoints in thedynamic structurs of the system foreversing tte
decline in soil natural capital Englandusing natural capital investmen®gpredictive)

2.2.What are the strengths andpportunitiesfor usingnatural capital investments texploit
theseleverage points in the system structure for restoring soil natcapital? (evaluative)

2.3.What are thelimitations and risksfor usingnatural capital investments texplot these

leverage points in the system stitwre for restoring soil natural capital@\aluative)
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Chapter 2. Methods

2.1 Research Strategy

System Dyamics (SDyvas choseras he overall researcimethodologyfor this study SD hadeen

def i ned eabinfofmalhmaps arsl formal models witlomputer simulation to uncover and
understmd endogenous sour c e(Richardson, 2914, tped Shceuldebg i our ”
described as a mixed methods reseh approachsince it combines qualitative and quaiaiitve

elements (Denscombe, 2013terman2000). Turner et al. (2016) hear gued t hat SD i s
suited to investigate AGNR [agricultural and maturesourceproblemg given their inherently

comp | e x b e ljpalyanddemanstrates how Siodelshave produced novel insights this

context. In cases related to soil esmn and sedimentation of watercourses, studies reported that

using SD models offered advantages in exploring alternative sceos, highlighting previously
unrecognised feedback presses and identifyinigverage points fopolicy designYeh etal., 2006

Cakula et a).2012) Gerber (2016hasdemonstratal the advantageof SD inexploring thedynamic
relationshipsbetween financial incentivegor farmers food productionand soil parametersGiven

the focus of this studymthe dynamic relatioships between soil and money in a complex system and

the potential role of simulation ientifying leverage points for naturalapital interventions, he

rationale for adopting SBsthe overallresearchmethodwas supportedby the foregang precedents

SDisitselfa broadmethodologyand includes a range of approacteslassified and desitred byDe
Gooyert (2018)Consideringhe ResearchObjectivesand Research Qestionsposedabove, the SD
research strategy adoptdar this studyresemblesthe so-calledPhenomenon Replicating Explanation
Strategy Thisapproachfocuses orusing existinggnowledge and empirical data build aquantitative
modelcapable of reproducing a referenogode of behaviouwhichis used to compare scenarits
developirg new policy insightsthis issimilarto the strategy employedby Gerber (2016for building
asimulationmodelto study thedynamicsetween food production and fertiliser subsidies in Zgan
where existing knowledge was synthesised to gwoe a highlevel, aggregated model to clarify the
structural mechani sms behi didentty statggi tewerage poincsofmp | e x
policy interestGiven thata large archive of documésd informationis alreadyavailable on the issue
of sal degradaion and land management decisianakingin Englangdand that the focus of this work
is on develping policy insights regarding the oppanities and limitations of natural capital
investment this SD research strategias considered appropria for fulfilling theResearchObjectives

of this stud.
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Following accepted SD guidance, iterative cycles at& atollection, model building, simulan,

analysis, validation and documentation were undéwtn throughout the project (Sterman, 2000)
adheringtot he “ Agil e SD” pri nci pdpelmingrwsasvereto Researéhl 5) .
Questions 1.1 to 3.to be revised with increasing confitee as the iterative cycles progressaud
enableddifferent research activities to be conducted in parbiteimproveefficiency. Given thasoil
degradationand natural capital investment areigh-profile topics where the public discourse and

state of existing knowledge is rapidly changing, the iteatnethodalsoenabled the most ugto-date
information tobeincorporated The SD model was built and usedhia Stella Architect software (isee
Systems, 2019).

2.2 Data Collection

Two types of iflormation were sought in order to buildtest, validate and usethe SD modefor

addressinghe ResearchQuestions

1 Nature of the structural components in theomplex system that has produced the problem
of soil degradatiorin England particularly those @lating to connections between soils and
financial variales, including stock, flow and exogenous variables, ¢aek#ionships and
equationswhich describehe relationships between variables;

1 Time series data for knowmodes of behaviour, such dataplotting behaviour o&oil health

indicatorsover time,and parameter dah for exogenous variables.

Datasourcesoftenused in SD studies include documented numerical data, documented written data
and mental data present ithe minds ofpeopleoperatingwithin the systenbeing studiedForrester,
1992).Becaus of the large quantity of documented informatioanly the first two types ofdata
sourceswere consulted,and no primary data collection was conductéldhe secondarydata was
sought in peetreviewed scientific literatureusingthe Web of Science databasend f repm “ gr
l'iteratur e” i ralahdcodmercig regpas\Reavantaesting simulation models vee
alsoreviewedsuch that any pertinenstructures, iput parameter values, and outputata could be
used to build an integrated mod@Voinov& Shugart 2013. Such an approachas taken to improve
model-building efficiency and to improve model confidence by incorporatingvatilatedsimulation
modelcompaments.The International Soil Mielling Consortium (ISMC) model databdSMC, 2010

was consulted to identify relevant existing simulation masl€nly public and academicallicensed

secondary informatiorwas consultedand only sufficiently validatedfully documentedsimulation
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modd components(adhering tothe minimum requirements oRahmandad& Sterman 2012 were

used.

Given the multidiscifphary focus of the research, relevant secondary data eri$tingsimulation
modek canbe found &ross amultiplicity of sources and researcltomains Snce an iterative, agile
modelling approachvas adopted for the reasons outlineabove a traditional gstematic literature
reviewwas not undertakerio collectthe necessary datdnstead,as part of each iteratie learning
cycle,a model gap malysis waperformedto identify model exclusions, weaksses, sensitivities and
uncertainies. These gaps wer@dn usedin the next modelling iterationo devise search termby
which to identify relevant documentsr review,and the desired informatio was extracted if present
The development of the simafion model to supply answsrto the Research Questions thi
increasing confidence and validity led the secondary data c@leqrocessn this way The model
descrigion (Chapter 3) and results ahalysis (Chapter 4) reported in this thettigs repregnt the

synthesis othe existing lierature and criticaldiscussion at the end of this iterative process.

Table 1 summarises the data collectiorethods used in this sdy, including examples of data
sources, how the data was collected and processed cteribution of the data to thestudy and

access considetians.
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Table 1: Summary of data sourcesllection processing and access

Source Type | Example Collection Processing Contribution Access
sources Method
Documented| Publisied Literature Text Key stock and Academic
numerical academic review analysis flow variables,| knowledge and
and written | literature focusing on| (Luna-Reyes| Causal govenment
data e.g. Gerber existing & Andersen | relationships | reports publicly
(2016), systems 2003; between available or via
Official knowledge, | Turner et| variables, academic license
reports e.g.| soil quality| al., 2013) Equations, Commercial casf
Defra trends, Convesions | Time  series| study reports.
(2009), finandal of data to| data,
Textbooks | investment |time series| Existing policy
e.g. Brady & and or other | structures
Weil (2016) | incentive units when
structures necessary
Existing Published Model Structural Readymade | Sciertifically
validated models e.g.| replication aggregation,| stock flow | validated
simulation | Gerker (Axeliod, Unit causal (referenced in
models (2016) 2003) conversions, structures and published  work)
Comprison | equations, models with
of  model | Input complete  model
outputs parameter documenation.
(Axelrod, values,
2003) Output
parameter
and time
series values
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2.3 Data Analysis

Following guidelines and teclyues described by Barlas (1996) and Sterman {Rd6rmal model
analysis andvalidation procedureswere usedto support model testing throughouthe iterative
researchprocess Partial model testingHomer, 2012Wwasused to test and validate smaller meld
building blocks by identifying areas for improvement and/or additional data collection as early as

possible The purpose of the model analysisd validation was to:

1. Support an overall evaluation tfe extent to which the model can be used with confide
to address the Research Questions;

2. Inform a deeper interpretation of model behaviour; and,

3. Highlightleverage points and challengdsr natural capital ingestments to promote desired

sysem behaviour.

Direct gructure tests,indirect structure-oriented tests and behaviar testswere used, with ¢sts for
building confidence imodel structure prioritisedn advanceof model behavioutests(Barlas 1996
Sterman 2000. For example,tBicture Confirmation is ®irect Sructure Testin which the variables
and causal relationships which control an important soil healtbck variablewere validated by
comparing mdel flow equations withitose documented indsl science literaturewhereas galitative
Behaviour Reproduction Testgere usedto compareoutputs of partial model testswith patterns
(direction, shape, magnitude) of empiricaference modeg¢Barlas, 1996 The results of all vilation
tests were used for interpreting internally geneated model outputs to addresgshe Research
Questions Analysis iad testing were appliedboth to the model andany policy structures that were

subsequently added.
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Chapter 3. Model Description

This Chapter presents a detailed dwgtion of the model which was developed to answer the
Research Questions of this studihe model was built in iterative learning cycles and the model
described here is the final product of thegoess. This model thefore represents both guantified,
operational and testablesynthesis of existing literature as well as a prototype natwadital
investment appraisal tool criticalevaluation is provideih the text and further developed in Chiger

4 in themodel aralysis and validation testing.
As aninitial overview, the model consists of the following sectors:

1 A gructure representingthe biophysical processes controlling the soil health and natural
capital indicator soil organic carbon (SG€)is model core ibased on the prexisting Roth€
26.3

1 A dructure which operationalisethe delivery of ecosystem services to onsite actand
managers, farmerdfom changes in SCida structure which quantifies theconomicvalue
of these onge ecosystem services;

9 A structure which operationalisebé delivery of ecosystem services to offsite actors (water
companies, local councils, ti@nal governments) from changes in SOC and a structure which
guantifies the economic value of these offsiteosystem services;

1 A gructure representing the decisiorrgcess that land managers use to determine how much

organic materials to add to their 80

These sectors and their relationships are illustrated in the model overview presented in Figsre 3
shown, no feedbacksra presentbetween the offsite costsral benefits of changes in ecosystem
services delivery, and the potential feedback from theste costs and benefits of changes in
ecosystem services deliverypsrtrayedas inactivgred). The remainler of this Chapter wildescribe
the model in further detd and demonstrate its grouridg in academic literature and documentary
evidence.An owerview of the feedback mechanisnms the model are illustrated in Figud® at the

end of ths Chapter
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Figue 3:Model overview

Soil Organic Carbon
(RothC-26.3 core)
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3.1 Soil natural capital

3.1.1 Soil health indicators as natural capital stocks

Despite the existence ofrange ofsal health indicators (e.g. Lima et al., 2013), integrated soil quality
indices (e.g. Obade & Lal, B)-ndsoilecosystem servicasetrics(e.g. Greiner eal., 2017) there is
still no standardisedet ofsoil healthindicators(FAO, 2015; De, 201&). In orderthat soil natural
capital could be modelled quantitatively answer the Research Questiasfgthis study criteria were
developedby whichsoil halth indicatoslistedin the relevant scientific and policy literatuceuld be

reviewed. Thesecriteria determined whethera soil health indicator was

1 Representativeoh s oi | ' sstatgat apant in @te and ehichmay change over time
i.e. astockvariable (Sterman, 2000);

1 Manageabld.e. responsive to active managemdBomindi et al., 2010);

1 Widely consideredriticalto a s supply ofscosystem services (Greiner et al., 2017);

1 Opeational with standardised units of measure
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Soil organc carbon (SOQWvhi ch is a measur e (80OM)anters, mdetsthesse or gan i

criteria becauseSOC is

9 Astock variable which can accumulate or deplete over ti@a@éman & Jenkinson, 1996

1 Respnsive to active management, suchthsoughapplicatiors of organic amndments like
manures Minasny et gl2017);

1 Widelyreferencedas a soil halth indicatoror used inintegrated indices (Huber et al., 2008;
FAO, 2015; Obade & Lal, 2016; Sustainabills 88iance, 2019) anid consideredritical to
s o id¢lively ofecosystem services such fd provision andlimate regulationGraves et
al., 2015);

1 Measured and reported intandardisedoperationalunits of tons of carbon per hectare (Mg
C ha') or carbon as gercentageof the total soil weight (% w/Avspecified toa certain soil
depth (Huber et al., 2008)

Although other soil health indétors such aswvailable water capacitgnd earthwormbiomasscould
also meet these criteria, S@Owidely cosidered to be thénighest priorityindicator for policymakers
(Graves et al., 2015; FAO, 2016; Sustainable Soils Alliance, B@d Model wastterefore limited to
focudngon SO@s the main soil natural capital stock with other soil health indicatarisided only in

so far as they are dynamically related$OCThis was a boundary decision relating to the model and
prototype natural capital megment appraisal tool developed here, but other indicators of interest

could be includedh future work buitling onthis thesis

Available SOC data shows a decirtiistaic trend at the national level (Rusco et al., 2001; Belamy et
al., 2005) and forpgedfic field sites Bradley et al., 2005)roviding an indicative reference mode of
behaviourfor a quantifiel measureof soil degradation in Englanéigure 4a showthe rational trends

in SOC for grassland and arable |laavd] Figure 4b illustrates thteend foraparticular 1km grid square
centred on the Hoosfield experimental site at Rothamsted, near Harper@leglandThis data was

used a indicativereference node ofbehaviourfor the issue of soil degradation.
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Figure 4gtop) and Figure 4lgbottom): Time series data for SOC at the national and local scals
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3.1.2 Core model of biophysical processes

At a simplified level, SOC can be consideradglessoil stock governed by organic matitgtows and
decompositionoutflows (Gerber, 216) whereby carbon iseither further recycled within the soil or
lost from the soil as carbon dioxide emiss¢Colenan & Jenkinson 1996At a more detailed level,
SOC can be considered to exist in a number of diffecartton“pools’, substocks of thetotal SOC
stock each with separate inflows and outflows governed by different parametadschanging on
different timescales(Jenkinsonet al., 1990) Various quatative conceptual models exist which
distinguish these and illustrate their relationshjpsmplimented by a range of validated quantitative
simulation models The models are used thelp explore the dynamic consequencesf these
structures to supportof land management decisions, scientific enquiry and public policy ddsign.
orderto improve model building efficiency and model validity, existing SOC mdidadd onthe ISMC
(2019) databasevere reviewed to determine which components wadl be replicéed to support this
thesis The criteria used to determine whether all or part of a modalature couldbe used were that

the modelshould be

Able tosimulae SOC dynamics;
Formally validated anceferenced in published scientific articles

Freely availble through open access or academic license;

= =/ =4 =4

Fully documenteduch that model can beeproduced according to minimundocumentation
standardsof Rahmandad& Sterman(2012);
1 Adaptable to English envinmental conditions;

1 Adaptable at differenggjeographicahnd temporal scales.

RothCG26.3 isa simulationmodel of SOC turnover whichalculates total SOCand substocks plant
matter carbonmicrobial biomass carbemnd humus carbon in Mg C-hat timescaésdefined by the
user, requiring a small number of esbbtainableinputs (Coleman & Jenkinson, 199&0thCG26.3
has been validatedising historic data for the Hoosfield barley experiment sites at Rothamsted
Research Centre (Coleman & Jenkinson, 20dgjforms to empirical measurements in recent
scientificstudies(e.g. Herbstet al., 201§, has beermapplied in government commissiongdsearch
(eg.Bhogal et al., 200 tandhas been used as the basisother soil simulation models developed for
different purposes (e.gthe ECOS#&odel (Smith et al., 201)). RothG26.3 meets all of the above
criteria including geographical scale adaptabilitand tere as in other applications is used this
research at individual plot orfield scale The entire RothG26.3 structure (variabds, causal

relationships and equans)wastherefore selectedor use by this study.
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To enable the Roth€6.3 structure to inltide new elementasaprototype natural capital investment
appraisal toolfor the purposes of thisthesis RahG26.3 was replicated from the model
documentationby Coleman & Jenkinso(2014) to build a stock and flow structure ithe Stella
Architect sotware (isee Systems, 2019s part of tlis translation process RothG2 6 . dscrste
system of sums of @onentials was converted to a firstrder differential €uation systemwith
reference to Parshotam (1996} his structure was used as the core maatidpted and added to for
the purposes of this thesis. Other availaienulation modelscould have been usk but many of
these did not satisfy the documentatiomiteria that would enable their replication. Structures from

other models could be used intftue work building on this thesghould their replicatiobe permitted

The structure for the Roth€6.3 coremodel is illustrated irfFigure 5 Thisshowsthat SOC is present

in four stocks: decomposable plant material (DPM), resistant plant material)(Rfdviobial biomass

(BIO) and humified organic matter (HUMhe carbon present in organigaterial within each stock

decays to produce either mof8lO and HUM, or is lost from the soil through carbon emissibmes.
proportion that deRakey smodie fgnchyg dmacthdes”™ (“Tops
“Tempara” and “ S thedecagineweriodtonvenedfronmtherdecompositionate

constants for that stockn this way, carbon enters the soil system, is recycled through the different

stocks, ands eventually lost to the atmosphere. Thevariabl ©* SOC per areestackstss ums al
give an overall value of SOC in Mg€.l&abon enters the soil through decomposing plant residues
(“Mean annual i nput o f ardargabio amendmeatsnsugh ldamydrd r e s i d u

manure(FYMY “ Me an a n naarhdn framFgMidr othtefganc amendment " ) .
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Figure 5: Stock and flow structureR6thG26.3r e pl i cat ed i n
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In the RothG-26.3model documentatior{Coleman &enkinson2014), the model developers provide
a simulation model run comparisagainsthistorical SOCdata collected fromthree experimental
treatment plots at the Hoosfield barley experimental sitear Harpenden, EnglandTo confirm the
RothG26.3structurehad beeraccurately translated into a stock and flow structure in Stella Architect
the replicatedmodel wassimulatedand the outputs compared witthe originalRothG26.3results
presented in the modetocunmentation. Partial model tets (Homer, 2012) were then germed
according to the behaviour pattern validation sequence outlined by Barlas (1P@#)e 6a shows
the RothG26.3 documentation run comparis@gainst thehistorical SOC dafar the Hoodield sites
subjected to dferent organic matter treatrent regimesFigure 6tshows theresults of the translated
SDversionwhich is thebiophysicakore of the modeldeveloped in this thesig he replicatedsersion
of the model can be seen to reprodueesmoothed version of th&®othG26.3output of Figure 6dor
all three experimental treatmentsThis is becausthe replicated version used annual averagput
data for precipitation, evapotranspiration, plant residue additions &YdMapplications rathethan
the monthly data used in the ginal model. Thikevel of detailwas considered sufficient fahecking

that the structure of Roth@6.3 had beemeplicated accurately
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Figure 6a (top) and 6b (bottom):
Figure & - Hoosfield continuous barley experiment
Data modelled by RothC-26.3 (Solid lines)
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3.2 Ecosystem services

Ecosystenservicesarethe benefitssocietyreceives from natural capita(MEA, 2005 Dominati et al.
(2010) present a framework illustrating hdine ecosystem sefices provided by soils are linked to soil
properties. JaneBasset & Davies (2018)opose* nat ap at at dustatelzowchdnges

in drivers and supporting processes can affect specific soil properties and in turn lead to changes in
specificecosystem servicesuch asfood production and climate regulatiorisraves et al(2015)
distinguishbetween the costs of declines étog/stemservices due to sailegradationin England and
Walesfor* osi t e ” -saintbméficmrie$ othoseservces.In the case of SOC losssite costs
due to decline in crop productiofprovisioning ecosystenservice) borne by land managers was
calculated at £3.5 billion per yeacompared tothe much largeroff-site costsof climate change
consequences @reenhouse gas release (climate regulation servimmne by societypf £566.1 bilion
per year.Given theimportance of differentecosystem sevicesbetween onsite and offsite actors
and the magnitude of the cost differences involvadyas decided that tts distinction between on
site and offsite ecosystem services benefisd fnandal consequencewould be reflectedn further
model devdopment. This was also thought importagiven the potential for different feedback
mechanisms by which esite (farnmers)and offsite beneficiariesnightrespond tofinancial incentives

throughchanges in ecosystem seices mediated bOGGraves et al2015)

3.2.1 On-site ecosystem services

On plots of landontainingsoil, changes isoil organic matteinfluencecrop yields ¢cosystem service

of food and fibreprovisior) (Pan et al., 2009 as well as soibenpaction(Yang et al., 2014nd release

of plant nutrients Bhogal et al.2010. Investments by farmers targeted at increasthgir soil organic
matter stocks(of which SOC is a measureported in a series of case studisKeySoil010 confirm

that raisingsoil organic matter levelsnproved yields, reduced soil compaction and meant that less
inorganic fertiliser neeedto be appliedKeySoil (20103 akey reference used by Graves et 2015)

in their economic analysisf soil degradationBecaus the influenceof SOC on these variables was
not included in the originaRothG26.3 model and nor could they be identified from the model
documentation & other modelsreviewedfrom the ISMC (2019) database, anatipt was made to
operationalise these tationships by gpanding on the replicated core model structurased on

available scientific literaturandsecondary data
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SOds correlated withboth total crop production outpu and with crop yield variability (Paat al.,
2009). This is how SOC rekate food and fibrgproduction as a provisioning ecosystem servithas
been proposed that SOC influences crop yield in these ways through the roieafyanic matter (of
which SOC is a measure) in determinirgya i | 'r Boldingadpaxity Williams et al., 2016 This is
corroborated by organic matter investment case reports where farnoérserved improved water
retention in previously droughty deiand reduced cropigld variability followingmprovements of
soil organic matter level$KeySdj 2010. However, ameta-analysis of 60 published studidxy
Minasny & McBratney (2018) conclud#tht the effect of increasingSOC orsoil water capacityvas
negligibleand of little practical significanceaising questions for earlier model formulationsthe
influence of SOC on crop yiela soil water(e.g. Gerber, 2016and posing challenges for how the
food production ecosystenservice should be undstood and modelled for the purposes of this
reseach. The issuds complicated further since soil ganicmatter also influences crop yield through
release ofplant nutrients Brady & Weil, 2016 To resolve these points proposedstructure was
developel for the model whichdistinguishes thénfluence d SOC omegulatingcrop yield variability

and therelease of plant nutrients from decaying soil organic matter

The influence of SOC on crop yield variabiligg modelled as aultiplier effect on the*Maxmum

potential harvested yielll. The variable was pameterised for barleyhichis the crop growron the

Hoosfield experimental sitesear Rothamsted, Englanthat the RothG26.3 model was validated

against aboveThiswasset at7 Mg ha! which is thehighest per hectare yield value in a fiyear

averaging period for the whole UK 2026817 Qefra, D18&0). T h e v aActua Halvestable crop

yield mul tiplies the “ Maxi"mbm pgdtee rftDir @tligydraSOMd & teec d
St at hichis the proportion of the maximum yield which is lost in a drought yéus.i$ governed

by thevari able “SOM inéldewae i ahi Imetayyield wanabilith cal c
(proportion of total yield at rislof loss during drought) basesh the SOC stock calculated by the

RothCG26.3 part of the core model.hTi s “ SOM i nf | uedncwaronbmeéadn yyi als
equation function reported in Pan et al. (2009) fotensive cereal production systems in @hiwith

a temperate climateThisis the available dateepresenting this relationshigrhich is mostisnilar to

a barley field in Egland. Through comparisorwi t h  t he “ I ni ti al SOM i nfl
var i abi IYieltd protectedtbin BOM" i s atcead c b b s eOtougbtrprolabilit “a n d
“Maximum potential harvested yield. “TYhigerl odt e c t e deprésgnts B1©IbsS ofield due

to drought which is avoidethrough the resilienc@rovidedby the SOC natural capital stock, indicating

the contribution d this variable to tle food and fibre production ecosystem service. “ SWI TCH”
variable is included sthe model can be g€o include droughts occurring atfeequency defined by

the user with base setting at-year intervals as reported in KeyS(#D10). “Crop plant residue
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production’ i s cal culAlzxtuad thrvektable mroptyiglé u“s i n @p plaht eesidueC r
Hawest IndeX parameterised for barleyMcCartney etal., 2006). This then determines the quantity
of crop plant residues which are availalleus irtroducing a capacity constraint on themount of
plant residueghat can be used as an input to thetRG-26.3 core model component. This introduces
a feedbak loop, assuning that plant residues can only be sourced-site and not imported The
structure b illugrated inthe upper part ofFigure 7 The influence of SOC on total yield was not
modeled since chages in yield reported in case studies Kaly&010 were much moresignificant

for yield variability andhis wasassumed to be resultinijom improved sd moisture status

Fgure 7 Model structuresrepresentingonsite ecosystem services of food anardi provisionand

nutrient cycling
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Plant nutrients are released froatecayingorganic matter(Brady & Weil, 2016 In organic farming
systemsorganic amenchents and crop residues are the only source of additiongrientswhereas
in conventonal farming systems, farmers can chodseuse both organicand inorganic fertilisers
(Watson et al., 2006 In this way nutrients can originate from natal capital (orgaic matter) and
manufacturedcapital (inorganic fertilisr). In ase studies wherarmersbeganinvesting inincreasing
their soil naural capitalstocksof organic matter farmersreported they were able to reduce their
applications ofnorganic fertili€r for the macronutrients nitrogen (N), phosphorus (R)l @otassium

(K) KeySo0ijl2010. The release of NPK from decaying organic mrasiccording to this processas
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represented in the modelising the decay outflowBom the various RdtG26.3 stocks irthe core
model. In the case of P and K, these nutriemése released from PM origating from FYM based on
reported P and K contents of FYBhpgal et al.2010. N was modelled as being released from all SOC
stocksdependng onthe C:Nratio (carbon to ritrogen ratio) of the organic matter in those pools. In
this way a proposed structe was developed for operationalising the roleooanic mattein nutrient
releaseas a natural capital alternative to themanufacturedcapital of inorganic fertilisers The

structure is illustrated in the lower part éligure 7

Soil bulk densityBD)is theratio of soil mass to its total volume and is used as an indicator of soil
compaction Al-Shammary et al., 20}8This measurés also commonly refeed to asa soil health
indicatorbecause compaction has signifitémplications for crop productity and erosion riskHuber

et al., 2008; Obade et aR016). Cases documenting the results of farmer investment in soil organic

matter reported reduced sibcompacton and greater tillage efficiendiKeySojl2010. A poposed

structure for representingtte contribution of SOC to compaction reduction was therefore added to

the model.”SoilBulk Density’ was added as a stock controlledy t he i ncdrpaction®f ath &oi |
the outflow of “Soil odwasdrivgn&yaexogenols. vari@eoof“l S ociolmp a ¢
compactingland use activities which assumesa constant rate of soil compactionaused by

agricultural activities. Sbidecompaction was repesented as governed by two processes:
decompaction by the farmethtr ough t i |l | age t( “IDy cfoanmpraert”i Jo na red ftoh e
resistance to compaction determined by tke SOC
enabl ed t Heeomgacton effont to e dynamic: the greater the contribution ofganic

matter to decompaction théower their decompaction effort (tillage intensity) would need to be, and

vice versa. The “ Soil c oakcplaed based on thdiffegencébatweeron by S
the Soil Bul k Densitlyk sderXi tvya |l ure echvaddblesses &5 Olvh ibsu
regression equation from Yang et al. (2014) whBE can be predicted on the basis of soil organic

matter concentations in an unmanageélpine landscape. This variable therefore represents what a

sos IBD “coul d b e ”elymandged conbiteossi® maken thie aalsulationthe SOC

output from the Roth€6.3 core model was converted to units of SOM¢ K@ make this convemsi

aBD is equired, thereforethe mathematical influence of BD o®8 was included so that changes i

BD were reflected in the SOC conversion variabl
adjustment accords with other scigfic work (e.gBhogaet al., 2010). The structure is illustrated in

the lower part ofFigure 8
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Figure 8: Model struares representing the role &OC in regulating soil compaction.
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3.2.2 Off-site ecosystem services

Of the offsite costs of soil degradation in @and and Wales, Graves et al. (2015) identified the most
significant of these washe netrelease ofcarbon dioxide due to theet loss of SOC from degrading

sol organic matter. Because carbon dioxide is a greenhouse gas, this loss represents ardgine i
delivery of climate regulation as a regulating ecosystem serviamity. The release of camdérom

SOC duringlecay is calculated on a perdiare basis by the replicated Ro#26.3 core model. The

“Net C sequestration by sbil var i abl asawas nadddedor of the soil
climate egulation ecosystem service. Thnas céculated from the variables of the Rotf#8.3 coe

model by subtracting “C emissions” from the “Tot

Another important offsite cost ofoil degradation calculated by Graves et al. (2015) wasahmval

of sediment (eroded soilfrom rivers and canals, drainage systems and drinkiragexv This
corresponds to the regulating ecosystem services of drinking water quality and flood protantion
otherwise healthy soil would provide. The Universal §o8s Equation (USLE) is widelgduso
calculate soil losgRenard et al., 1997) suéhduding spatial ecosystem services models (Natural
Capital Project, 2019). The factors used to calculag¢eudBLE are Rainfall Erosivity (R), Slope Length
(LS), a CropManagement Factor (C), a Suppémactie Factor (P), and a Soil Erodibility Factor (K)
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which indicateghe susceptibility of soil particles to detachment and transport by rainfall and runoff
(Renard et al., 1997). K can be calculated based on soil texide soil structure (b), soil pfile
permeability (c) and SOM content (a). Loss of §@ndicated by SOC) is therefore result in erosion
and soil degradatior{Lal, 2001) A structure was adeld to the model enabling the USLE to be
calculated with a dyamic K factor while keeping théter US.E factors constant. The dynamic K factor
was fomulated in the additional structure to be calculated basedtba dynamic“a’ component

determined by theSQC stock value generated by the RothC26.3 core model.

Thestructr e used t o c ahdéNetCasegaesttatioeby S0l SLsE”i | Figue®r at e d

A |l ow and/or declining USLE indicates a yoor ar
regulatory ecosystem services. A negative and/ordeciing “ Net C s e ¢esithessoils at i on”
a net emitter of carbon or thaits ability to sequester more carbon is reducing, representing a loss or

reduction in the soeytdn'seyviceel i mate regul ation eco

Figure 9: Mdel structures representing soit climate regulating andvater quality and flood

protection (viasediment retention regulating ecosystem services

a component

R Rainfall erosivity

M component

K Soil erodability
dynamic

- .-

Y, ’

/@ ‘\_p\ “O:,
Conversion USLE to annual C emissions Total organic C inpy|

b component

LS Slope length gradient factor Universal Soil

¢ component Loss Equation USLE

Net C sequestration by soil

Conversion to K units C Crop management factor
for Soil erodability

P Support practice;aotor

Although ®ils providea huge range of other ecosystem services (Domieatal., 2010) not
represened by the modelecosystem servicegeported as beig most significant irthe relevant
documentay evidence were prioried for inclusion Other ecosystem services atite dynamic

relationships between them could kmaldedin future adaptations for other useof the model.
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3.3 Economic benefits and costs

3.3.1 On-site benefits and costs

The model proposes structure foroperationaligngthe contribution of SOC as a natural capital stock
to the provisioning ecosystem servicé fmod production throughits influence on yield variability,
contribution to plant nutrientcyclingand regulation of soil copaction. These contributions generate
benefitsfor on-site actors, namely farmers and other land manageiso receive income fotheir
produce andwho spend money purchasing fertiliser and conductmgtivation activities(tillage)
towards this A structure forcdculating an indicative monetary value for these beneditsl thecosts

to the farmer for investing in therwas addedad the model Structures tadeterminethe marginal net
benefit of inveting in SOM on a per hectare diawas also includinghus providingthe means to
conducta costbenefit analysi¢CBAJor the lad mamger. The factors added correspond to those used
inthe CBA’' s of Keuya8ngthé ecqn@ricbenéfit td farmersofanvesting in SOM.

Tocal cul at e t heen c“eDrvoau guhet orfe sSAM f o rYield potedtedi byi n ¢ 0 me
SOM i s mu IPrice pel croptdh .b yH €'r e fortbdrley ispused;aresponding to the crop

grownon the experimental plotat Hoosfield, Rothametl, and the other model parameter settings

To calculate the valuef nutrients released from SOM during decay, the qugnit NPK released is

compared tothe nationalmean application rate of each nutrient in in@ngjc fertiliser for cereals

(Defra, 2018), representing a potential cost saving for that nutriefbe valle of* Cost savi ng
compaction relief cultivation du¢ o [ t he] i nf | dcelated based Dn tHe @dentiali s c a
avoided fuel costs that could e made based on t ppaetion réghldtiencon o f S
cul ti vat i oTheseebkerfkefit caluesm @y s.ummed i n the variable “A
SOM p e r Albof teese'variales and their relationships in the model are shown in threcture

illustrated inFigure 10

Costdo farmers associated with investment in S@idludedin the economic assessments of KeySoil

(2010) include the costsf purchasing FYM or other organic amments if they are unavailable on

the farm, costs ofiandling and spreading FYM to land, costsdafiional slug and weed management,

and costs related to plaghing in of crop plant residues.particularlyimportant variable highlighted

in these casesvas the income foregone from selling plant residues, egmcereals straw. This
“Potentialkgoneomeomompl ant residue sdlhes”™ Awadauat
income from pl ant met Rakentilinceormefrenplanbegduasalesty dredf r o

based dnce pehMg of plantesidu€. This was reportecan important varmable for the
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sensitivity of the economic assessmehysKeySoil (2010) h e “

Potenti al i
residue sals ” was

summedcowi $ ht ®« healod lhleat e

SOM perFigreEla” , as

ncome f o

the “Additi
invesi ng i n

shown i n

Figure 10Structure for calculating then-site benefits ofsoil eceystem services
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Figure 11Structure for calculating theossto the land managerof increasing SOC stocks
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S OMc gk c kdanzeem Behefit®f OMper hectaré. This was

representedasaet f | ow

c o nt FanhetCB batance forenvestingarncCib track the

accumulated balace ofon-site OM benefits and costs over time. Tti&armer et beneft of OM per

hectwa®’”contr ol d~drmeiDgcisiorhte makewCiBAreflduting’ whether or not the

economic value of OM was being recognisedthe decisionmaking processesof agricultural
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busiresses. Since this stock was used to inform decisionngasewhere in the modgthis control
enabled the nodel to reflect the assuption that if the benefits and costs of investing are being

accounta for by a land manager, theganrot affect decisions about land managememactices

3.3.2 Off-site benefits and costs

Furtherstructures were addedin the modelfor calcuitingthe value of“external’ costs and benefits

of ecosystem services generated @df-site actos.

The economic vale o f Ndt I€ esequestration by sbican be considereds the soik net
contribution to the climate changeburden borne by society o r potewmtial fof @oviding the

climate regulation ecosystem servideollowing Graves et al. (2015),glié calculatedhasedon the

marginal abatement cost (MAC) of reducing enaigsj which the UK Governmetnsidergo reflect

its long-term polioy commitnrents greenhouse gas emissionsduction (DECC, 2009 the model,

thisis used asthe CO2 whichis raultiplied by they a r i Bdb C sequéstration by sbil and a
“Converosimenasure cost otf o Cc arlactunleart et htahmet Q022" n u a |
sequestrationThisdmi yeisl abyear éActhumulacdnettCOdgvaliédng t he
to determine theaccumulated value of climate regulation over the coun¢he model simulation.

Negative valugimply soil is failing to proviela dimate regulation service because it is losing SOC and
leading to net emissions. Positive valureply soils are providintnis ecosystem service. Whether this

is increasing or ecreasing indicates whether this ecosystem serigdenproving or declimg. The

structure is shown in Figure 11.

Figure 11: Structure for calculating thalwe of soik climate regulation ecosystem service
N

Accumulated net CO2 seq value

J——0

Net CO2 seq value accumulation

Annual value of net CO2
sequestration in soil by area

Conversion to measure CO2 price Net C sequestration by soil
cost of C rather than CO2
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The economicvaluesfoi | "' s contr i but i drinkingveaterfglabtyregulatiengvas! at i or
determined basal on the cost of removing sedimensed by Graves et dR015) basean Anthony

et al. (2009).This cost can be considered as andatlon of the expenseborne by drinking water
companiesfor removing sediment from drinking water sourcaad by locd auhorities for the

clearance opublicdrainage systemd hese g off-site costs because theyeaborne by these actors

away from the site of soil degradation andtimately are borne by drinking water customers and
taxpayers. Theed ot pdér nuaosane ha” the USLEbathecul at e
“Cost per ton O6f amuai san cteh erediméntvdapasited in anmvanted S
 ocations” . This | atter variable determeises how
eventually deposited in a location requiring rembvy the example actors mentioned aboflease
setingat1li.e.100%) The “ Accumul at eudi svaanlcuee soefd icnheanntg er einmo vi
the duration of the si muloshdof iuisamce sedimdnenmwaldduriogn t he
simulation” which ni sint htehedit'flfod rtennacl es &nectewesee di me n
and the tf€ansteof$ediument per source ha” to provioc
erosion prevation value relative to th starting conditions at the beginning of a simulatiom.rThe

“Water quaity and flood regulation valdeis anindicatorequal to the stocKFigure 11).

Figure 11Sructure calculating thevalue of the wagr quality and floodegulation services
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3.4 Soil management decisions influence over biophysical processes

Soil aganic matter (as represented ISOC) is a manageable soil factor identified by Dométai.

(2010). Land managers can increé&8®Cin a number of wayssuch as by addingn organic
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amendmentlike FYM or compostthrough the use ofcrop rotationswith incorporation of plant

residues, ad through reductions in the number and intensity ofaijje practicesJohnston et al.,

2009. The original Roth26.3 malel enables the exploration dhe quantities and timingof organic
materialsapplicatiors as well @the incorporation of plant residues on a pbectare basis, with each

model run representing a padular plot or field as a homogenolsd management uit (Coleman &

Jenkinson, 1996 This functionality was included as part of the replicated R&BQG core model

where the Roth®Meanpatmnuali amlpeasg ©f carbamn from
annual input of carbon from FYM or other organiceamh me nt ” ar e deter mi ned by

i nput of pl ant residues” dMnat o three “oMegami an rmuneln
respectively, a well as their respective carbon fractions (proportiditheir biomass which is carbon).

The use of crop rations can be included in the model using different parameter configurations: for
example, the variab e saxithuvh potential harvestedyield and “ Crop plant resid
could be set to rotate annually using different values for the relevants;iapd the linear equation
controlling the variabl ealiSIOiMt flysdt ornceraals)emgedn me an

accordinglyThese vaiiables wergparameterised fobarley corresponding with the rest oféhmodel.

The RothC26.3 model doawsot include functionality to explore alternative cultivation (tillage)
practices. Tillagés said tainfluence SOC by increasing the rate of organic matter decomposition
promoting SOGQnineralisation(Powlsonet al., 201). Reduced tillage is often remmnended as a
technique for improving soil quality and storing more carbon in the soil as@@astyet al. 2017.

Such activities could be explored in the model with | | age i ncluded a% a “Ra
controlling the decay rates (outflows) thfe four SOGtocks. However, despite case studies supporting

the idea that reduced tillageanleadto soil improvement and beneficial economic outcomes for
farmers Key®il, 2010, Chenu et al. (2013xplains thathe scientific evidence remains inconsle

and highights future research needs to help resolve tbentroversy Othershave also criticesd
advocating reduced tillage for the purpose ofin@geang S OC i n Thdreds aefimiteéd c a u s e
number of publications giving results on the iatpof reduced or zero tillage on soil C under the
temperate humid climatic conditions of the UK aamby regions of northwest Europe, as opposed to

a larg body of data from regions of continentdinsate in North America or tropical and stimpical

regions in South America and elsewher@Powlson et aJ.2011, p. 25).Although structures were

added b the model to explore the reported benefit of increasing SOC for improwiftyation

efficiency (see sections esite ecosystem services and @ite coss and benefits), stratures relating

to cultivation effects on SOC mineralisation were not addedht® model in recognition of the

scientific uncertainty and relevance to thegioral contextbeing studied.
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Structures were addedotthe model torepresentng land managersdecisionmaking processof
whether to incorporate their crop residues orto sdlem( “ DECI S1 ON To return pl a

or to sell’), and whetheror notto addan organic amendment such as FYM D E C Ad8 FY®INor

otherorganca mend ment ") . Thetheorwmanri abne s o1 Mean annual
a n Harvestedplantresidué , whi l e the | atter controls the va
other or gani c Bameén d nbeEnCtIbI8s| a@ Néterminad by &CISION To invest in

OoOM” . DOmel SI ON To invest in OM” i s n)inflmencédhbg abs er

“Standard practice to i nvVa®OEC|IISHOBDMTiowlaeshi ng dat
is determined y  t h e FasmerCB[dost Benefitlbalance for investingi®M” whi ch i s cont
by t h &arrhelNetwenéfit of OMperhectaré . Thi s subtracts the “Addi

for investing i heSOKMnhpea!l anpaafl t &r mmadyfemntioned of S ON
in the sectionabouton-site benefits. This flow ézulation is only active (switched on anthking the

cal cul ®ecisiantoymake CBAWiI t ¢c h” i s 1, based on the stock

The whole structure reflectsan assumption undeyling farmer education policieghe premise thatif

the farmer makesa cost benefit analysis of theeenomic costs and benefits of SOM investment, and

those investments can be expected to yield a net bengfhin a reasonable time frame (hebgyears)

(equat i on for “DECI SI ONi JIBFOREST(CB_batamce $ot investing iinnOMO M”

1, 5)>0) THEN 1 ELSE D , it owi |l be “Standard practice [for
their “DECI SI ON To i nv e s tnotimakin@thE cost bdrefit analysis, or i f t
the farmer's forecastfor “FarmerCB balance for investingn O M"gative based en existing

information availabletothem t hey wi l |l tRBEEGI BSlo®ONcThoolse@eanhdhienVest
t her ef o rten plamt residues oradd an organic amendmeuch arassumption has support

based on th&keySoi{2010) casewhere farmers were inspired to continue investing in organic matter

once they were aware of the economic benefits tiiegeived as a result. fiis structure nevertheless

only represents a part of theafmer decisiormaking process foon theland management @ctices

they use These can be basa&uh but are not limited to a range of socioeconomi@actors (Boardman

et al, 2017. The decsion process represented inthis model is based ondetailed case studies

specifically focused on organic matt@anagementorespondngto the purposeof this model.

3.5 Model overview: feedback loops

Figure3 presents a schematic ¢iie modelsectors As shownSQC is diven by a combination of land

management decisions (whether to add an organic amendmeniogr@sidues to the soil)al onsite
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ecosystem services (the quantity of crop residues available is doidaood and fibre production).
The onsite ecosysm senices are themselves determined by SOC, timdicating a feedback
mechanism The land manageemt decisions taken to manadggOC can be informed by the onsite
ecosystem services benefits and costs of itimggn SOC if the land manager is makings loenefit
analysis and recognising the importance of SOC in their financial assesskistdscaly this
feedbackis assumed tdavebeen inactive hence theneed forthe economic assessmentscorded
by Key8il (2010) If farmers are unaware of thedgenefits their land management decisions will not
be informed by them. Theed arrow represents thisconditional relationship. If present, thisould
indicate a second feedbacknechanism The offsite ecosystem servicdslivered by SO@nd the
associated ags and benefits are not connected the land management decisigtructuresand are

thusrepresened inthe model as‘externalities reflectingGraves et al. (2015)

The CLD iRigure 1distinguishes théeedbackmechanismsn the model as individuakinforcing(R)

or balancing (B) feedback loapEhe variatds depicted are simplified aggregatiomsed to distil the
essence of the operati@h SFD structure of the simulation moddés shown, thee are three
“b i o p h yeedbarlkaldops (black) aridur inactive* d e ¢ sfi ® elabjpsdredk R1 represents
how increases in SOC can improve droughtliersie leading to higher crdpiomass production and
more availdle crop residuesa proportionof whichare unavoidablyaddedto the soil because they
are irrecoverableby the farmer, increasing the SOC stogkHer. R2 reflectshe same praess for
cropresidues whit arerecoverableby the farmerwho decides whether to selhem (e.g. as straw)
or to add more orgnic matter to the soil. B1 represents thalancing feedback looghereby higher
SOC stockacrease the rate of mineralisatidwith more orgnic matterthere is more organic matter
decaying per unit of timeyvhich depletes the SOC stockhe inactive decision loop R3 shows how
increases in SQ€duce the soil blk density which, because of the positive relationship, would reduce
the cultivation effort the famer needs to relieve soil compaction. The cuthtion effortis then
accounted forin farmers business financege.g. based offuel costs,as in the model)The inactive
decision loop R4 shawhow higher SOC stocks and improve droughtlieese provides yield
protection which has a financial valu€heinactivedecision loop B shows how higher SOC stocks
lead to highemineralisation obrganic matterand rdease plant nutrients which reduce farménged
for expenditureon inorganic feilizers. The inacive decision loop B2 shows hoWvthe farmer
increasedhe amountof organic matter added to the soit will increase their expensesyeh as on
handlingor importing F¥1, and reduce the income theyeceivefrom plart residue salesAll of these
loopsare inactive becase they arenot accounted for in @ost benefit ratio of investing inrganic

matter and used to suppotand managededsions on whether to improve soil organic matter levels.
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The influence of SOC dhe external cots of eroded sediment removalwater quality and flood

regulation)and costs to scety ofclimae changgclimate regulation)are nd part of afeedbacKkoop.

Figure 12CLDBshowing thefeedback loops in thenodel.
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3.6 Basic settings

Theglobalsettings of thesimulationmodel definedin the modellingsoftwaremay be changed for the
purposes of validadin testing policy design ause of the model foother purposes beyond this #sis

The basic settings ad in this thesisvere:

9 Start time: B52(firstyearwith RothG26.3 datafor the Hoosfield plots (Coleman & Jenkinso
2014) for comparison withhistoricaldata, or 2020 (roughly thépresent day) for policytests;

1 Stop time: 2@Q0 (roughly the “presentday’) for comparison withhistorical data, or 2030
(Defra target year fosustainable soil management (HM Government, 2Q18))

1 Time units: years

9 DeltaTime (DT)1/365 (i.e provides adaily timestep;

1 Integration method: Euler

The model is fullglocumened according to the guidimes ofRahmandad & &tman (2012 in the

Appendix andthe Sella®.stmxX’ modelfile is attachedto this thesis.
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Chapter 4. Model Analysis

4.1 Model behaviour

Themodel paraneters were adjusted to reproduce thHRothG26.3simulation results foSOC othe
“Unmanur e tltreaththenopdof at Rothamstedndwere extended to the year 202@Foughly
o f SOCestwdksvhich n g

mirrored the historicaltrend of SOC decline iBngland and Wageon arable siteat a national level

the” pr e s e nThis was gohsjdered to represent B a&@ s e ”

The model parameters were also adjusted to reproduaeRbthG26.3simulation results foSOC on
the “Manouovadl y” trhent ot forehe seme time @eriod. This was considered to
repr e sBesh@se m whichSOC stdes had been increasing historically on the ptmntrary to
the national tiend. Additionally, model parameters were adjustedtodro c e a “ Wath & t
more rapidly decliningOQrend than at the Hoosfield unmanured ploEhese simulation results ad

the model settings required to producthem were compared with each otheand those of an
“Equi | i br i usmiulatiomran to owestigatpvehich model structures were responsible for

the resulting behaviourSimulation resultsdr SOC in Mg hlaand % carborfw/w of soil) are shownin

Figures 13a and 13fespectively.

runs for SOC fits Mg ha').

Figure 13aBase Bestand WorstCasemodel

Figure 13b: Base Best and Worst Case mod

runs for SOC f(uts % carbon wiw).
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Table2 shows which mdel settings wee alteredto producethe behaviourfor each CaseAs shown
the BaseCase resultzould only begeneratedassuming a maximumind constanbarley yield of 7 Mg
ha! (which isthe national maximum for t@ years 2012017 and assuming that @n when the land
manager decides not to invest intentionally in SOC, 28.5% of recoverable cropeesite still
returned to the field Thisdiffers fromthe historical barley yields at Hoosfield which vary over time
and on average were much lower, whilee proportion ofcrop residues generated on the plot which
were incorporated into the soil is noéported (Rothamsted Research, 201Zhe Equilibrium reuts

were generated using the same settings, but using an uistezllly high maximum yield of 8.34g

ha' to enable 16 Mg of carbon to be added per hectare per year from plant residues as in tee Bas

Case.Using the same settings as the Base CamBdst Gise could only be generated by introducing
an exogenous m@son to invest inSOMi.e. a decisin to increase SOCJels not determined
endogenoushby the model structureAt the Hoosfield sitethis wasbecause of the motivation to
conducta scientiic experiment.Beyond Hoosfieldother motivations could be farers adopting
organic production methds dependent on maures for nutrient inputs or throughexisting policy
instrumentswhich are notbased on actual or desireHOC levelsBy comparison, #aWorst Case
results were generated with the same settings as the Base Case, excapththat “ M iproportion m

of recoverable plant residue ben g r ewassetegeal tb0%

Table 2 Parametersettingsused inthe Equilibrium, Base, Best and ®vst Caesimulation runs.

Variable Equilibrium | Base | Best Worst | Units

Case Case Case

Maximum potentiaharested yield for| 8.34 7 7 7 Mg hat year!
barley

SWITCH 2 2 1 2 Dimensionless
1 Exogenous reason to invest in SON (switch)

2 Dynamic reason to invest in SOM

Minimum proportion of recoverablg 0.285 0.285|0.285 | 0 Dimensionless

plant residue beingeturned (fraction)

In the Base, Worse and Best CasesSBX indicator variablexhibit goalseekingoehaviour(Figures
13a and 13h)converging towards aew equilibrium beyondthe year 2020 at a different level for each
CaseThe structural reason for this dgmic behaviour is that SOCaisum ofthe four carbon stock

levelsas represented in the RothZ5.3 core model: RPMDPM, BIO and HUNIhe outflow of @ch of
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these stock$s determinedby the quantity of carbon in the stock firstorder controlas repesented

by balancing feedback looB1 in Figure 12 the rate modifying factor§proportion of carbon in the
stock being decayedind the decomposibn rate constant (residency time)These outflows add
further carbon to the BIO and HUM stocks or are &sstarbon dioxide emissions. The long residency
time of the HUM stock in particular (50 years) means that if the inflow of carbon, such as fram plan
residues and manures, is higherdah the outflow of deay and set at a constant rate, carbon will
accumulae in the stocks. However, it will accumulate at a decreasingawate time because a higher
stock level increases the rate of desslyenthe rate modifying factors are fixed at a ostant fraction

as s the case herelikewise, if the inflow of carbos lower than the outflow of decay, the stock will
begin to deplete. However, it will deplete at a decreasing mter time because a lower stoc&vel
decreases the rate of decay whehe rate modifyingactors are fixed at a constant fractiaue to

the balancing feedbacloop B1 The Equilibrium run maintains SOC levels throughlogitsimulation
time because the maximunield ha been set sufficiently h such that the inflow of cdoon from
crop residues matches the outflow of decaying organic mattedynamic tems, balancing looB1

dominatesreinforcing loops R1 and R2

Looking beyond the RothZ5.3 core modekector, the origins ofthe simulatedbehaviour can Ie

identifiedin the wider model strature. First, acomparison of the simulation resultsr eachCaseor

t he v aRaimar6B talante for investing in ONFigurel14a) il lustrates why ar
reason” i s r equi tsandthatafortstanimproeess®@ay®iise éndogedusly

through land managersdecisionstructure representedin the model the benefits and costs of

investing in SOC are not being calculated or considered in land management decisions, and actions to
incresse SOC such as incorporation of plaesidues or addition of FYM or another organic
amendmaents are not being made with reference to the role of SOC in deliveringitenrecosystem
servicesThi s means t hat | anahinformatian (eedbask frothdheir financiale c e i v e
decision maing thatresult from changes in SA@@lowing how theyuse plant residues and organic
amendments.The unknown consequences of this are decliningsit® ecosystem services and
corresponding loss afinaccountedeconomic kenefits for the land manageiFigure 14h, such as

declining drought resilience value anddtgtion in cultivation efficiency, attributable to the loss of

SOdn the Base and Worst Casd&y comparison, the economic benefits of thesB8ase are ats
unaccounted for by the land manager. Thikg/even under these cilumstancesn exogenous (nen

dynamic) reasorstill is needed for the farmer to invest in Oiroughout the simulation period. To

the land managewho is unaware of the role of SOC ifiuencing the performance of their business

the Base, Best and Worst Casggpearto be financiallythe same asan“ Eq u i | sinulatiom m”

Feedback loopsR R4, R5 and B& Fgure12 do not opeate.
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Figure 14afFarmer CB d&lance for invesng in | Figure 14bValue of ecosystem services benel
OM for the Base, Best and Worst Cases. provided by SOC wibh are umecognised by the

land manager in thedse Best and Worst Case

CB balance for investing in OM Annual onsite benefits of SOM per area
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-25

-1 -50
1852 1894 1936 1978 2020 1852 1894 1936 1978 2020

Years Years
- - - Equilibrium - - - Equilibrium
Base Case Hoosfield Unmanured Base Case Hoosfield Unmanured
— Best Case Hoosfield Manured Annually — Best Case Hoosfield Manured Annually
— Worst Case — Worst Case

The structural reason behind these oits isthat, in the modelled Casethe land manager igitially
unaware of the potential ecosystem services benefits of SOC antinsaking a cosbenefit analysis

based on this knowledgehen the parametef Initial making CBASs set tozero. This mans that their

“FarmerCB balancéor investingin OM r em@insds ant at zero and does n

“DECI SI ON Foi kgeipni ®©®@M®e and thus it is not a
information feed back | oop whi ch |iONf |Tuoe nicrevse stofe eloas NOEN"|
operate throughait the simulation, and a farmer would only invest in OM with its unsealicosts
and benefits attributable to changes in SOC if encouragedfagtar exogenoudo the model. This
corresponds to th assumption behind farmer agory initiatives such aseySoil 010 which aim to
assist farmers in making a CBA of investin§Q€ assuming that they are not already making a CBA

and are therefore unaware AOCsrole in onsite ecosystem services proosi

A similarstructural explanation can be proposedith reference tothe simulation results for the
variables*Water qualityand flood regulation valde a @lidnate’ regulation valdepresented in
Figures 15arad 15b respetively. These variables indicat#he net value é SOC tavater companies
and local authoritiesvho needto remove eroded soisediment andto civil societywho expect to
bear the costsof climate changémpacts Neither of these variableare connected to the decisi-

making processf the land manageabout whether to add more organic matterand are therefore
externalitiesto the farmers business This meas that in the Base and Worst Casdge decline in

water quality, floa and climate regulation services do not influence thenld manager ' s
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alter their practices. Likewisehe increase in the value of SOC providing a climate regulagrvice
and in avoiding sediment removal costs in BestCase are naisedto rewardthe land manager who
insteadrequires an exogwous reason for investing BQCin this simulation runThe absence of this
feedback loop from changes in offsite ecet®m sendesto land managerss proposed by Graves et
al. (2019 as representig an example of market and institutiorfallure ands proposed as a structural
expanation for why soil degradation may have been occurring historida$pite high offs# costs.
Rderring to Figure 12, it can be seen that no causdhtionshipsconnect these impacts with land

managersdecisionprocesses

Figure 1&: Change in ecomic valueof the | Figure 15b:Change in economic valugf the
water quality and flood rgulation ecosysten| climate regulationecosystem services for th

services for the Base, Bestd Worst @ses. Base, Besind Worst Case

Water quality and flood regulation value Climate regulation value
250 700
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400
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-200
1852 1894 1936 1978 2020 1852 1894 1936 1978 2020
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Years Years
- — = Equilibrium - — = Equilibrium
Base Case Hoosfield Unmanured Base Case Hoosfield Unmanured
—— Best Case Hoosfield Manured Annually —— Best Case Hoosfield Manured Annually
— Worst Case — Worst Case

4.2 Validation testing

Following guidelines and techniquetescribed by Barlas (1996) and Sterman (2000), fornoalein
analsis and validation procedures weperformed throughout the iterativemodelling processto
continually build confidence in the modé&Vhere relevant, prtial model testing (Homer, 2012) was
used to test and validate smaller model building bloaksdocumated in Chapter 3. The results of

model validation procedures pertinent to the whole model are presentethis Gapter with three

purposes:
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1. Support an ograll evalugion of the extent to which the mogl can be used with confidence
to address the Researcpuestions;

2. Inform a deeper interpretation ahe model behaviour provided in 4.1 above;

3. Highlightleverage points and challenges for natural capital imestsin promoting desired

system behaviou

Following Barlas (1996), three typesvafidation tests are reported: @tect structure tests, structure

oriented behaviourtests and behavioupattern tests Tests fa@used on assessingodel structure

were prioritised over tests focused omodel behawurt o ensure “the right

generated foth e r i ght [structural]. reasons” (Barl as,

4.2.1 Direct structure tests

Direct structure tests help assess the valigi o f a mo dog comparing it withi existing e

knowledgeaboutthe“ r esgsteih (Barlas, 1996). The direct struetiests reported here include the
structure verification test, parameter verification test, direct extrermnditions test, boundar

adequacy test, and thdimensional consistency test.

The purpose bthe structure verification test igo determine the etent to whichamodel structure
conforms to existinggtnowledge about the structure of theeal’ system(Barlas, 1996 This testcan
be conductedon anempirical basisthrougha comparison of the wdel equations with relationships
that are known to exisin the realsystem (Forrester & Senge, 1988hd on a theoretical basis by
comparing the model against generalised knowledge rgzbin relevant literatue (Barlas, 1996)r
through engagement withsystemoperatives Andersen et al., 201 Forrester 199). Asreported in
Chapter 3, the modetomponentrepresening the biophysical processentrolling SOCas a soil
health andnatural capital indicatowasreplicated and translatethto a stockand-flow structure from
the wellestablished, widelused andempirically validated Roth6.3 model based on the model
documentation Coleman & Jenkinson, 199@he forms of the equatits were altered tdranslate

RahG-26.3into a system dynamicgtod with reference toParshotam(1996). This part of the model

can therefore beconsidered to pass the structure verification test on an empirical basis. As reported

in Chapter 3, the remainder ofhé model structure wasonstructed from a vast quantity of
documentary evidencgsecondary data)including peetfreviewed sarces, Defra commissioned
scientific reports and individual farm case studi€s.do soyariables and relationshigdentified in

the literature search we translatedinto a stock and flow structure according tioee guidance of
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Sterman (2000)Where uncedainties abot system structure were reported in the literature, linear

functions were used based on regression equations from p@dewed sourcesfor example, the

controversy surrounding the extent to which S@an influence crop yield variability slugh its effet

on soil water holding capacity, and tlkiecision tousethe function reported in Pan et a[2009).In

some instances it waseoessary torfer variables and relationships from secondary sources where
thesewere not sufficiently explicit ithe text for examplet he structure control i
SOM compaction regulation on culngoncanpadonreliee f f i ci e
cultivation due to influence of SOMOn a theoretical bsis, the model can therefore bewrsidered

sufficiently valid given its strong grounding in published sourcekile proposing some explicit
formulations ofimplicit or hypothesised causaklationships The latter preserst the opportunityto

further improve he modelwith research staketidersbeyond the completion of this thesis.

The purposeof the parameter verification test is to determine whetheach parametelconstant

exogenous vaable) corroborateswi t h t he Kk nown realosygsgeim(poaceptuslland f a ¢
whether theirvalues lie within plausible rangethumerical)(Barlas, 1996)Based on Chapter 8nd

the above discussion of structural validityie corroboration between themodel parametes ard

existing knowledge of the system can be considered suffidprovide confidece of conceptual

parameter validityRegarding the numéal validity of parameter values, actual data was used where
possible for example, the MAC prioaf CQ used in Graes et al(2015). If such parameter data was
unavailable, assumptions needed tefnadeusingavailable informationf or exampimem t he *
potential harvested yieldfor barley washased on the 2017 figure reported efra (2018lp. Other

simplifying assmptions needed to be made about certain parameters to suit the model to afgpec

setting to ensure internal consistency. For this reastwe, model was set upfor a plot of land
producingbarleyon a continuous cropping bagiscoding to environmental @nditions(e.g. soil type,

climate)at the Hoosfield site near HarpendéWhere information was insufficient fowell-grounded
assumptions to & made, these were estimated experimentally by running simulations to explore

which paraméer values produced the mbseasonable behaviourdor example,the value of the
parameter t¢‘BRP@Mouwmanef ol |l owi ng di st ur ba®arngthe was s«
results of “Cost saving on c¢ompac'twitlocase stigies ef cu
reported by KeySoil (2010Based orthis discussiongonfidencein numerical paameter vdidity can

be concluded to be strongest where these wéxased on actual data, less strong where based on
reasonably supported assumptions, and #iciently strong when estated through model

experimentation

The pirpose of the direct extremeonditions test is to evalate theresponse of thenodel to extreme

settings ofeach model parametea g ai n st how the “real?” sysotem is
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respond (Forrester & Senge, 198Bchparameter was altered ithe model to have extremely low
or extremely high valueand the model software was consulted to see if computational errors a@voul
be generated.No errors were detected using these testad the structure of the modelcan be

consideredsufficientlyrobustto extreme conditions

The purpse of the boundary ade@cy test is to determine whether all structures necessary for
fulfillingthe purpose of the model are presefgterman, 2000)n thisstudy, the purpose othismodel

is toprovideanswes tothe ResearchQuestionslistedin Chapte 1. This means that thiinctionality

of the model must be sufficierior identification ofthe structural causes of soil degradation in England
that relate to financial incentivegObjective 1) and explorepportunitiesand challenge$or natural
capitalinvestrent as an interventiorto addressthem (Objective 2)Given the strong munding of

the model in documentary evidence spanning soil sciermgvircimental economics,system
dynamts and farmer decision making as discussed above andgepted in Chater 3, the model
boundary can be considereslfficiencyadequate for its purposeOne potential objection to this
argument is the exclusion @plicit stuctures representingxisting agricultural and environmental
policy which iknownto influence farne r s ° d e c ithe adoption of adil @nd water conseng
practicesvia a varietyof socioeconomic influence@oardman et al., 2007 Such an argumenis
supported by the view that existing policy should be cen der ed a part of a sy
(Sterman, 2000 Nevertheless, theurpose of the model was to seek endogenous causesoi
degradation and was the reason the system dynamics methodhwesen 6eeChapter Zor methods
choicd. One of the criti@ms of existing UK environmental andiagttural policysuch as theSingle

Farm Paymenis that financial incentives fachieving environmental goalsre based on inputand
practices( “ a cdrii eonnt ratdet than outcomeg “ r e s u | t(Burtob & Stewdrtz,) 2013
Existing UK policthat influences farme s ’ ma n a g e noammat be cdid taSh@ Mased on
achievirg certain SOC levels or change trajectories, so considering this policy xaxganaus factor
outside of the model boundary (suelst hr ough t he “ SWI TCH &tinEGWw2genous
Dynami c r eason )tssupponedaadsadheresnto t& uiddse of the modelThe
potential also remaingor the model to beadapted to serve the purpose od policy evaluation tool

for assessing the effectiveness of historic or éxgspdicies A second potential objection is that the
model is focused onpecific ecosystem services as influenced by SOC only and do not account for the
broader potential impacts of management practicésmt aim to manage SOC, such as nitrogen
leachingissuesrelating to FYM application®otential important exclusions areonsdered in the

interpretation ofmodelresults anchighlightareas for further refinement inpotential future work.

The purpose ofhe dimensional consistency testts confirm the mathematicallyconsistent use of

units on both the left and righthand sides ofmodel equations(Barlas, 1996 This was performed
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using the modellingdowar e wi t h t he “ c h e c k ofthisindde, ’ho uhittemrozst i o n .
were reportedandthus canfirm the overall dimensional consistenche other component of this test

is to checkthat units have“real world’ equivalentssuch that no varialelshad been intoduced with

the purpose offorcing’ the model to function. Aalreadydiscussedsufficient structuralvaldity was
confirmed A feature of this is that all variables have units with reardd equivalents or are

permissible apart of operational calculationsteps.

4.2.2 Structure Oriented Behaviour tests

Sructure-oriented behavior testshelp determinethe validity ofa mo dteutturesindirectly by
assessingnodel-generated behaviar patternsusing simulation to urmver potential stuctural flaws
(Barlas1996). The structureoriented behaviour tests reported here incluthe integration error test,

gualitative features testfamily member testnd multiple moddest.

The purpose of the integration error test is tetdrmine whethermodel simulation results are
sensitive to the choice of time step or numerical integration methoddusethe model settings
(Sterman, 2000). To do this, results from the Base Casehwhere produced using the settings
mentioned insection 3.6vere compaedwith simulations using half of the original timestep, and then
with using the RK4 integration medH instead of the original Euler method. No diffecerin model
outputs were observe, confrming that the simulation results were not setig to alterndive

timesteps or integration methodwithin these ranges

The purpose of thejualitative featurestest is to assess whether thmajor qualitativebehaviour

patternsof simulated model variables correspotalactual data (reference modes) for those varigbl

inthe “real” system under specific cddrhcki tiputgrmd: oiun
behaviour is being generatddr ther i ght r easons” (T8 perfornatkis testltd 9 6 , p .
resuts of the Base Case, Worst Case, Base @aldecpilibrium simulation runs were compared with

reference mode datéor the central soil health irndator SOC (both Mg carbon tand % carbon w/w

soil). As mentioned in section 4. 50C (Mg carbon Raresuts for the Base and Best Cases matched

to a sufficient degree ofaccuracythe RothG26.3output data fromColeman & Jenkinsofi996) for

the unmanured and manured annually plot$n the orginal source thee had beervalidated by
empiricalfield data In theexpandedmodeldescribed in Chapter 3o produce these resultfFigures

13a and 13byequiredthe assumption that th¢ Mi ni mu m p rrecoverableplaot residoef

being returned” | gopplantrésithue babed” dihatd bee t Mke mom pot e

Jonathan D. Nichols263851 and 303005 / EuropeanMasterin SystemDynamics Ma st er ' s T h e $aget9



harvested yield i s ¥ Thdlgehahiaur pattern of SOC for the Worst Cals® exhibits ajoat
seekirg transient but appearsto stabilie at a lowerequilibrium level to that of the Base Cadde
direction of declining SO@o carbon w/w)evelsfor the Base and Worst Casasrespond to declining
SOQpatterns recorded foraggregatedarable sitesn England and Wales between IB&nd 1995
(Figure4a), and to declining SOC levels from 1978 through 1998 to 2007 for the 1km grid square in
which Hoosfield is locate@igure 4. The fiape of declining SOC levels for the Base and Worst Cases
correspond to actual plescale data repodd at HoosfieldKigure 6 The shape of SOC patterns over
time for the nationaddataisdiscrete so it is only possible to compare their trajectory. B¥C values

of the Base and Worst Case differ in absolwarts from thenational and the 1km grid s@re
estimates to a considableextent(see Tabl&). However, this is to be expected given the difference

in spatial granularity of the datasets, sindeetmodel is being run at the individual pHevel
representing higly specific conditions, whereake national andlkm? grid data present aggregate
measures at much broader scales. For these reasbaggesults ofthis test suggestghat if the Base
andWorst Cases are considered to represent English soils with particuten\§®©C status.e.indeed

the “worst casé), the model structure could be considered sufficien#fidito the extent that it has

the potential to provide SOC data correspondingtoe r e a In a setain comfigliration This

is because according to themodel settingsfor the Hoosfield unmaured plot, a continuous
monoculture of barley is beingrown without regular crop rotationsontrary to modernmagriculturl

practice inErgland (Powlson et al., 20)1Because of thisthe results of thistest suggesthat “the

right output behaviourido ei ng gener at ed ({Barlas, 1996086} ievgrithtough e as on s
the absolute number@ppearsensitive to parameter settingthese actualy definelocal conditions

while the structure produces reasonable behaviour feuch condtions. This testthus provides

confidence in the validity of the model structure whillsorecommending parameter seitisity tests

be usedto support the interpretation of resultsResuls of parameter sensitivity testare reported in

this Chapter.
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Table 3:Comparison of referencand modelled data

Year Reference data Model

Eng arable | Topsoil C conc. g/kg for | Base Worst Best

(Rusco et | Hoosfield 1km grid sq

al., 2001) (Bradley et al., 2005)
1978 | N.D. 2.476 111 0.89 3.23
1980 | 3.3 N.D. 111 0.89 3.24
1995 | 2.8 N.D. 111 0.88 3.33
1998 | N.D. 2.307 111 0.87 3.34
2007 | N.D. 2.143 1.10 0.86 3.39

The purpose of the family member test is to determineetvter the model structure is capable of

generating behaviours observed in ethinstances of the sanmsystem (Sterman, 2000As menibned

above, the model parameters were set to correspond to environmgatathate, soil typepand crop

conditions(barley)at the Hoosfield site at Rothamsted fmoduce the Base, Besind Worst Case

results To perform thefamily member test, the model as runwith a different set of parameter

valuesdesignedto reflect a plotwith a permanent grass (pasture) crophile unde the same

environmentl conditionsasthe Hoosfieldsite. Table 4reports which variablesere resetfor the run

“Fami lbye rmet ne s and thegsimalaien)resultsan be compared against the other runs as

shown inFgure 16a and 16b
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Table 4Comparison ofparameter settings for the family member validation test.

harvested

Variable Units Worst Case | Family member test (grass as a
(barley crop) crop)
“Maxi mum p|Mgha'year! |7 13 (Cotswold Grass &@s Direct,

2019)

“Crop p | ug | Dimensionlesy 0.5 0.5 to return the same value a
Har vest | nj(fraction) “Actual h aorpv e g |
because al | t
potentialh ar v e s t eabunts
for all biomasss the plant residue
arethe crop itself
“Residue Dimensionlesy 0.6 0.6 (assumed the sanas barley)
efficiency ” (fraction)
“Car bon f r|Dimensionlesy 0.4 0.4 (FAO, 2019)
of plant residus ” (fraction)
Initial  stock levelg Mg hat Reported in| Same as Base Case (Colemat
(1852)RPM,DPM, BIC RothCG26.3 model | Jenkinson, 1996).
and HUM documentation
(Coleman &

Jenkinson, 1996

returned?”

“C Cr op m{Dimensonless| 0.1 0.004 (Morgan, 2005)

f act orr” USLE (multiplier)

calculation)

“ Pl a nstdues r @&\ Dimensionlesy 80 20 (Planet Natural, 2019)

rati o” (ratioto 1)

“Price per Mg of plan| GBP Mg 6 38(The Farming Forum, 2049

residué

“Price per crop toh GBP M 190 38 becausehe plant residue is the
crop (same as above

“ Mi ni mum p Dimensionless 0 0 (same as Worst Case)

of recoverable plant | (fraction)

residue being
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Figure Ba: Familymember testresults for SQ | Fgure 1@: Fanily test results for thepotential
indicator (% carbon w/w $b. (unaacounted for) cost benefit balanceof
investing in OM the farmer could receive if

aware

SOC as % Unrecorded CB

5k

4k

3k

2k

Dimensionless
GBP/Hectares

1

0 -1k
1852 1894 1936 1978 2020 1852 1894 1936 1978 2020

Years Years
- — — Equilibrium - — - Equilibrium
Base Case Hoosfield Unmanured Base Case Hoosfield Unmanured
—— Best Case Hoosfield Manured Annually —— Best Case Hoosfield Manured Annually
— Worst Case —— Worst Case
Family member test (grass) Family member test (grass)

Theresults of the familynember test using settings fpermanent grass crops indicate that SOC kevel
increaseto converge at an equilibrium slightly higher than the Equilibrium run. This is because of the

hi gher “Maxi mum potentieldl Whreovkestred uynel cda dri agg
“Unrecoverableplant residué t han bar |l ey BtiCasas@Grass dwisierepartedito Wo r
stabilise SOC at higher levels than arable cr@b®u et al., 2009 These results therefore suggest

that the modelstructure is capable of producing reasonal®Chehavour for alternative cropping
configurationsat the samesite. Looking at the potential cost benefit balance from changes in onsite
ecosystem services, as r ep’orwhiehdne farmerisbnawaraadr i abl e
does not influence theimanagement practices so fdt appears thathis cropping choice could offer

greater overall returngo the farmerthan the Base or WorsIasebecause they caalsosellall grass

crop residues (silageo receive an incomeThis is because of the hightrP r iec Mg ofpplant

r e s i whieenfaintainng and unknowingl benefiting from stable SOC levelhishighlights the
sensitivity of the finanRricepérMgnal plaatts o wfar forthérs t o t
analysisThis test also highlights thgotential importance of crop choicesince this determies the

ecosystem services value of SOC on a particularbite. Tst r uct ur e of | and manag
for crop choice (includingotationsand different costs of manaing specific types of crps not yet

included in themodelledstructure but caild be a valuable addition in future work beyond thisdfs.
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The purpose of thenultiple modetest is to determine how many modes of beli@w are produced
with a view to highlighting thos¢hat couldbe targeted by policiesn the case bSOC as the céal
variable, it is evident that this indicator alwagsnverges towards stabilising at an equilibritonthe
structural reasons discusdeabove As highlighted byhe family member test, financial indicator
variables are driven by SOC bwe sensitivée o0 t he val ues of e x oRgiepey us
Mg of p | awhich canedsterrdinedh®e behaviour mode for a cbshefit andysis outcome
over time. That SOC exhibits a specific mode of behaviour regardless of cropdgpéseeking,
whereas the behaviauof financial indicators may present different modesbahaviour,presents
parameters for furthebehavioursensitivity amlysis(section4.2.3 and considerationsof later policy
design(Chapter 5)

4.2.3 Behaviour reproduction tests

Behaviour reprodation tests help determine whether the model outputs aefficiently similar to
the behaviour of interest in the system ing studiel (Barlas, 1996; Sterman, 200Qorrespondence
between the behaviour of model outputs aadtual timeseries data have afr@dy been discussed from
the perspective of structur@riented behaviour testssgction4.2.2), showing thatSOCbehaviour
directionandshape patterns were sufficiently similar to confirm model structure, wiiderepancis

in the absolute quantities fd8OC indicator variables suggested that the model wasitbanto certain
parameter settings given h e  mdedaiget (th@augh adaptableypatial resolutbn. Multiple modes
of behaviour for financial variables were alsaafenined to be sensitive to exogenous parameter
values although these did not affeckand managerdecision variables given that endogenous
information feeacks were not operating accordj to theconditionsof the modelledCases in short,

in the existing model structure, sensitivities in economic varéhtio notaffect SOC because they are

not endogenizedis shown in Figure 12

That SOC behaviour is setig® to environmental conditions and crop choice i$ amew insight and
can be explored in the gginal Roth€6.3 model regardless of the contribution of this thesis, sagh
through changing soil type and climatic conditio@oleman & Jenkinson, 1996Jhat modelled
behaviour of financial indicators addén this thesis are sensitive to exogenousgpaeter conditions
but are not driven endogenously also has few impligaidor the accuracy of modelled behaviour
when land mangers do not receive inforation feedbacks that influence their land management
decisions, as in the Base, Best and Worst medédTases. This is important, however, if policies are to

be tested whichaim to affect information feedbacks between onsite arftbibe financial variableto
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motivate changes in land management practiceshsagby usingnatural capital investments. Fmo

the perspective of the model ' s ab iesensttiwtyinsightsr e pr od
delivered through the structureriented behavioutests suggest that the model is sufficiently robust.

From a pticy design andnalysisperspectivethe structureoriented behaviour tests point out the

potential for counterintuitve and nodinear behaviour to be generated if natur@pital investment

products aim to internalise economic externalities by introohg information feedback mechanisms

bet ween economic i ndi cat ecosgstern $ervi®éh@ larsl managermenti but i o

decisions.

In addition to these behaour sensitivity insights fra other tests, focused sensitivity tests weatso

used. In the preceding discussion, settingstioet val ue of the wvariable * Max
yi el d” ified as beingosenoptimistic compared to btorical data for barley yields at the

Hoosf i el d si t e. Actual bhatvestablenciopml yéelds, dynantically determined through

“GM i nfluence on naenadn “yDOreoltudg bvha reifatbeidl igtwpitein S OM s
driven by SOC,antdhi s acts as a mulptoitlniteral or atr kwate't Mal x iy mi
t h éctual harvestable crop yi€ldRuns exploring lowerigids, and with or without drought

conditions, were compad against the Worst Case. The parameter chaageshavn in Table 5and

the results presented iRiguresl17a and 17bThe results indic& that modelled SOC is not sensitive

to drought conditionshbut more sot o changes in the “Maxi nmhism pot en
meanirg that the reinforcing feedback loop of SOC influentirtg Actual harvestale crop yield (R1

in Figure 12)s less important in driving behaviourhan t he “ Maxhiamwne sp cetde nytiied I«
an exogenous inpufhat the SOC results for runs with drought conditionsamedistinguishable from

those without drought conditios ilustrates that where drought events every 5 years may reduce the
amountof plant material available o b e a d d@ap planbresislug productichin the short

term, this is inconsequential f@OQompared to theabsolute maximunyield potential.
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Table 5:Comparison ofvalues used insensiivity analysisfor the variable“Maximum potential

harvestedyield’'.

Run “Maximum potential | “SWITCH Drought conditions”
harvested yield” (Mg hal) (Dimensionless)
Equilibrium 8.35 0
Worst Case 7 0
Sensitiviy test 1 3.5 0
Sensitivity test 2 3.5 1
Sensitivity test 3 7 1
Sensitivity test 4 0.7 0
Sensitivty test 5 0.7 1

Figure 17a:SOC ensitivity analysigesults for

variable*Maximum potentiaharvestedyield’.

Figure 17bActual harvestable crop yietgsults
for sensitivity analysis for variablé Maximum

potential harvestedyield’.

SOC as %

Dimensionless

1894 1936

Years
- - - Equilibrium
—— Worst Case
Sensitivity test 1
—— Sensitivity test 2
------------- Sensitivity test 3
Sensitivity test 4
- - - Sensitivity test 5

Actual harvestable crop yield

Mg/Hectares/Years

- - - Equilibrium
—— Worst Case
Sensitivity test 1
—— Sensitivity test 2
------------- Sensitivity test 3

Sensitivity test 4
- - - Sensitivity test 5
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4.2.4 Validation summary

Tale 6:

summaises the results of the model validation tests, including comments on their

implications for model confidence, understand of model behaviour and policy design.

Table 6:Summary of validy test results and implicatits.

adequacy test

Test Results Implications

Sructure Sufficiently to | Structure srongly grounded in pblished sourcepportunity

verification stronglyvalid | to improve upon someproposedformulationsin future work
structureis appropriate for model purpose

Parameter Sufficiently to| Grounded in published sources assumptions strongly

verification strongly \alid | supported;suitablytestedexperimental variablesstructure is
appropriate for model purpose.

Direct extreme | Strongly @alid | Robust todired extremeconditions

conditions

Boundary Strongly valid | Stuctural exclusionsrecognised andhoted opportunities for

inclusion duringfuture work; strucdure is appropriate for

model purpose

Dimensional

consistency test

Strondy valid

Dimensionally cosistent and variables with reaivorld

equivalents structure is appropriate for model purpose.

Integration Strongly valid | Not sensitive model settirg choices appropriate.

error

Qualitative Strongly alid | Directionand pattern sufficiently similar to reference modé
features behaviour; absolute laes vary but reflectlifferences in d&a

spatial scale and théocal conditions to which themodel
parameters ag set structure is appropriate for model
purpose;recommendsparameter gnsitivity tests to spport

results interpretation.

Family member

Strongly valid
for this model
structure,

while

Capable of producing reasonable patisrof behaviour for

different local caoditions (e.g. crop types) confirms

adaptability of model sucture to other locations bgond

parameter ranges setfor the analysesin section 4.1;
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recommend
points of
consideration
for polices
that introduce
new feedback

structures.

differencesin behaviour patterns beteen SOC indicators ar
financial indicatorsnot sigrificant for this model structire
becauseno operating feedback between ecosystem servic
values and land nrger decisiongFigurel?); however,test
results suggest potentialfor surprisingnon-linear effectsto
result shald policies be used to introduce such tmacks—
recommend consideration in policy analysistructure is
appropiiate for model prpose and provides behaviou

insights.

Multiple mode

Strongly valid
for this model
structure,
while
recommend
points of
consideration
for polices

that introduce

Gonsistent modes of behaviour forSOC and other ke
biophysical varial#s goatseeking)multiple behaviour modes
for financial indicatowvariableswhichin this structureare not
endogenizedFigure 2) so do not lead to notinear results;
however, testresults suggest potential for surprisingon-

linear effects should plicies be used to introduce feedbaxc
between biophysical, financial and decision variables —

recommends considerationin policy analysis structure is

appropriate for model purposeand provides behaviou

new feedback insights.
structures.
Behaviour Sufficiently Direction and shape sufficiently similar to referenceds;
reproduction valid discrepances in absolute values traced wifference spatial
scales of reference and model dasad local conditions of
modelled field plots;parameter sensitivities highlighteth
earlier testsalso highighted here.
Behaviour Sufficiently Behaviour modes are consistenfor biophysical variablg
sensitivity valid, ~ while| confirmed; additional insight that initial stock conditions
recommends | influencerate of change in stockdicator, multiple modes of

parameters for
further

sensitivity
testing for

model

analysis

behaviour for financial variablesonfirmed sensitivites in
biophysical variables traced to parameter valueswhich
recommends parameter sensitivity testiigr model analysis
multiple modes offinancial variablebehaviour recommendj

for consideration in plicy analysis.
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Parameter Qifficiently OC moresensitiveto “* Maxi mum potenti
sensitivity valid (exogenous parameter) that Dr ou g h't ef fe
recognising S OM s t(emdogerous parametgisiggestsfeedback loop
which Rl (Fgure 12) less important tharnxegenous input in driving
paramders “Actual harvestable crop yiéldwhich deteamines plant

most sensitie | residue praluction; important for interpretation of behaviour

in addresingResearch Questions

4.3 Main insights from behaviour analysis and validity testing

The insights generated from the model behaviour analysis and validity testing are discussed here in
relation to the Research Questions posed in Chapter 1. Research Question2labhd11.3 are
addressed heren contribution towards Obgctive 1. Some provisional insights are provided for
Research Questions 2.1, 2.2 and 2.3 towards Objective 2 and further assessment of Natural Capital

Investmentsas presented ifChapter 5

4.3.1 Understanding of soil degradation

Research Qudisn 1.1 ak sWhichdynamic structures could be responsible for promoting the decline
of soil natural capital in EnglantPhe results of the model analysis revealed that the stock and flow
structure of accumulatingcause and effect relatitships werecentral to the decline in SOC as a soll
health and natural capital indicator. This is becaB§¥C can be considered as a sta#t therefore
depletesif the inflows ofaddingorganic matteifrom crop resilues or organic amendmenasesmaller
than the outflowsdue to organic matter decayhis means that in order for SOC stocks to remain in
equilibrium, the inflows of organic matter must equal the outflows of decay, and if SOC stock levels
are to be increaed the inflows must exceed the outflosv Ths corroboates with the findings of
Gerber (2016)The additional insightprovided by this thesis is that the influence of SOC on yield
variability according to the operationalisedracture devebped in this modetloes not represent a
strong reinfolcing mechanism tdncreasethe input of crop residues under normal nor droughty
conditionsettings Instead the absoluteng-term crop yield is more importantyhich isrepresented

in this model as aexogenous vaable. Controversy surrounding how SOfluences absolte crop
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yield was discussed in Chapteréhd operationalising this effect in a model based on the latest
scientific knowledge can be considered an importargontribution for future research.For the
purposes of addressg ResearchQuestionl.1, the insigh about ab®lute crop yield suggests that the
supply of organic materials, whether crop residues or FYM and other organic amendments, could be
important, whetherimported to or gravn in the field if the market supply of organic materials
constrainedmeans organic inputs alewer than necessarto maintain SOC equilibrium, the inflow

will be smalle than the outflow and SOC stocks will decl{Rewlton et al., 2018)The second major
insight is that the decline in SOC could be promdagthe absence of a feedback mechanisnivieeen

the ecoystems benefits of SOC and land managemerdisiens(Figure12). Tre model analysis
suggests that this could be considered an example of market failure as proposed by Graves et al. (2015)
since the majority of the economic costs ofoil degradationare borne as exterdiies to land
managers The finding also implies that this also represeatémitation of exsting actim-oriented
agrienvironment policiesand subsidy payment$Burton & Schwartz, 2013pr addressing soll

degradation because they are natferenced to soil health indicators such as SOC

Resear ch Qu eWhchdgnamicstruizZtures €duld be‘responsible for mitigatinglowing

the decline in soil natural capital in Englafidihe madel aralysis and validity testing provide three
points in response to this questidacused on thesoil health and natural capital metf®0OCThe first

is the firstorder controlmecharsm (balancing lop B1 shown in Figure 1@hereby the outflow of
SOQhrough orgari matter decay is determined by the current SOC stock. This structure mitigates or
slows the decline of SQ@roducing behaviour corresponding to exponential decatich will
converge at an equilibrim point abovezero so long as the infloaf organic mattelis above zm. The
second response t&esearch Questioh.2 is crop choice, since which crops are grown on a plot of
land determine the total quantity of biomass production, and also what proporaf that crg will

be reincorporated bdcinto the soil. Thisinsightwasdelivered by theamily member validity testing

and is an ob®rvationwidely recognised in the relevant soil science literature. The third response to
ResearchQuestionl.2is that reasons exogenous tive modelfeedbackstructuresare respondile for
mitigating or slowing the decline in SOC, becaersdogenouséedback mechanisms are absent in the
currentsystemf act ors not related to SOC are currently
about how to manage thetBOMrather thanthe value ofecosystenservices driven by SOThsis an
indgght that strengthens the argument made bya@es et al(2015)by representing the theory in an

explicit model structure capable of quantitative simulation.

Research Question 1.8 s kVghich' of thesedynamic structures relate soil healtlo systems of
financial incentives and investmeftsFor SOC saan imporant soil health and natural capital

indicator, the model analysis and validity tests confer with Graves et al. (2015pto thiat that
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changes in SOC present unrecognised economiefttgerand cost¢o land managers, with the costs
of declining water quality, flood protection and climate regulatioging borne byoffsite actors as
externalities If dynamic structurecould relate soil health to systems of financial incentivaesd
investments these might produce different behaviourtime system Thisinsight can be used tohelp

inform the design opolicy interventions such as natural capital investments.

4.3.2 Design of natural capital investment as systems interventions

Research Questich1asks“What are the leverage points in tlilynamt structures of the system for
reversing the decline in soil natural capital in England using natural capital investin€hes#odel

analysis and validation &ing offerthe preliminary answerthat he | and manager s

about thepotential economic benefits of investing in SOC could represent a potential leverage point.

Introducing an information feedback mechanissnch trat land managerscould recognise the
economicvalue ofSOC to theibusinesscould influence their desions abotthow they manage crop

residuesanduse FYM and other organic amendmewith a view to improve theiSOC stock.

Resear ch Qu e dhat arethe StreBgthsa andk appoftunities for ugj natural capital
investments to exploit thesleveraggoints in the system structure for restoring soil natural capfital?
The model analysis and validation testing offers the preliminary answer that natapital
investment has the potential toreatea feedbacknechanisnto relate SOC aa soilhealthandnatural
capital indicator to its onsite and offsiteeconomic benefitsand thereby influence land manager
decision makingdpy initiating awareness and prigling financihincentives to change their practices
This corresponds with the portrayal of naturedpital nvestments as feedback mechanisms for

encouraging beneficial environmental outcomesy( Natural Capital Coalition, 2016

Research QuestioR.3 asks*Whatare the limitations and risks for using natl capital investments
to exploit these leveage poins in the system structure for restoring soil natural capitdlife analyses
presented in this structure providéree preliminary responses. Firghe validtion tests highlighted
the potential for high sensitivity of financial indicators to pei parameé¢ r s s Pricé peraMy of*
plant residué which maynot themselvesbe constant In combination with the current absence of
operating feedback echanisns and lack of resulisased policy intervetions, this presents the
possibility for natual capitalinvestmensto producecounterintuitive and nonlinear effectsSecond,
the validation testing also highlighted that different site conditions affidént granularity of spatial

data present importat contextual considerations, such that natureapital investments might
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produce desired results on some plots of land pttduced undesired results asthers. Third, the

model analysis showed that indar for SOC to accumulate, inputs of organic matterst exceed the
outflows of decaywhile to ahieve a onstant rate of increase in SOC the inflow of organic materials
mustbe increasedo ever higher ates because dhe balancing mechanism affectingganic matter
decay.This is because of the balancing feedback loop Bl (FigyreHich operates as first order

control mechanismThese structures also mean thah#cessary to maintaiarganic matterinputs to

avoid declines in SOThis meanthat natural capitl investments would need tacentivisdong term
conservation of SOC which may present both financial and practical challenges given that organic

matter supply (such as FYM) might not be available.

In Chapter 5these preliminary answers toeRearch Qustions 2.1, 2.2 and 2.3 are given further

considerationthrough policy design and analysis.
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Chapter 5. Policy Analysis

5.1 Policy aims

Defra has set the go&br ensuringthatb y 203 0 al | ard beifgmandgadnsdstaisablyg o i | s
(HM Government, 2018 This thesis is focused on explairthe potential for natural capital
investmens to contibute towards this goal, using SOC as a soil health indicator and natural capital
metric. In the design of natural capital investments as poligiefventions, 2030 was considered as
the target year ér achieving desired outcomes in SOC. Theypdibrizonwas considered as being
from 2020 (approximately the present day) ttoee target year 0f2030. Baed oninsights fromthe
model analysis and vakton testing (Chapter 4}he differentiation of twopotential starting points
wasconsidered impaant: plots of land with poor and worsening SOC status, and those with better
SOC status. THEOGtock valies for the Worst and Base Cases at 2020 wersideredto represent
these respectivesituations Forthe Worst Case, the policy aim whwerefore consideredto be to
achieve or exceed the SOC level of the Best Case inv@i2@n increasing or stabiligj trajectory

while for the Best Case, the pgliaim wasalsoconsideredo be to maintain or exceed the & levels

of the Best Case in 2020th an ingeasing orstabilising trajectoryThese levels were used to initialise
the DPM, RPM, BIO and HUM stockdtie policy analysis simulatiorshown inTable 7. Because the
model testingidentified the importance ofsite contextual factors indetermining differences in
absolute valuedetween simulatedand referenceSOChehavioug it was considered importanto

explore the implications dhitial SOGstatus for policy success

Table 7: Initial conditions for policy design astalysifor the Worst and Best Cases.

Worst Best
Initial RPM 2.66 151
Initial DPM 0.115 0.542
Initial BIO 0.393 1.96
Initial HUM 16.9 71.5
SOC (% w/w) 0.855 3.44
SOC (Mg ha') 22.8 91.9
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To achieve thgoals setabove, policies were designed based on the findings of the model analysis
answers to Research Questions-1.3 and preliminary answers to 2213. The policies were designed

to create feedback strgtures connectingghe onsite economic benefitef SOC ah the offsite
economic benefits of SOC t boutlthe nsg of mrapnresigees and d e c i
organic amendmentgntroducing and activating such feedback mechanise®ns to be th@urpose

of natural cajtal investmentge.g. Natural Capital Protocol, 2Z8)¥or overcaningthe issie of market

failure as proposed by Graves et al. (2015) ateinonstratedin the model analysisThese policy

structures were introduced to the modeimulation results were angsed and validatin wastesting

performedto develop further insigts.

5.2 Policy A

5.2.1 Policy A Design

“ Pol iwag/constructed as a farndaisory structuredesigned to mirror the economic anabgs
performed in the KeySoil (2010) case studiése purpose of this paty structure was toactivake a

feedback loopbetweenland managemenpracticesand the potential economic benefiterf farmers

of using organic materials (crop residues and manuregjcr@ase their SOC stoqlig3, R4, R5 and B2

in Figire 12) The purpose of the policy is thefore to initiate the farmer to invest in natal capigl

based on theecosystem servicebenefits they are likely to receive. The idea is thatdaese SOC

delivers onsite ecosystem services, offsite actors (eagemcompanies, local councils, governments)
receivingofidi e benefits wil./ i ¢k ® tsdch thabland rmanagersanill begio e  a s
to invest in SOC directly themselv@he leverage point beingrgetedis farmers’ awarenesghat

includngin theiraccounting practicesa costbenefit assessment for the potential economitumn on

boosting thér SOC stocksould beimportant to their businessnterests

Looking at the structure dpolicy At he vari abl e “ POLI CYfitshfrdtwning ce t o

crop residoalesWhi ch aactwiimvat es “ DYaMAarMhlignefRsoE | CY A

investing in OM”. Thi'$DE@i ScOEsToni haedt mana @t
manager to incorporate available crop residuesi add organic matter at the same rate asthe

original Best Case through 8.8 Mg*af FYMeachyear.The* DYNAMI C POLI CY A Advi
on benefits ofmvesti ngplism @Mtivates the “Ilnitiating aw

determines whethe the land manager is making a cdéineft assessment (CBA) of whetharilding
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SOC levs offersa positive investmento them. Whether the farmer is making@BA is represented

by t heFamérdMakingdCBA. Thi s st ock actsiwiattcehs “oFa rdneearc tD e
to make CBAswitth whi ch enabl es t he Netdbdneful aotfi oM opfe rt hhee
and “Far mer CB balOaice Tfthors istveaestiumg iomperates
relationship described in Chapter 3 wherelne tand manager wilikelyt a k e t 8I®N To kegC |

i nvesting i n ©dierdBfa ltahnec et rfeonrd lookeile g wili reach posity OM”

(>0) within 5 years. If so, the decision to incorporate crop residues and add FYM will bacome
“Standard practi deet o dDVMiNAMIGIROLICYA ACWER tp famndeahdits

of i nv e s isiswitchedioffiautOnticallgncetre | and man aS$andard practicpt s a
t o i nv e sThe expecte@nVestment bypublic a private bodiesin deployingPolicy Ais

cal cul at e Gostper acredor farmdwisof s a proxy based on reported agronomist fees

(The Farming Forun201%). The policy structureare depictedin Figures 18a and18baccordngto

their stock andflow structure of the model softwareFor a simplified version, Policyiiroduces a

structure whichactivatesR3,R4 R5 and B2 in Figur@.1

Figure 18a:SFD structie showing which leverage| Figure 18bstock and flow diagram dhe
point Poicy Atargets. policy structure for Policy and how the

costs of the policy are calculated.

Proportic
Minimum proportion of recoverable

plant residue being retumed
O SWITCH roduction year
POLICY A POLICY A

Initial making CBA Time to awareness

Proportion of recoverable plan
Farmer Making a CBA returned 1o field

o
‘_. SWITCH POLICY A
—Q

Initiating awareness 1 Exogenous reason (0. invest in SOM Advice to farmer on benefits
for making CBA 2 Dynamic reason to investin SOM of returning crop residues

DECISION
To invest in OM

DYNAMIC POLIC
Advice to farmer on ben¥fits

of investing in OM Accumulated Cost of

Policy A

DYNAMIC POLICY A Standard practice

Advice to farmer on benefits to invest in OM i
O ¥

4

of investing in ONI

+

Cost/incursion

Cost per hegtareof POLICY A
_ Policy A cost period
(0
POLICY A DECISION

Advice to farmer on benefits To keep

of returning crop residues investing in OM Conversion acres to hectares

Cost per acre for farm advisor
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5.2.2 Policy A analysis

As shown in Figues 1%-19f, the effect of Policy A on SOCdahe onsite and offsite ecosystem services
berefits difered depending on whéier the Policyvas deployed in relation to plots with trally poor
(Worst Case) SOC status or initially better (Best Case) SOC status.

Without Policy A, SOC stocks decline ydvam the policy goah both Cass, andwith amore severe
and rapidlossfor Best Case plots. This is becaimsboth Casetand managersra not calculating the
costbenefit balance of SOC and therefore are unable to recegtésimportance for their busirss
activities. Although in these situations the is nopolicy cost being incurred sincePolicy Ais not
activated this results in a loss inghvalue of the offsite ecosystem services of water quality and flood
regulation as welas climate regulationthus confirming the needor intervention The losss more
pronounced irthe initially better Bes Casé plots becauseof the balancing feedback loop whetiee

mineralisationrate is higher fotarger SOC stocks( Figure 12)

In contrast,introducingPolicy A was able to maintain SOC levels above the target on Bestl@ase p
leadingto avoided cost savings over th@ year simulation period of around £3-Har water quality

and flood regulation to water companies and local authorities, and £22@dnalimate regulation by
society.Introducing Policy AlsoincreasedsOC levels aine Worst Case plots, but failéd reach the
policy target for SOC stocks 33D despiteimproving the water quality and flood regulation value by
around £2.50 hd and climate regulation value by £200 hduring the ten year simulationggiod.

This is becaudghe inflows of organic matter were not sufficiently large enough to accumulate SOC at
the required base wittinormal’ rates ofplant residueand FYMadditions(based on available plant

residues and-YM uage rates estirated from literature).

For theBest Case plots, funding for RgliA was only required in the first year becaust hremer“ F a

CB balance for investing in OM'mewassssumgtdowaht at el vy
to continue investing in SOC onaware of its economic contrilition to their business. This mea
introducing Policy A in such circumstancedyorequied the oneoff cost of£17.30 ha by water
companies, local councils, or thrgln a government instrumentOn plots with poorer initial SOC

status, ontinuing farm advice is required tkeep encouragng land managers to increase SOC
throughout the 10-year simulation periodThis is because the SOC stock cannot haikLfficiently

high levels within the 1Qear time period to deliver sufficient befies to make theadding more

organic matter worthwhile to the farmerThis is reflected in some of the Key&21l10) case studies,

wher e f ar meinvestmenrireorganic matterrcan take up to 15 years‘treak evefl. On

Worst Case plotghe contiruing need for deploying Policy A resuliedan accumulatedhvestment
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cost of £173 had by the end of the 1§ear simulation periodThee’s little reason tosupposethe
additional benéits of £23 ha! for climate regulation and £2.54 fdor water quaity and flooding
regulationwould be achiegd since the farmeis unlilely to keep adding organic mattegoluntarilyif
they are notsedng a returnjust beause they are advised t@he overall net present valsg¢NPV)
(excluding discounting facts)to the investorof Policy Aor plots withdifferentinitial SCClevelsare
presented inTalde 8 Theyillustrate the potential added value of introducing Policy A compared to

not introducing it bearing in mindor Worst Case plothe investor isinlikely torealise thesdenefits
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Figure 19aPolicy A simulation results SOC Figure 19bPolicy A simulation resultarmer CB
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Table 8 Net present vaue (NPV) resultekcludesdiscounting for Policy Adifferentiating between
plots will initially poor (Worst Case) and good (Best Ca36H} stats. Values based on accumulated
values over policyimeframe 20202030.

Initial SOC | Variables No Policy A | With Policy A | Difference Policy A
status (GBP) (GBP) (GBP) NPV (GBP)
Worst Case | Benefit:  water| -2.67 225.53 228.20 55.20
quality, flood
and climate

regulation value

(sum)
Cost: nvestment| 0 173.00 173.00
in policy
Best Cae Water quality,| -221.43 6.72 228.15 210.85
flood and
climate

regulation value
(sum)

Investment  in| O 17.30 17.30
policy

5.2.3 Policy A sensitivity

Sensitivity analysis was applied to the slation runsincluding Policy An order tofurther devebp

the preliminary answers to Research Questions23lprovided at the end dhapter 4. As shown in
Figures 194.9f, the same type of natural capital investment mechanism can produce desired results
on some pbts of land andail to do sonot on ahers depending on their initial soil statu@nitial

conditions)

Chapter 4 also reportethat model simulationresults were sensitive to changes in the parameter
values particularly thé' Ma x i mu m p@reestedy it eaadhightightedthe potential ondraint
to policy effectiveness of a shortage in FYM suggiyures 20&20d showthat, under Best Case&sOC

conditions low yields or perioit yield drops, FYM supply shortages, and combinations of yield drops
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and F¥1 supply shortages do lead to slightly lower SO@l¢eand reduce water quality and climate
regulation values. They do not however affectthea nd manager s’ “DECI SI ON To
because under these circumstvamntciersg tihre ON'arime r a ot
than the originaBest Case POLICY A simulation runs. This is because they ate ablkless crop

residwes so will need to forego less income to incorporate them into the ground and spend less on
FYM(hereassuming aixed piice). Under Worst Cagaitial conditions, the sam&w yidds orperiodic

yield drops, FYM supply shortages, and combinations of yield drops and BYM slortageslso

lead to lower SOC levels and reduce water quality and climate regulatioesvaluT he “ Far mer
bal ance for i nvest forthgeseicomditiGnslhesei esultssndicate that alteayght i v e
SOC is sensitive to these instances, the effectiveoieBslicy A iexploiting theleverage poihis not
sincefeedback loops RR4 R5 and Bih Figure 12 areperating With these parameter catlitions,

however, they are not powerful enough because the rates of organic mattelicagion from are

reduced hence their failure to reacthe policygoal by 2020

Building on these seitwvity results, their assumption of a fixed price in Fib explored further. As

shown inFigure20a20d,changesi“ | mported FYM or ot her odogsaani c an
not influence SOC levels,u t does i nf IrCBfordaneestinhi®@M™ Famadnet her ef or
potential effectiveness of Policy f8r exploiting thetargetedleverage pint. In Best Case initial soil

conditions, if the FYM pricedreases (as it may during an FYM shortageuring high demandby

2.5 times (2 Mg hato 7 Mghatas is plasible according tonanure prices used bigeySoil Z010)),

the “Farmer CB for investing i nattieMdstobthaadvesProl i cy A

(water company, local councjovernmentetc.).
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Figure 20aPolicy A sensitity SOC

Figure 20bPolicy A sensitivity Farmer CB
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Figure 20cPolicy A sensitivity water and flood

Figue 20d: Policy A sensitivitylimate reg.
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Figure 21aPolioy ASOGensitivityFYM price

Figure 21bPoligy ACBsensitivityFYM price
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Figure 21cPoliogy Awater sensitivityFYM price

Figure 21dPoligy Aclimate sensitivityFYM price
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The“Price per Mg of plant residiie wabsahighlightedby KeySoil (2010) asparticularlyimportant

factor in determining the economic returon land

22b show sensitivity analysisesultsfor different plant residue prices for the Best Cagigial SOC
conditionsand Worst @se The results illustrate thafor the Best Case condition®olicy A is
sufficiently robust to higherd v e | Bricegpér M of plant residiie,

Case + Policy A Plant Residue price step x2-2022), except Wwere plant esidue prices are

managerdnvegmentsin SOM.Fgures 22aand

e v e nriablerdatenBest

consistently high from the beginning at double the baseleintheselatter circumstancesthe land

manager experiences negative economic ésef investing in SOC throughout the simulation and

therefore Policy A requiresontinual tindingeven

to believe it Wil succeedT he resul t s

residue mu st be as

positive return for thefarmer andenable deactivation of Policy A the end of the 10 year simulation

under Best Case initial conditiomgh no reason

of anal ysi Rrieipsa Mg of dlaat

o anesixtla ar theirnoemalfprice to dffer the prospect of a

period. Even with the lowest crop lidsie price of 1 £ M§Policy Astill needs to be deplagd agdn in

2029to encourage land managers continue to invest in OM with the Woase initl soil status

FHgure 2a Policy A CBsensitivityresidue price

Figure 22bPolicy Acostsensitivity residue pce
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These results highlight the sensitivity of Policy Ato mpor t ed F Yahkt amendntent prieer o r g
per Mg "riceger 8ig ¢f Plantesidie” evenwith initial Best Case status. Although the initial

analysis (section 5.2.8uggested Policy A could be effective under these circumstances, it is clear that
relying on a oneshotfarm advisory policy to enable land managers to inclideemnomic value of

SOC toheir business operations in their decisimaking is riskychangesirf | mport ed FYM or
organi c amendment riperperavig of plant resMdetouldnraleé addimy these
materialsless economicallyi@ble.Both of these prices can vary &gional and local scales (KeilS

2010), further higlighting the susceptibility of Policy A to these variables. Instances of FYM supply
shortages pond edhd&YM mr ot her organialsolkelmnm®ndment
coincide, introducing FYBupply and demangrice dynamics whgh are not included ithis model.

On the basis of sensitivity analysis, Policy A alone does not therefore appear to offesaaption

for investing inSOC aratural capital.

Perhas moe crucial than sensitivity tthese parameter settings, Policyid\structurally dependet
on the assumptionthat if farm advice is being deployef&rmers will still act according tihvat advice
andinvest in SOC even when theeturn is regatiwe in the long term(at least the 10 yar period),
evenfor farms with poor initial sil status That this is an unlikely outcomm@ovides further support
to the argumentthat farm advice(Policy A)may not be enougton its own to ensure that land
managers wilbe encouraged tanvest inorganc matter when th@ econamic return appears to be
negative.The potentialy positivereturns to natural capital investofer funding fam advice therefore
appear to bepresent an ulikely prospet. These insights from the analysis of Policy A candeelto

inform the design of further policies for testing, such as Policy B

5.3 Policy B

5.3.1 Policy B Design

Building on the inghts delivered by Policy A?olcy B was designed as an attempt to try to overcome

some of its shortcomings, particularlyetiinrealistic prospect of relyingn land manageracting on

advice about the benefits ohvestirg in SOM even when they were not apparent in a -¢uestefit

analysis by the farmetPolicy Bvas also designed tayt to overcome Policy 'asersitivities tothe
“I'Z}9+nmported FYM or other organic amendmenetandri ce p

ensure* Far mer CB b al an cigpodite forplots stadisgtwithpogr SOGstatu® M”
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Policy B was constructed as a payment dopsystem seiiges (PES) for increasing S€6rks to
improve water quality, flood protection and climategulation benefitslt was therefore designeds

a natural captal investmentto be made byinvestorsexperiencing theseffsite ecosystem services
benefits, suchas watercompanes, local councils responsible for draitearance and national
government with climate changgammitments The purpose of this policy structure was to create the
supposedly absent feedback loop between thfésite costs and benefits of #alegradation to land
manages, thereby enabling farmers to internaliseetrexternalitycreated by market failure. hie
purpose of the policy is therefore for offsite entities to pay the farmer for increasing the bertedis t
are likely to receive. Theed is to enable the faner to be paid for the offsite ecosystem services
benefits they generate, include the incom®in those benefits in their balance sheet, and decide on
that basis whether to invest in SOC on theirdfiplot or not. The leverage poinbeing targeted by

Policy B is the farmerbalance sheet

Looking at the structure of PolicyilBFigure23, the varidle® P OL | CY a®vitcRvhiSH activass

“POLI CY B Pwm8chdurns the'aCmendge in cost of nuigance s
si mul at i oNetCO3a sedvaluehaecuniulatiom he “ POLI CY B PES to Farm
MAX functim which chooses the highest value from the sumanche “ POLI CY B Fir st
i nv e s twhighmdts’as a minimum level of payment for thmstffive years of the policy (2020

2025) intended to wovide an initial stimulus for farmers to invest in SOMis ontribution is then

added to toet &t Abhenpnafi ba of Sdhnager usesdorcacalatethein i c h t
“Far mer fNdt olfe nOM ampmar “Heaatmere”CBi bgl afihe@Ndbl®er | nv e
“POLICY PES proportion of value swdat groportion of the total offsite ecostams services value

the external actor choseto pay-the default for this setting is 1, meang that 100% of the ecosystem

services value is paid tbe land managerPOLICY B also instigates the samecesfasPOLICY By
“I'nitiati ng awa rCégithout intuoing the added costof farm adviceThis is

becausehe offer of funds is assumed to initiate the farmer making a cost benefit arsisout the

expected returns oadding moreOM. Building on Figure 1Ejgure 24 depicts the feedback structg

introduced by Policy B a CLisingsimplified variables
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Figure23: Stock and flow sucture of Policy B.
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5.3.2 Policy B Analysis

As shown ifriguies 25a25f, the effect of Policon SOC and the onsite aafisite ecosystem services
benefits dffered depending on whether the Policy was deployed in relatioplats with initially poor
(Worst Case) SOC status otiatly better (Best Case) SOC statisthout PolicyB is the same as the
runs without PolicyA: SOC stocks decline away from thdigogoal in both Casevith an exponential
decay pattern that isnore severe and rapifor Best @se plots In contrat, introducing PolicyB
appearsable to maintain SOC levdtsachieve the policy goain Best Case plots, leaditmgavoided
cost saving over the 16year simulation pead for water quality and flood regulain to water
companies and local authorities, and foinwhte regulation by societyintroducing PolicyB also
increased SOC levels on the Worst Case plots dilatifto reach the paty target for SOC stocks by
2030despiteimprovements inwater quality, flood regulation and climate regulation value during the

10-year simulation period.

For the Best Case ploigyvestment enabled the mitigation of almost all thetpotial costs posedby

the No Policy simulation. The ¢esverehighest during the firstfivg e ar s t o ensur e t
bal ance” f dOM wasmpoesiive,twhichgould then be reduced to the value of the offsite
ecosystem services being provilby SOC. The assutigm here is that farmers would coimue
investing in OM additions becautlee PES enabledtHieFar mer CB bal a@GM® f or
stay positive.ln dynamic terms, the reinforcing loops R3 were able to exert enoughfluence
despite the strong amn of the balancing meanisms oB2 and B3Figure24). Despite this however,

the overall value of offsite ecosystem services was stilatieg, with the natural capital investment

only enablinghe awidance of additional costs cqrared to a situatiorwithout the investment.This

is be@use the SOC stock cannot build to sufficiently high levels within tyed0time periodat the

rate of organic matter being appliexhd the balancing meemism of B1

On Worst Casplots, theoverallinvestmentcostswere higher because on theseopd itwas possible
to achievea largespike in initialecosystem services benefithie to the sudden net gain irf8OC
sequestration although these cost decreased over the course of the simulatisnthe net
sequestration apacity of the soil declined as equilibrium was approach€&dis is the bateing

feedback loop B3 in Figure d3espite inprovements, howver,the pdicy goal was not achieved.

The overall net present value (MP(excluding discounting factofey Policy Bare presented imable
9. The results shothat introducing PolicyB on Best Case plots delivered overall net benefitsigh
cost avoidancesompared to not introducing jtwhereas on Worst Case plots the costs outweighed

the benefits.
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Figure 25aPolicy Bresults SOC

Figure 25bPolicy BresultsFarmer CB
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Figure25d: Policy Bresultsclimate

GBP/Hectares

Water quality and flood regulation value

-3
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Years

—— Worst Case, No Policy
Best Case, No Policy
Worst Case + Policy B
Best Case + Policy B

Climate regulation value
300

200

100

-100

GBP/Hectares

-200

-300
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Years
—— Worst Case, No Policy
Best Case, No Policy
Worst Case + Policy B

Best Case + Policy B

Figude 25ePolicy Bresultscosts over time

GBP/Hectares/Years

Cost incursion for POLICY B

0
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Years

— Worst Case, No Policy
Best Case, No Policy
Worst Case + Policy B
Best Case + Policy B

Accumulated Cost of Policy B
300

225

150

GBP/Hectares

75

0
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Years
—— Worst Case, No Policy
Best Case, No Policy
Worst Case + Policy B
Best Case + Policy B

Jonathan D.

Nichols263851 and 303005 / EuropeanMasterin SystemDynamics Ma st er ' s

Figue 25fPdicy B results accumulated costs

T h e Pager8



Table9: Net present value (NPV) results (excludes discounting) for Etidferentiating between
plots will initially poor (Worst Case) and good (Best Case) SOC status. Values based on accumulated

values over policy timeframe 202ZD30.

Initial SOC | Variables No Policy A | With Policy A | Difference Policy A
status (GBP) (GBP) (GBP) NPV (GBP)
Worst Case | Benefit:  water| -2.67 211.11 213.78 -19.22
quality, flood
and climate

regulation value

(sum)
Cost: investmeni 0 233.00 233.00
in policy
Best Cae Water qualiy, | -221.43 -7.27 214.16 102.16
flood and
climate

regulation value|
(sum)

Investment  in| O 112.00 112.00
policy

5.3.3 Policy B sensitivity

Sensitivity analysis was applied to the simulation runs including Poltoyf@ther dewlop the
preliminary answrs to Research Questions 2B provided at the end of Chapter dnd totest the

extent to whichPolicy Bcould offerany improvements on Polidy.

Policy A was determined tebmostsensit ve t o t he p &ricameeMgefplantresidiiei ngs
and“ | mpor t edtherF YOMr gopani ¢ ame n dnPolityt B was thecefore pirgutatedM g ”

using these same settings to dape variations in theivalues.Figues 26a26d showthe results for

initially poor SOC status plots (Worst Cage)inPolicy A,tk se par amet erFarmér@8B | uen c «
balance for investing in OM  ma k i nagractive forllaadsnmgnagers to invest in SOC evenewhil
receivingncome fromPES. e challenge is also that the PES benefits they generate aretsrnalise
onlysmdlimpr ovements in SOC are occurring through oc

CB balane f or i nv oeks maregositiver Thi® Mdghlight a potential disdvantage of
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determining PES based on the benefissnggeneratedat the present timesince small benefs will

drive only smaller paymentf, e nce t he need for the “POLICY B Fir

Figure 26aPolicy Bsens.Worst Case SOC Figure 26: Policy BsensWorst Cas€B
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Figures 27a27d showthe sensitivityresults for initiay good SOC status ploBest Case)o which
Policy B is appliedt can be seen that, asn initially poor SOC status plgtghanges inthese
parane t er s i n fFdrnereCB batance fordnvesting in Ok makeit less attractive for land
managers to inveshiSOC even while ¢eiving PESHoweverthe policy ismorerobuston Best Case
plotsto ensuringthe policy goal foiISOGs met whilereturning anet postive returnfor the investor
except where the fl ompgabhed EMMndmeont hprice per
cost of 2 £ Mg. This is becausia all other casesxcept this one, the benefits therfaer is receiving
for their own operations sufficiently outweigh the costs, meaning that the PES is lessamipior
their case. This analysis highlights that, where SOC status is already goouhri the effect ofthe
PES as a trigger for accountiiog the costs and benég of SOC that encourage farmers to continue
investing in SOC rather than the PES amdtself. In dynamic terms, the feedback from onsite
ecosystem servicgR3 R4 and 45 stronger tharthe feedback from fisite ecosystem servicR6
and R7) althoughfor Policy B the latteis needed to initiate the formerAgain, this illustrates the
differences irpolicyoutcomesfor differential initial SO€onditionsand the structural reasons behind

them.

Thesimulation results foPolicy Bon plots with initialy poor SOC statishowthat, althoughthe policy
might be able to exploit the leverage points to whiitfastargetedand initiate some improvements
in SOC stocks aredosystem services valubg target SOQevels of the policy goal cannot be ashed
by 2030 Thisis becausedargerthan normal organic matter additions would e@ to be madeThe
model was therefore used to determinaderwhat conditionsthe policy goal codl be reachedThe
aim wasto provide insightsisinga “what if” scenario andjaugethe lewel of policy effortthat might
be required. To achieve the policy goal, assuming all other parameters includingMagimum
potentialharvested yieltland Policy B coglarameters remained constant, fptots with initially poor
SOC statsito achieve the policy goal55 Mg ha' of FYM would need to be added eagkar. For the
investor, this would require funds oB71 GBP ha over the10-year period Changing the parameters
in the Policy B structurd wvas deermined thatthese results for SOC couddso be acteved with
“POLICY PES proportion of valset at 0.5 which wouldequire thesmaller investment 0503 GBP
ha! while dill providing a net positive return However, whether such application rates can be
achievedover the necessaryemporal and spatial scaless guestionable this is a far highethan
normal FYMapplication rate(KeySoil, 2000and whether suchquantities of availableFYM an be
sourcedis douliful. Such demand couldlsoimpactthe FYM price The useorganicamendments
otherthan FYMsuch asompost coulde promising(Powlson et al.2011), but whether thisquantity

is available is uncertaifhese results illustrate the diflilty of achieving desable SOC levels the

policy timeframe for plotsvith low initial soil statseven withincentives that could change behaviour
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Figure 27aPolicy B sen Best Cae SOC
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5.4 Main insights from policy analysis and testing

The insights generated during the policy Bisés and sensitivity testing are discussed here in relation
to the Research Questions 2213 posed in Chapter 1 arttie preliminary answers proposed in
Chapter 4.

5.4.1 Leverage points for natural capital investment

Research Quest i otheleRerafje pairdskinshdynafifiic sttuctuses @& the system for

reversing the decline in soil natural cegdin Engl and wusing natur atlel capit a
analysis and validion testing in Chapter 4 offered the preliminary answeatth he | and manage
lack of awareness about the potential economic benefits of 8O eir businescould represet a

potential leverage pointPolicies A and B were trefore designed as natat capital investments

which would ntroduce an informationfeedback mechanisrfocused on this leverage poifEigure

24).

Policy A was designed to advise farmers of the benefits of iszr@g&OC stocks and enable them to
make a cost beefit assessment of addinghore organic matter, initiating their awareness and
operating o the assumption that farmers would act on the amtio continue investing in SOGhky
could forecast a positive returafter five years. Analysis and tagl denonstrated thattargeting this
leverage poinwith Policy Awas likelycapabé of achieving the policy goah field plots with already
good initialSOQevels at the beginning of the policy timeframEhis was becaus8OC levels were
already sufficiently drge to produce significant onge ecosystem servicesand land managers
accounting for tlese pre-existing contributiongpresented a immediatepositive net baefit which
would likelyencourage them to invest in SCbwever, aalysis and testing of Polidysuggested that
for field plas with initially poor SOC status, operating tlegerage point was likely to require more
than awareness raising driarmersaccounting for the benefits of SOCThiswave cause f ar mer
activities to build SOC stocks woudd unlikely to offer a net ecwomic benefit within the 16/ear

policy timeframedue to the high costinvolved

Policy B wadesigned as a stronger attempt to influenttés leverage point through the introduction
of an addtional feedback structue in the form of aPES schem&he aim of Policy B wés enable
land managers internalise external ecosystem services costs and benefits @i ®@iC decisions

about how they use crop residues and organic amendmdytbeing paid by offsite cors for the
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offsite benefits (or cost mitigations) SOCuleb generate.This included an initial fivgear fixed
payment to help land managers with initially poor status smilsrcomethe barrierof negative returns
(courteracting balancing loop2 in Figue 24)if they had tofund the SOC improveme&nthemselves

Like Policy A, the analys$tr Policy B cairmedmanager s awareness of the ¢
maintaining and improving SOC levetsild bea leverage point forachieving the policy goal on field
plots with already good initiasoil status. This is because Policy B would enable farnmdrs further
incentivised to continue investing in SOC because of the benefits they were not only receiving for thei
own business but also from the PES paymémtcontrast to Policy A, Policy Bemonstratal that
farmer awareness and accounting of theoaomic benefits of SOC coudtsobe used as a leverage
point forimproving SOC stocks field plots with initially pooSOC status. This was because the initial
five-year payment and subsequent receipof the PESased on their offsite benefits froroffsite
sources could provide a sufficidptstrongeconomic incentive. Nevertheless, despite the ability of
Policy B in makimuse of this leverage point, in circumstancesnitially poor soil status Pigly B was

still unable to reach the policgoal within the policy timeframe.This suggests that land manager
awareness and accounting of the ecosystem services benefits ofl@3@resent a leverage point

for behavioural chage, bu the success ofising his leverage poinand achieving the policy goal is
dependant on the initial SOC status of the target field plbhatan investorwith interests in multiple

plots (e.g. at the catchment scal@)ight use the returns on investent oninitially good SOGstatus

plots to further incentivse thosewith poor initial SOGtatus could be explored in future work.

5.4.2 Strengths and opportunities of using natural capital investment

Research Question 2. igthsaaslogportinitis fort usirey maturak captal st r e
investments to exploittheseleveage points in the system structur e
In Chapter 4it was proposedhat natural capital investmerd could be used tacreate feedback

mechanisns relating SOC & a soil health and natural capital indicator to its economic benafits

thereby influence the behaviouof the land managerPolicy Awas designedo introduce such a

feedback mebanismthrough farm adwe whereby farmersvould become awaref andaccount for

the economic benefits of SOC for their owasiness The strength of this type of natural capital

investment is that fo field plots with already good SOC status it could eepre n t a one
invesment for offsite actorssince it is asumed farmers will benotivated to invest in SOC themselves
once they recognise the benefits it already delivers toeit businessThe @portunity Policy A

presents ighat it is alsoa net paitive investment for dbite actors since they can use itnatigate
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potential cests theywould incur if good soil status plotgere allowed to degrade.eBsitivity testing
reveakd that forplots wih initially good SOC statuRolicyA was robust tosome changes in plant
residue pricesFYM prices and crop yieldadicating a furthestrength of the interventionFor plots
with initially good SOC status Policy B was shown ®vba more robust tanore extreme changes in
these parametersinfluenceswhile still pesenting a net positive investment for offsite axfo
compared to bearing theosts of soil degradation withousucha policy. That both Policy A é&B
could achieve th policy goal of maintaining good SOC status on pldtsinitially good SOCatus is
another strength of both of these types of natucalpital investments. For plots with initially poor SOC
status, Policy A wasot consideredan efective intervention At such location$olicy B could alter
land manager behaviour to west in SOC by providirgy sufficient economic incentivand could
improve SOC stockbut failed to achievehe policy goalThese results suggest that undeertain
circumstancegmost cruciallythe initial soil health conditionspoth farm advice and PES natural
capital investments can preseiiie opportunity of achievinglesired changes in SOC stockwl
deliver positiveeturnson investmentahile beingreasonableobust tochanges in variables that can

affectl and ma n@omie incertivee ¢ o

5.4.3 Limitations and risks of using natural capital investment

Research@Qesti on 2.3 asks “What are the | imitsations
to exploit the® leverage points in the system structure for restoris i | nat urhel capi
preliminaryanalyses irChapter 4 providedhree initial responsesthat natural capital investments
might produce desired results on some plots of land hot on others high sensitivity of financial
indicators to price parametr s s uch ag ¢ fPrp lca ang thefimaddialdinderactical

challengesof enauring sufficientorganic matterinputs for achieving policy goals.

The policy analysis and sensitivity tew) confirmed the first pointone limitation of sing natural
capital inestments to exploit the farmer awarenetesverage pointwasindeed dependenon the
initial SOC statuwith greater investment effort needed for s#eavith initially poor SOC status than
those with initialy good SOC statuslespte the ability of the former to producémprovements in
ecosystem servicegalue. The policy analysend sensitivity testing also illustrated that, although PES
investments(Policy Byvere more likely to produce behavioural chamgnd with greater robusess

to sensitivity than those using farm advice (Polidy these intervenibns might still be unabléo
achieve the policy goal on initially poor status plots despitmeimprovements in SOC levels. This is

because of the delayn SOC accumulation atige diminishing rate of SOC accumulat{@ssuming a
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constant organic inpu} resulting frombalancingdop B1 This limitation of natural capital invesemt

relates to the factthat althoughincentives can be created through investmenechanisms and
change land manager behaviguthe dynamicstructure of biophysical processes magnstrain the
potential for achievinghatural capital stock goalsithin the policy timeframe depenitig on the initial

natural capital stocks of particultarget sites

The poicy analysis and sensitivity testiatgo provided confirmation otihe secondpoint: the succes

of natural capital investments could indeed be sengitio certain price paraeters farmers consider

in their cost benefit assessment afhether to improve SOGstocksor not. The policytesting in this

Chapter was able to add value ttuis suggestiorby quantifyng andcomparing sensitivities between

different price variableand under different iftial SOC condition3.he results demonstrated that farm

advice (Policy A) wareasonably robust and PES (Policy B) highly robust to chargddini ce per M
of plantres i dand””l mported FYM or ot her q@rfag#elplaswime nd mer
initially good soil status. This is because of the injtighod SOC stockkmwi ch provi des a
against priceand inputfluctuationswhile providing astronger supply of benefits to the farmerin

contrast farm advice(Policy A) could only be effective on sites with initially low SOC status with
constantly very low plant residue pricd2ES (Policy B) provemlbe more robustto crop reside and

FYM prices than fan adviceon initially low SOC status sitesdaase it providedan economic incentive

for overcoming the initially low SO&Eosystem servicelsenefits to their busiass These analyses

highlight the risks posed by plardésidue and FYM price ftuations tothe success of natural capital
investments ér both exploiting leverage points for behavioural changed influencing biophysical
processesSuch risks need to be accounted for in the desifgmolicies, such as tH€ES first five years

investment as astimulus toresistbalancing loop BZ'hese analyses also confirm the initial conditions

limitation discussed earlier. In the same way, plantdesiand FYM prices presean additional

spatial dimension, since these can vagally and regionally (Keyi§®010).

The policy analysis and sensitivity testing also provided further insigbtehe potentialfinancial and

practical challengeo achieving policy goals as $ir posed in Chapter 4, such essuring sufficient
organicmatter inputsare availal®. Policy B was shown to be sensitive to changes irf biaximum
potenti al hamd eshedFYMesdpply avai locABYMerothesr t he
organicamendment which control organic inputs. Policy B wasusbto these changes in tars of
behavioural change on initially good SOC status .sRedicy Bwas also relatively robusthere in
achievingthe target or close to the policy target for SO@Z 2(B0. Againthis wasdue to the initally

high SOC levels whelarger natural capitastocks providedresilience against occasional fluctuations

in inputs due to the stock accumulatiatepletion delay Policy Bvas alsaeasonablyrobust to these

changes in terms afeliveringbehavioual changefor the land manager dfites with initally ppor SOC
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status However, such fluctuationmosed even greater challgas for SOC indicators which remained
only a little higher than equilibriunThis highlights a potential risk for nasi capital investments that
although they might providéand manages with an €onomic incentive to change behaviour, they
may be unableto produce or buyin sufficient organic matterto increase their SOC stocks at a
sufficient rateto achieve the policy goal within theolicy timeframe In England, FYM sugs are
constered to be fully utilised, although thergppears potential for sing composted green waste
(Powlson et al., 2011). Dynammelationships between FYM supply, demand and prices were not
included in the model structure, although such relatibips could pos related risks between financial
sensitities and practical is®s. For example, if FYM is in short supply, the price migiease,
meaning there is less economic incentive for land managers to buy FYM to increase their SOC levels
regardess of the PESayment available to thenNatural capital investment interventions should be

designedo be resilientto sucheffectsand this presents an opportunity fortiure research.

The policy anlgsis and sensitivity &ting provided an additional insight regandilimitationsand risks

of natural capital investments for reversing soil degradation. This related to the value of SOC
investmentoutcomes for the investor, here considered as an offsitdity (water companyJocal
council, national government) benefity from the ofsite ecosystem services generated from SOC.
The business case for these offsite entities investing in farm advitiey() and PES (Policy B) to
continue receiving the e@ystem services benefitdh SOC and avoiding the costs of degradai®

clear forplots with initially good SOC status, as indicated by the positive NPV of investment for these
sites. However, thbusiness case for offsite entities investing in farm agleia sites with initiajyt poor

SOC statusnclear: suclinterventions are unlikelyto produce the forecast benefits because the land
manager does not receive a sufficient economic incentive. The NR¥estment in PES dhesesites

with is also less attractiviihan not deploying a gy because the costs of investmemnitweigh the
benefits investorscan expect to gain within the policy timeframe. Agaimis is due to the slow
accumulation of the SOC stod&edback loop81 and B2andthe requirement for the initial fiveyear
payment for #es with initially poorstatus which increase the funding burden on the investdhe
discussiorrevealsthe limitation that, because natutaapital investments operate on the basis of
economic incentives for both the land manager and the offsite beneficifrthere is no clear
economic incentive for the invesr then the investments unlikely to be made. This is particularly
problematic ot h in the context of D erfsurirag’ sestairalbleo soidl e r
managementsince the business case for invegtio maintain sies with currently good SOC status is
clear, but the case for iresting to increase SOC levels where the status is poot.iJhesensights

can be considered valuable froboth a commercial investment perspective and from the perspective

of public policy
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Chapter 6. Conclusions

6.1 Answers to Research Questions

The first three Research Questions -1.3 were bcused onidentifying the dynamic structures
underlyingsoil natural capital degdation in Englandand highlighting dynamics linking sdiealth
metricsto systems of financial investments and incentiv@sil organic carbon (SOC) was the metric
used.These questions we addressed through model analysis aralidity testingfrom which the

following conclusiongvere drawn

Research Questioh.1: “ Wh idyn&mic structures could be responsible for promoting the decline of

soil natural capitalinfEg | and ?”

9 Stocksand flows: he stock and flow structuref accumulating cause areffect relationships
arecentral to thehistoricdeclinein SOC. Thisl®ecause SOi€a stock and therefore depletes
if the inflows of adding organicarbon (e.g.from crop residues orfarmyard manur¢ are
smaller than theoutflows of mineralisation duringorganic mater decay.Trends of declining
SOGredue to smaller inflavs of organic matter than outflows of decaythe long term

1 No feedbacks feedback mechanissn between SOC, soilecosystems servies, land
management decisionand existing policiesare absent.The model provides an operational
and quantifiedstructureto support the market failure hypothesgroposed by Graves et al.

(2015)and highlights the limitation of existing ation-oriented agrienvironmentpolicy.

Resea c h Qu e st i odgnanic sRucturés \duld fwe mesponsible for gating or slowing the

decline in soil natwural <capital in England?”

1 Balarcing feedback loophe outflow of SOC through organic matter decay is deteadiby
the current SOC stk level via a first order contral This structure mitigates or slows the
decline ofSOC producingoatseekingoehaviourpatterns ofexponential decay.
1 Exogenous influencesasonaunrelated to SO@realsoresponsible for mitigating or slowing
the decline in SO&s well as promoting ue to the absence of feedback mechanssithis
means thatfactors nd related to SOC are currentipfluencingl and manager s’ d e
processes aboutow to managghe SOC stockhich slow the degradation proces&gain

examples includedion-oriented agrienvironmentalpolicies.
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Research Quest i ondyndmic3tructunds relath soibhiealtht th systeens of financial

incentives and investmmet s ? "

1T They thecosts bf @il degradation and loss @bil ecosystem sereesdue to declining
SOQare currently externalities to land managers f i n a&isian makig. Gtheges in SOC
present unrecognisegotential economic benefits andosts to &nd managers b usj nesses
while the offsite actors bearing theconomicburdenof declining water qualit, loss offlood

protection andreduced ability to regulatelimatedue to declinesn SOC.

The last three Research Questions-2.3 were focused ordentifying opportunities and limitations
for the effectiveness of natural capital investmefis regenerating soils ikEnglandThese questions
were addressedy designing lad testing two policiesin the simulation modelwith the goal of
achieving good SOC statmg 2030 following their introdection in2020.“ P o | iwasyan idvéstment
in farm advce which would activatean information feedback loopetweenthe onsite ecosyiem

servicesbenefits of SO@ndland manages -lcepefit tassessment of their organic mattelated

practices“ H oi cwasaBdyment for ecosystem services (PES) bghdeneficiaris of SOC’' s of f
ecosystem services paid farmers to ntain orimprove SOC statuRolicy sensitivities to initial SOC

status, price variables and available organic mattgpdies were comparedihe results of the policy

analyss enabled the followingonclusions to be drawn

Research Quest ihetevedye doints ilvthaayinama isteictutes of the system for

reversing the decline in soil natural capitan Engl and using natur al capit

f Landmamger s’ | a c kbouthe patentaleeonomi benefits of SOC for thosin
busines: this was considered a suitable leverage powith which to targetfarm advice
investments(Policy Afor land managers whose field plots hadinitially good SQstatusat
the beginnig of the policy timeframe This isbecause the unrecognide econome
contributions of already sufficient SOC levalieadyexceed the cost® the farmerof adding
the necessgy inputsto maintain them This was not the case for plots with initiaiboor SOC
statusbecaug thecoststo the farmerof increasing SOC outweigh thenefits until a higher
level of SOC is achieved

T Land ma n abgrefitassessmantsahe ecosygem services value of and organic
matter inpus: this was considered a suitablleverage point with which to target PES
investments (Policy B) hiiose benefiting from the offsite ecosgem services of SOUsing
thisleverage pointt is passible to changthe behaviour ofland managerso add more organic
matter whose feld plots had either an initially good or initially poor SOC status at the

beginningof the policy timeframelt works byincreasngfarmincome from offsite actors who
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benefit from SOCHowever, argeting this leverage pat could only succeed in achiagi the
policy goal for field plots with initially good soil statliargeting this lgerage point could not
achieve theSO(olicytarget on plots with initially poor soétatusdue tothe unrealistically

high quantitiesorganicmaterial required to provide a sufficiemflow rate.

Research Question 2. 2 ppowimites foraiging natural eapitaltinvestments hs an

to exploit these leverage pats in the system structe for restoring soil natural capt a |l ? "

1

T

Creating feedbacksarm advisory and PH#tatural capital investments have the potential to
create missingfeedbackmechanisms relating SOC to its economic benefitsinfluenang
the behavour of the land managetto increase organic mattexppliations.

Achieve (or work towards) policy goalar field plots with initially good SOC status both farm
advsoryand PESnvestmentscaninitiate behaviour change arathieve the SO(olicytarget

by 203. For field plots withnitially poor SOC status, a HE&stmenthas potential to initiate
behavioural change and can increase SOC stocks towards (but not reach) theypallmy
2030

Oneoff investmentsfor plots with initialy good soil statygarm advisory investments proved
reasonably robust to changés organicmaterials price angupply variables and might need
only be made as ane-off investment. This is becagitand managers with already goo®6
status may only neetb be stimulated oncedrecognise the benefits of SOC to their business
of improving SOCFor investorsthis means thatlarge or longierm capitalexpenditures are
unlikely to be required for theesites

Net positiveinvestmentsfor plots with initialy good SOC statpsendfits in advisory and PES
investments for offsite fundergield anet positivereturn by 2030. This is because these
investmentsmitigate the costs theywould incur ifinitially good SOGstatus plots are allowe

to degrade.

ResearclQu e st i on 2 .h8 limitaiima and rasks éor using natural capital investns to

exploit these | everage points in the system

1

Natural capitalrivestments can produce desired rdsuon some land plotbut not others:
farm advsory investments were only effectiveenploiingfarmerawareness of the economic
benefits of SO@r plots with goodnitial SOC statu§ his is because land managerth plots
of initially poor soil staus are unlikely to hae a positive cosbenefi analysis of increasing
organic matter applications withithe policy timeframe.

Natural capital investmnts can be sensitive tprice parameters depending on initi&lOC

conditions: policyanalysis demonstrated that althoudgarm adviceand PES investments were
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reasonably robust to changes jitant residueand imported FYM pricefor field plots with
goodinitial SOGtatus they wereless robusfor plots with poor initial tatus. This is bcause
initially highSOC stockp r ovi de a “ fluctfatiomsin pricemamchargarsahatter
additions, whereadow S0C levels do noPES investments were more robust tharviadry
investmentsoverall

91 Insufficient supplies of oampic matter could hinder efforts to achieve desired SOC levels:
although PES investments may be morbust than advisory invements, both policiesra
susceptible to shortages in organic matter supply aberlong term, and more so for plots
with initially low SOC stocks. This is because although the policies could geroelavioural
change by activatigpfarmer awareness anmatoviding additional ineme, if supplies of organic
matter (either from crop resides due to low crop yields or due to high markieimand for
FYM) are not sufficient to at least maint&&®Cquilibrium,over the long term the PES land
managers can receive Willecrease as SOC stodexline following lower organic matter
applications.Thisrepresents a negative consequence of retiaron a reinforcing feedback
loop for natural capital investmemhechanisms

1 Returns to the natural capital investor might not al®dye net positivethe business case for
offsite entities (water companies, locatouncils, national governmentsjivestingin farm
advice and PES to continue receiving the ecosystem servicestbafe3ilOC and avoiding the
costs of degradation is cletor plots with initiallygood SOC statusecause financial gains are
greater thancosts However, the business case for désntities investing inhe farm advice
or PESnechanismson sites with initially poor SOC sitare likely incapable of producing
positive returns. This isbecausethe land managereither does not receive a sufficient
economic incentiveor because of th long delay times in increasing SOC to sufficient levels
with available organic matter supps. The investor is therefor@nable to receive a return
within the policy timeframe uder these circumstancemeaning that these investments are
unlikely to bemade inthe first place even though some improvements in Sl@@Is coulde
made.The potential for investors to use retwsrirom investments imitially good status soils
to subsidisemprovementsnitially poor status soils was highlighted for furttemsideration

in future research.
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6.2 Broader implications and next steps

The insights produced in this thesis can also conteibo knowledge about ashmanagement of other
natural capital assetssuch as w&r and biodiversity The work corplements natural resources
management literature which already recognises the importance of stocks, flows and f&edbac
processegMoxnes, 200Dby illustrating howmanagementecisions can be linkdd resource quality
metrics and theecosystem serviceglue that natural capital stocks generat&éhe work also offers
insights which are likely to beansferableto other sustainability issues to which natural capital
investmentcould be appliedsuchas the importance of initial conditions, feedbacks (aitlabsene),
and how such interventions can be designed and tested with the help of a simulation rmbdsk
contributions are relevant to both policy makers interested imetpotential of naturalcapital
investments, as well asmvestors and suppliers foecosysten services, to help recognise the
opportunities and risk®f using natural capital invesents to achieve desired outcoraePerhaps
most importartly, this thesis highlightthat although tere ispromisefor natural capital investment
to harnesgsthe power of reinforcingfeedbackmechanisms to improve natural capital stocés|iver
greaterecosystem servicdsenefits andgeneratepositive returns orinvestment this process can also
work in reverse while balancing feedback mechanisms can plagetations on how far and how

quickly desired results can be achieved if at all.

Two recommendions are suggested for how the insights and simulaticedet developed in this
thesis can be used amahproved upon further. First, the modebuld beusedaspart ofa paticipatory
engagementeffort includingpolicy stakeholdersThe model could be usdd such a setting alsoth

the basidor critical discusen andasa repository of existing knowledgin this way the model could
facilitatethe improvement @ collectiveunderstandingf the soil degradation problerandsynthesise
the tacit knowledgeof stakeholderavith the secondary datarhis could help ddeve the dual purpose

of improving some oftte uncertainties in the model structure highlightbg the analysigAndersen

et al., 2012;Richardson, 200)3while alsofacilitating the design testingand evaluation of policies
(Gilbert et al., 2018)Second the model could be adapted to serve the pase of a natural capital
investment appraisal todio be usedby natural capital investors rad suppliers. To enable this,is
recommended that the existg model and insights of this research should be denratest to
potential users, such as policy analystatural capital investors and those with natural capital asset
who are seeknginvestment. Asurveyof product user requirements shouldeba key component of
this demonstration to understand whauestions investors and suppliers would be interested in the
too | being abl e to answer .yandhaiditysimudethen e regieweds t i n g

against these requirements and a prax development proposal can be devised.
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Appendix: model documentation

Three electroniStellafiles are attached to this tlsis:

1 “RothC_Sta rebuild_04stmx which isthe quantified system dynamicsnodel translated
from the original RohG26.3 model (set in equilibriun

1 “Model_Nichols2019_Soil_naal_capital_investmenstmx” which is thecomplete model
built and used in this thesis (set witlolicy switches off, parametegd for“Worst Caseinitial
SOC stock conditioj)s

1 “Model_Nichols2019_Soil_naal_capital_investmentsdld’ which contains all the data from

all of the model runs referred to in thext.

The remaining pagesf this thesis provide theéemainingmodel documentatio. These notes e

arrangedin alphabetical ordebased on thenames of thesectors irthe modelfile.

kkkkkkkkkk

Outside sectors

*kkkkkkkkk

Drought_conditions = IF(SWITCH_Drought_conditions=0) THEN 1 ELSE (0:-BUIGGE(
Potential_drought_frequency))

UNITS: Dimensionless
Potential_drought_frequency = 5 {every 5 years}
UNITS: Years
Ref_mode_intercept = 69.3
UNITS: Dimensionless
Ref_mode_slope =0.0333
UNITS: Per Year

SWITCH_Drought_conditions = 0
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UNITS: Dimensionless
Time_series_data_for_SOC_on_arable_land = Ref_mode_slope*TIME+Ref_mode_intercept

UNITS: Dimensionless

kkkkkkhkkkk

Decisions:

*kkkkkkkkk

Carbon_fraction_b FYM_or_other_organic_amenedment = 0.34 {0.34 for FYM from ADAS mean

from straw and manure report}
UNITS: Dimensionless

Carbon_fraction_of plant_residues = 0-8tfaw used for fuel purposes usually contains-240%
moisture that vaporises during boing. The remaining dry matter consists of less than 50% carbon
https://www.teagasc.ie/media/website/publications/2010/868_StrawForEnelgydf-These

estimates assumed that half of the ngmain/seed biomass was returned in the stubble and chaff
(Anon., B97), that root dry matter production was equivalent to c.8% of shoot dry matter (Gregory
et al., 1978) and that all dry matter contained 40% OC (Powlson et al., 1985). ADAS report on straw

and manure SOC}
UNITS: Dimensionless

CHECK _Input_of _carbon_iinoplant_residues = 1.91 {1.91 equilibrium setting}
UNITS: Mg/Hectares/Years

Check_proportion =1
UNITS: Dimensionless

DECISION_Add_FYM_or_other_organic_amendment =
IF(SWITCH_DECISION_Mean_annual_input_of FYM_or_other_organic_amendment_1_CHECK_cons
tant_input_break feedback 2_Automated_via_feedback=2) THEN DECISION_To_invest_in_OM ELSE
SWITCH_DECISION_Mean_annual_input_of FYM_or_other_organic_amendment_1_CHECK_consta

nt_input_break feedback 2_Automated_via_feedback

UNITS: Dimensionless
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DECISION_Rortion_of recoverable_plant_residue_returned_to_field = IF
(SWITCH_Proportion_of recoverable plant_residue_returned_to field 1 CHECK_constant_input_b
reak_feedback 2 Automated via feedback = 1) THEN (Check_proportion) ELSE

(Proportion_of _recoverable_plantesidue_returned_to_field)
UNITS: Dimensionless

DECISION_To_invest_in_OM = IF
(SWITCH_1_Exogenous_reason_to_invest in_ SOM_2 Dynamic_reason_to_invest in_ SOM=1) THEN
1 ELSE (MAX(DYNAMIC_POLICY_A Advice_to_farmer_on_benefits_of investing_in_OM,

Standard_practice_to_invest_in_OM))
UNITS: Dimensionless

DECISION_To_keep_investing_in_OM = IF(FORCST(Farmer_CB_balance_for_investing_in_OM, 1, 5)>
0) AND(TIME>(STARTTIME+1)) THEN 1 ELSE O

UNITS: Dimensionless

DYNAMIC_POLICY_A Advice_to_farmer_on_benefits_of investing in_OM =
IF(DECISION_To_keep_investingOiM =0) THEN

POLICY_A_Advice to farmer_on_benefits_of returning_crop_residues ELSE 0
UNITS: Dimensionless

Farmer_Making_a_ CBA(t) = Farmer_Making_a_GHRBI§(t (Initiating_awareness_for_making_CBA)
* dt

INIT Farmer_Making_a_CBA = Initial_making_CBA
UNITS: Dimensionless
INFLOWS:

Initiating_awareness_for_making_CBA =
((DYNAMIC_POLICY_A_Advice_to_farmer_on_benefits_of_investing_-in_OM
Farmer_Making_a_CBA)+SWITCH_POLICY_B)/Time_to_awareness {UNIFLOW}

UNITS: Per Year

FYM_or_otler_organic_amendment_available = 1 {Poulton et al 2019 access to manure as potential

limitation}
UNITS: Dimensionless
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Harvested_plant_residue = Recoverable_crop_plant_residue*(1

DECISION_Proportion_of_recoverable_plant_residue_returned_to_field)
UNTS: Mg/Hectares/Years

Initial_making_CBA =0
UNITS: Dimensionless

Mean_annual_input_of FYM_or_other_organic_amendment = 55 {In eq for FYM use 8.82 for 3
Mg/Ha/Year with 34% C}

UNITS: Mg/Hectares/Years

Mean_annual_input_of FYM_or_other_organic_arderent_when_on =
DECISION_Add_FYM_or_other_organic_amendment*Mean_annual_input_of FYM_or_other_organi

¢_amendment*FYM_or_other_organic_amendment_available
UNITS: Mg/Hectares/Years

Mean_annual_input_of plant_residues =
(Recoverable_crop_plant_residue*DBI{ON_Proportion_of_recoverable_plant_residue_returned_t

o_field)+Unrecoverable_plant_residue
UNITS: Mg/Hectares/Years

Minimum_ proportion_of recoverable_plant_residue _being_returned = 0 {use 0.285 for RothC

unmanured as Base Case, 0 for Worst Case}
UNITS: Dimensionless

Proportion_of _recoverable_plant_residue_returned_to_field = IF DECISION_To_invest_in_OM =1

THEN 1 ELSE Minimum_proportion_of_recoverable_plant_residue_being_returned
UNITS: Dimensionless

Standard_practice_to_invest_in_OM = DECISION_To_keep_investing_in_OM
UNITS: Dimensionless

SWITCH_1 CHECK_constant_input_break_feedback 2 Automated_via feedback = 2
UNITS: Dimensionless

SWITCH_1 Exogenous_reason_to_invest in_SOM_2 Dynamic_reagsoredb in SOM =2
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UNITS: Dimensionless

SWITCH_DECISION_Mean_annual_input_of FYM_or_other_organic_amendment_1_ CHECK_consta

nt_input_break feedback 2 Automated via feedback = 2
UNITS: Dimensionless

SWITCH_Proportion_of_recoverable_plant_residue_regdriio_field_1_CHECK_constant_input_br

eak feedback 2 Automated via feedback =2
UNITS: Dimensionless
Time_to_awareness = DT

UNITS: Years

*kkkkkhkkkk

Offsite_Finance:

kkkkkkkkkk

Accumulated_net_CO2_seq_value(t) = Accumulated_net_ CO2_seq_val)eft

(Net_CO2_seq_value_accumulation) * dt
INIT Accumulated_net_CO2_seq_value =0
UNITS: GBP/Hectares
INFLOWS:
Net_CO2_seq_value_accumulation = Annual_value_of net CO2_sequestration_in_soil_by area
UNITS: GBP/Hectares/Years

Accumulated_value_of change_in_nuisance_sediment_removal(t) =
Accumulated_value_of_change_in_nuisance_sediment_removei)t+

(Change_in_cost_of_nuisance_sediment_removal_during_simulation) * dt
INIT Accumulated_value_of_change_in_nuisance_sedimembval = 0
UNITS: GBP/Hectares

INFLOWS:
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Change_in_cost_of nuisance_sediment_removal_during_simulation =

Initial_Cost_of nuisance_sediment_per_source-Gwst _of nuisance_sediment_per_source_ha
UNITS: GBP/Hectares/Years

Annual_costof_building_sediment_removal_capcaity =
Nuisance_sediment_removal_capacity_building*Cost_per_ton_of_new_nuisance_sediment_remov

al_capacity
UNITS: GBP/Years

Annual_cost_of nuisance_sediment_removal =

Nuisance_Sediment_Removal_Capacity*Cost_per_ton_of_nuisance_sediment_removal
UNITS: GBP/Years

Annual_value _of net CO2_sequestration_in_soil_by area =

Net _C_sequestration_by soil*CO2_price*Conversion_to_measast of C rather than _CO2
UNITS: GBP/Hectares/Years

Climate_regulation_value = Accumulated_net_CO2_seq_value
UNITS: GBP/Hectares

CO2_price =51 {CO2 e } {Graves et al 2015 For the purpose here, however, a policy based MAC price
of £51 CWORed tasl tilke best single estimate to refl
noted that the economic price of carbon has a significant effect on total soil degradation costs given

the scale of potential soil carbon loss.}
UNITS: GBP/Mg
Conversio_to_measure_cost_of C_rather than C0O2 = 0.273
UNITS: Dimensionless

Cost_of_nuisance_sediment_per_source_ha =
Universal_Soil_Loss_Equation_USLE*Cost_per_ton_of _nuisance_sediment_removal*Proportion_of _

sediment_deposited_in_unwanted_locations
UNITSGBP/Hectares/Years
Cost_per_ton_of new_nuisance_sediment_removal_capacity = 5.15

UNITS: GBP/Mg*Years
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Cost_per_ton_of nuisance_sediment_removal = 5.15 {Graves p6 ref to Anthony et al 2009}
UNITS: GBP/Mg

Desired_nuisance_sediment_removal_capacity =

(Nuisance_sediment_gap/Sediment_management_period)+Sediment_deposition
UNITS: Mg/Years

Initial_Cost_of nuisance_sediment_per_source _ha =

INIT(Cost_of nuisance_sediment_per_source_ha)
UNITS: GBP/Hectares/Years
Initial_Nuisance_Sediment = 27.3
UNITS: Mg
Initial_Nuisance_Sediment_Removal_Capacity = 100
UNITS: Mg/Years

Nuisance_sediment(t) = Nuisance_sediment{t) + (Sediment_deposition
Sediment_removal_and_drain_clearance) * dt {NORGATIVE}

INIT Nuisance_sediment = Initial_Nuisancalifgent
UNITS: Mg
INFLOWS:

Sediment_deposition =
Universal_Soil_Loss_Equation_USLE*Total area of farmland_in_catchment_of_interest*Proportion

_of sediment_deposited_in_unwanted_locations
UNITS: Mg/Years
OUTFLOWS:
Sediment_removal_and_drain_clearancdlgisance_Sediment_Removal_Capacity
UNITS: Mg/Years
Nuisance_sediment_gap = Nuisance_sedimdnisance_sediment_target

UNITS: Mg
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Nuisance_Sediment_Removal_Capacity(t) = Nuisance_Sediment_Removal_Cajokicity(t

(Nuisance_sediment_removalapacity building Nuisance_sediment_removal_outdating) * dt
INIT Nuisance_Sediment_Removal_Capacity = Initial_Nuisance_Sediment_Removal_Capacity
UNITS: Mg/Years
INFLOWS:

Nuisance_sediment_removal_capacity building =

Nuisance_sedimentemoval_capacity _expansion_needed
UNITS: Mg/Years/Years
OUTFLOWS:

Nuisance_sediment_removal_outdating =

Nuisance_Sediment_Removal_Capacity/Nuisance_Sedimental_Removal_lifetime
UNITS: Mg/Years/Years
Nuisance_sediment_renval_capacity build_time =5
UNITS: Years

Nuisance_sediment_removal_capacity _expansion_needed =
(Nuisance_sediment_removal_capacity_gap/Nuisance_sediment_removal_capacity _build_time)+Nu

isance_sediment_removal_outdating
UNITS: Mg/Years/Years

Nuisance sediment_removal_capacity gap = Desired_nuisance_sediment_removal_capacity

Nuisance_Sediment_Removal_Capacity
UNITS: Mg/Years
Nuisance_sediment_target = 0
UNITS: Mg
Nuisance_Sedimental Removal_lifetime = 40
UNITS: Years
Proportion_of_sedimentdeposited_in_unwanted_locations = 1
UNITS: Dimensionless
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Sediment_management_period = 1
UNITS: Years

Sum_of _annual_costs_related _to nusiance_sediment_removal =
(Annual_cost_of_building_sediment_removal_capcaity+Annual_cost_of nuisance_sediment_remov

al)/Total_area_of_farmland_in_catchment_of_interest
UNITS: GBP/Hectares/Years

Supply_chain_risk_indicatee SOM_influence_on_mean_yield_variability/100 {Simple linear
indicator expressing how change in potential yield variability due to influence of SOC could present

supply chain risk e.qg. for retailer of farm produce}
UNITS: Dimensionless

Total _area_offarmland_in_catchment_of interest = 330 {330 ha is the size of the Rothamsted

Research site where RothC applied}
UNITS: Hectares

Water_quality_and_flood_regulation_value =

Accumulated_value_of_change_in_nuisance_sediment_removal

UNITS: GBP/Hectares

kkkkkkhkkkk

Onsite_Finance:
SRR
Accumulated_ROI(t) = Accumulated R + (ROI_Accumulation) * dt
INIT Accumulated_ROI =0
UNITS: Dimensionless
INFLOWS:
ROI_Accumulation = Farm_ROI_for_investing_in_SOM/ROI_spread_period

UNITS: Per Year
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Actual_income_from_plant_residue_sales_by area =

Harvested_plant_residue*Price_per_Mg_of plant_residue
UNITS: GBP/Hectares/Years

Actual_K_inorganic_fertilizer_cost = K_inorganic_fertilizer_price*K_inorganic_fertilizer_demand
UNITS: GBP/Hectares/Years

Actual_N_inorganic_fertilizer_cost = N_inorganic_fertilizer_price*N_inorganic_fertilizer_demand
UNITS: GBP/Hectares/Years

Actual_P_inorganic_fertilizer_cost = P_inorganic_fertilizer_price*P_inorganic_fertilizer_demand
UNTS: GBP/Hectares/Years

Additional_annual_onsite_cost_for_investing_in_SOM_per_area =
Annual_FYM_or_other_organic_amendment_handling_and_spreading_costs+
Annual_imported_FYM_or_other_organic_amendment_cost+Cost_of additional weed manageme
nt+Cost_of additinal_slug_management+Cost_of ploughing_in_recoverable_plant_residues+Pote

ntial_income_foregone_from_plant_residue_sales
UNITS: GBP/Hectares/Years
Additional_annual_weed_management_cost_per_area = 2.50 {KeySoil Case 27}
UNITS: GBP/Hectares/Years

Additional_slug_management_cost_per_area = 0 {12.5 KeySoil Case 9 and 18 additional slug burden

when adding crop residues or FYM}
UNITS: GBP/Hectar¥®ars

Annual_cost_of ploughing_in_recoverable_plant_residues_per_area = 0 {KeySoil Case 9 refs to
"small cost of ploughing in" and does not report therefore assumed to be covered in same as normal

cultivation activity}
UNITS: GBP/Hectares/Years

Annual FYM_or_other_organic_amendment_handling_and_spreading_costs =
SWITCH_Additional_costs_of using_FYM_or_other_organic_amendment*FYM_or_other_organic_a

mendment_handling_and_spreading_costs_per_area

UNITS: GBP/Hectares/Years

Jonathan D. Nichols263851 and 303005 / EuropeanMasterin SystemDynamics Ma st er ' s T h ePagekl0



Annual_imported_FYM_or_otherrganic_amendment_cost =
SWITCH_Additional_costs_of using_FYM_or_other_organic_amendment*(Mean_annual_input_of
FYM_or_other_organic_amendment_when_on*Imported FYM_or_other_organic_amendment_pric

e_per_Mg)
UNITS: GBP/Hectares/Years

Annual_number_of_soil ultivation_treatments = 4 {Select 4 for conventional tillage (2x2

treatments), 2.5 for reduced tillage (2x1 treatments), and O fotilp {Powlson et al 2011 "Recent

surveys in England and Wales (Anon, 2006) show that ¢.50% of primary tillage prasites

moul dboard ploughing (‘conventional tillage’) an
discs, tines or powered cultivators), with direct drilling/broadcasting (i.e. no cultivation) occurring on

only c.7% of the tillage area. The reason thao tillage has been less popular in the UK and

northwest Europe, compared to the Americas and Australia, has been thedpudfigrass weeds,

crop disease problems and soil compaction, all of which decrease crop yields and appear to be more
prevalent ina moister climate. Also the larger crop yields achieved in northwest Europe (cftérn 8

grain ha-1) |l eads to a | arger quantity of straw
left on the surface. The relatively small area that is under zZéag¢ in the UK is mainly calcareous

clay soils that seiffnulch as a result of wedry and freezehaw cycles, producing good tilth in a way

not occurring on other soil types."}
UNITS: Treatments/Years

Annual_onsite_benefits_of SOM_per_area =
(Inorganc_P_cost_saving+Inorganic_K_cost_saving+Inorganic_N_cost_saving+Cost_saving_on_com
paction_relief_cultivation_due_to_influence_of SOM-+Drought_resilience_value_of SOM_for_yield

_income_protection+POLICY_B_PES_to_Farmer)
UNITS: GBP/Hectares/Years

Base_fuk consumption_per_treatment_per_hectare_of cultivation = 30 {Ploughing up to 30 litres

per ha https://www.swarmhub.co.uk/energgfficiencymaster/fuelsavingstragies/}
UNITS: Litres/Treatments/Hectares

Base_fuel _costs_for_cultivation_by area =
Annual number_of_soil_cultivation_treatments*Base_fuel_consumption_per_treatment_per_hect

are_of_cultivation*Fuel_price

UNITS: GBP/Hectares/Years
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Cost_of additional_slug_management =

IF(SWITCH_Additional_costs_of ploughing_in_recoverable_plant_residues>0) THEN
(SWITCH_Additional_costs_of ploughing_in_recoverable plant_residues*Additional_slug_manage
ment_cost_per_area) ELSE
SWITCH_Additional_costs_of_using_FYM_or_other_organic_amendment*Additional_slug_manage

ment_cost_per_area
UNITS: GBP/Hectares/Years

Cost of additional_weed_management =
SWITCH_Additional_costs_of using_FYM_or_other_organic_amendment*Additional_annual_weed

_management_cost_per_area
UNITS: GBP/Hectares/Years

Cost_of_ploughing_in_recoverable_plant_residues =
SWITCH_Additional_costs_of plbigy_in_recoverable_plant_residues*Annual_cost_of_ploughing

_in_recoverable_plant_residues_per_area
UNITS: GBP/Hectares/Years

Cost_saving_on_compaction_relief cultivation_due_to_influence_of SOM =
Base fuel costs_for_cultivation_by area*Cost_saving_ompaction_relief cultivation_due_to_in

fluence_of SOM_as_proportion_of base
UNITS: GBP/Hectares/Years

Cost_saving_on_compaction_relief cultivation_due_to_influence_of SOM_as_proportion_of base
=1

(Fuel_cost_for_compaction_relief _cultivation_by area hwitfficiency/Base_fuel costs for_cultiva
tion_by area)

UNITS: Dimensionless

Drought_resilience_value_of _SOM_for_yield_income_protection =

Yield_protected_by SOM*Price_per_crop_ton
UNITS: GBP/Hectares/Years

Farm_ROI_for_investing_in_SOM =0 {
((Annual_onsite_benefits_of SOM_per_area/(Additional_annual_onsite_cost_for_investing_in_SO

M_per_area)*1003100)}
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UNITS: Dimensionless

Farmer_CB_balance_for_investing_in_OM(t) = Farmer_CB_balance_for_investing_tindQM(

(Farmer_Net_benefit of OM_per_hectare) * dt
INIT Farmer_CB_balance_for_investing_in_OM =0
UNITS: GBP/Hectares
INFLOWS:

Farmer_Net_benefit_of OM_per_hectare = (Annual_onsite_benefits_of SOM_per_area
Additional_annual_onsite_&b for_investing_in_SOM_per_area)*Farmer_Decision_to_make CBA _

switch
UNITS: GBP/Hectares/Years
Farmer_Decision_to_make_CBA_switch = IF(Farmer_Making_a CBA=1) THEN 1 ELSE O
UNITS: Dimensionless

Fuel_cost _for_compaction_relief_cultivation_tarea with_efficiency = MAX(0,
Base fuel _costs_for_cultivation_by area*Effect of SOM_compaction_regulation_on_cultivation_e

fficiency)
UNITS: GBP/Hectares/Years

Fuel_price = 0.502 {2017 annual average https://www.statista.com/statistics/527997/annual

averageprice-of-red-dieselin-the-united-kingdomuk/}
UNITS: GBP/Litres

FYM_or_other_organic_amendment_handling_and_spreading_costs_per_area = 13 {Keysoil case 27

collection and spreading costs £13/ha}
UNITS: GBP/Hectares/Years

Imported_FYM_or_otherrganic_amendment_price_per_Mg = 2 {For price only use £2/Mg Set at
£7/Mg for imported and spread turkey manure from KeySoil Case 20 for imported delivery and

spread}
UNITS: GBP/Mg

Inorganic_K_cost_saving = K_inorganic_fertilizer_cost_if_all_K_impuabrne_from_fertilizer

Actual_K_inorganic_fertilizer_cost
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UNITS: GBP/Hectares/Years

Inorganic_N_cost_saving = N_inorganic_fertilizer_cost_if_all_N_input_to_come_from_fertilizer

Actual_N_inorganic_fertilizer_cost
UNITS: GBP/Hectares/Years

Inorganic P_cost_saving = P_inorganic_fertilizer_cost_if_all_P_input_to_come_from_fettilizer

Actual_P_inorganic_fertilizer_cost
UNITS: GBP/Hectares/Years

K_inorganic_fertilizer_cost_if all K input_to_come_from_fertilizer =

K_input_needed_to_maintain_cereal_yi#k inorganic_fertilizer_price
UNITS: GBP/Hectares/Years

K_inorganic_fertilizer_demand = MAX(0, (K_input_needed_to_maintain_cereal_yield

K_release_from_OM))
UNITS: Mg/Hectares/Years

K_inorganic_fertilizer_price = 279 {AHDB GB Fertilizer Price Market Update April 2019 for Murate of
Potash, price for March 2019 https://ahdb.org.uk/fertilisaformation}

UNITS: GBP/Mg

K_input_needed_to_maintain_cereal_yield = 0.03 {Cereals appyearbaverageFrom Defra

fertilizer study
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file
[712349/fbsfertiliserusestatsnotice31may18.pdf}

UNITS: Mg/Hectares/Years

N_inorganic_fertiliser_demand_sensitivitto N _release_from_OM = 0.05 {Experimental variable to
simplify model structure since modelling soil N dynamics is itself a project with existing models and
complex system dynamiegpurpose of this variable is to enable accounting for savings on Ndeirtil
approximating those reported in relevant KeySoil case studies. Variable can be considered to

account for processes such as leaching, nitrification/denitrification, mineralisation and N availability}
UNITS: Dimensionless

N_inorganic_fertilizer_costf_all_N_input_to_come_from_fertilizer =

N_input_needed_to_maintain_cereal_yield*N_inorganic_fertilizer_price
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UNITS: GBP/Hectares/Years

N_inorganic_fertilizer_demand = MAX(0, (N_input_needed_to_maintain_cereal yield

(N_release_from_OM*N_inorganic_fdiser_demand_sensitivity to_N_release from_OM)))
UNITS: Mg/Hectares/Years

N_inorganic_fertilizer_price = 264
UNITS: GBP/Mg

N_input_needed to maintain_cereal_yield = 0.156 {N inorganic fertilizer mean application rate for
cereal crops of ~0.156 Mga
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file

[712349/fbsfertiliserusestatsnotice31may18.pdf}
UNITS: Mg/Hectares/Years

P_inorganic_fertilizer_cost_if_all_P_input_to_come_from_fertilizer =

P_input_reeded_to_maintain_cereal_yield*P_inorganic_fertilizer_price
UNITS: GBP/Hectares/Years

P_inorganic_fertilizer_demand = MAX(0, (P_input_needed_to_maintain_cereat yield

P_release_from_OM))
UNITS: Mg/Hectares/Years

P_inorganic_fertilizer_price = 332HBB GB Fertilizer Price Market Update April 2019 for
TripleSuperPhosphate, price for March 2019 https://ahdb.org.uk/fertdistarmation}

UNITS: GBP/Mg

P_input_needed_to_maintain_cereal yield = 0.029 {Cereals approx 5 year averageFrom Defra
fertilizer study
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file

[712349/fbsfertiliserusestatsnotice31may18.pdf}
UNITS: Mg/Hectares/Years
Perception_delay_for_CB_balance = DELAYN(Farmer_CB_balance_for_inve$diilg 1, 1, 0)

UNITS: GBP/Hectares
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POLICY_B PES to Farmer =
SWITCH_POLICY_B*(MAX(((Change_in_cost_of nuisance_sediment_removal_during_simulation+Ne
t CO2_seq_value_accumulation)*POLICY_B_PES), POLICY_B_First_five_years_investment))

UNITS: GBP/Hexes/Years

Potential_income_foregone_from_plant_residue_sales =
Potential_income_from_plant_residue_sales_by area

Actual_income_from_plant_residue_sales_by area
UNITS: GBP/Hectares/Years

Potential_income_from_plant_residue_sales_by area =

Recoverable rop_plant_residue*Price_per_Mg_of_plant_residue
UNITS: GBP/Hectares/Years

Price_per_crop_ton = 190 {190 barley, 25 for grass}
{https://iwvww.farminguk.com/MarketData/Cereals/MALTINEGARLEY _19.html}

UNITS: GBP/Mg

Price_per_Mg_of _plant_residue = 6 {6 barley, 25 grass} {6 GBP/Mg Usual price per Mg according to

KeySaoil cases bthlought to be overestimate due to costs of collection}
UNITS: GBP/Mg

ROI_spread_period = 1
UNITS: Years

SWITCH_Additional_costs_of ploughing_in_recoverable_plant_residues =

IF(Mean_annual_input_of _plant_residues>Unrecoverable_plant_residue) THESELO
UNITS: Dimensionless

SWITCH_Additional_costs_of _using_FYM_or_other_organic_amendment =

IF(Mean_annual_input_of _FYM_or_other_organic_amendment_when_on>0) THEN 1 ELSE 0
UNITS: Dimensionless
Unrecorded_CB(t) = Unrecorded_CHit) + (Unrecordd_net_benefit) * dt

INIT Unrecorded_CB =0

Jonathan D. Nichols263851 and 303005 / EuropeanMasterin SystemDynamics Ma st er ' s T h ePagekl6



UNITS: GBP/Hectares
INFLOWS:

Unrecorded_net_benefit = Annual_onsite_benefits_of SOM_per -area

Additional_annual_onsite_cost_for_investing_in_SOM_per_area

UNITS: GBP/Hectares/Years

* kkkkkhkkkk

Policies:

kkhkkkkkkkk

Accumulated_Cost_of Policy A(t) = Accumulated_Cost_of Policydth(
(Cost_incursion_for POLICY_A) * dt

INIT Accumulated_Cost_of Policy A=0
UNITS: GBP/Hectares
INFLOWS:

Cost_incursion_for_ POLICY_A =
((DYNAMIC_POLICY_A_Advice to farmer_on_benefits_of investing_in_OM*Cost_per_hectare_of
POLICY_A)/Policy A cost_period)*Auto_instigation_of POLICY_A_ without _cost when POLICY_B a

ctivated
UNITS: GBP/Hectares/Years

Accumulated_Cost_of Policy B(thecumulated_Cost_of Policy B(tt) +
(Cost_incursion_for_ POLICY_B) * dt

INIT Accumulated_Cost_of Policy B=0
UNITS: GBP/Hectares
INFLOWS:
Cost_incursion_for_ POLICY_B = POLICY_B_PES to_Farmer

UNITS: GBP/Hectares/Years
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Auto_instigation_of POLICY_A_ without cost when POLICY_B_ activated =
IF(SWITCH_POLICY_B=0)THEN 1 ELSE 0

UNITS: Dimensionless
Conversion_acres_to_hectare2.471
UNITS: Acres/Hectares

Cost_per_acre_for_farm_advisor = 7 {https://thefarmingforum.co.uk/index.php?threads/agronomy
fees.31195/}

UNITS: GBP/Acres
Cost_per_hectare_of POLICY_A = Cost_per_acre_for_farm_advisor*Conversion_acres_to_hectares
UNITS: GBP/Hectares
Discount_factor =1
UNITS: Dimensionless
Introduction_year_POLICY_A = 2020
UNITS: Years
Introduction_year POLICY_B = 2020
UNITS: Years

NPV_Policy A based_on_offsite_benefits(t) = NPV_Policy A based_on_offsite_bertjits(t
(change_in_NPV_Policy_A) * dt

INIT NPV_Policy_A based_on_offsite_benefits =0
UNITS: GBP/Hectares
INFLOWS:
change_in_NPV_Policy_A = Policy_A_Net_offsite_benefits*Discount_factor
UNITS: GBP/Hectares/Years

NPV_Policy_B_bed on_offsite_benefits(t) = NPV_Policy_B_based_on_offsite_beneftty(t
(change_in_NPV_Policy A 1) * dt

INIT NPV_Policy B based on_offsite_benefits = 0
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UNITS: GBP/Hectares
INFLOWS:

change_in_NPV_Policy A 1=
Policy_B_Net_offsite_lmefits*Discount_factor*SWITCH_POLICY_B

UNITS: GBP/Hectares/Years

POLICY_A_Advice to_farmer_on_benefits_of returning_crop_residues =

O+STEP(SWITCH_POLICY_A, Introduction_year POLICY_A)
UNITS: Dimensionless

Policy_A_annual_costs = Cost_incursion_for_POLICY_A
UNITS: GBP/Hectares/Years

Policy_A_annual_offsite_bentfi=
Change_in_cost_of nuisance_sediment_removal_during_simulation+Annual_value_of net CO2_se

guestration_in_soil_by area
UNITS: GBP/Hectares/Years
Policy_A_cost_period = 1
UNITS: Years
Policy A _Net offsite_benefits = Policy A _annual_offsite_bexléiticy A annual_costs
UNITS: GBP/Hectares/Years
Policy_B_annual_costs = POLICY_B_PES_to_Farmer
UNITS: GBP/Hectares/Years

Policy B_annual_offsite_benefits =
Change_in_cost_of nuisance_sediment_removal_during_simulation+Annual_value_of net CO2_se

guestration_in_soil_by area
UNITS: GBP/Hectares/Years
POLICY_B_First_five_years_investment = 20+QUEE(25)
UNITS: GBP/Hectares/Years
Policy_B_Net_offsite_benefits = Policy_B_annual_offsite_berefiticy B annual_costs
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UNITS: GBP/Hectaregxfs

POLICY_B_PES = 0+STEP((SWITCH_POLICY_B*POLICY_PES_proportion_of value),
Introduction_year POLICY_B)

UNITS: Dimensionless
POLICY_PES_proportion_of_value =1

UNITS: Dimensionless
SWITCH_POLICY_A=0

UNITS: Dimensionless
SWITCH_POLICY_B =0

UNITS: Dimensionless

kkkkkkkkkk

RothC_Constants:

R

Decomposition_rate_constant_BIO = (1/0.66) {0.66 per year}
UNITS: Years

Decomposition_rate_constant_ DPM = (1/10) {10 per year}
UNITS: Years

Decomposition_rate_constant. HUM = (1/0.02) {0.02 per year}
UNITS: Years

Decomposition_rate_constant_RPM = (1/0.3) {0.3 per year}
UNITS: Years

Proportion_of decaying_ C_PM_BIO_rather_than_HUM = 0.46

UNITS: Dimensionless
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Rate_modifying_factor_Soitover = IF(Soil_cover_average_over_year>0.99)THEN 1 ELSE 0.6 {as in
RothC- decided to keep as is}

UNITS: Dimensionless

Rate_modifying_factor_Temperature =
47.91/(1+2.718287(106.06/(Mean_annual_air_temp+18.27)))

UNITS: Dimensionless
Rate_modifyingfactor_Topsoil_Moisture_Deficit = GRAPH(Topsoil_Moisture_Deficit)

(0.00, 1.000), (5.00, 1.000), (10.00, 1.000), (15.00, 1.000), (20.00, 1.000), (25.00, 0.850), (30.00,
0.700), (35.00, 0.550), (40.00, 0.400), (45.00, 0.200), (50.00, 0.200)

UNITS: Dimesionless

Soil_texture_adjustment_calculation = 1.67*(1.85 + 1.60*EX®{86*Soil_clay_content)) {the ratio
CO2/ (BIO+HUM)}

UNITS: Dimensionless

Topsoil_Moisture_Deficit = IF (Mean_annual_rairf@alV¥5*Mean_annual_evaporation)) >0 THEN O
ELSE ((Meamnnual_rainfall0.75*Mean_annual_evaporationht) {coefficient of 0.75 does not
change with CC is constant used in calc of topsoil moisture ddfigitortant thing that can change

are rainfall and evap which can already use in developing scenadefficient does not have real

world equivalent, is only a constant in the calculation for convention} {"In the original RothC version
the model is primed to run open panevaporation data, which was multiplied internally by 0.75 to
give actual evapotransition. This scaling factor of 0.75 basically also accounts for the transfer of

potential evapotranspiration to actual evapotranspiration. Herbst et al 2018" }

UNITS: Dimensionless

*kkkkkkkkk

RothC_Inputs:

*kkkkkkkkk

Decomposability_of_incoming_plant aterial_ DPMRPM_ratio = 0.59

UNITS: Dimensionless
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Mean_annual_air_temp = 9 {average monthly temperature Degrees C from RothC guide Fig 2 }
UNITS: Dimensionless

Mean_annual_evaporation = 49.8 {monthly mm from RothC guide p.13 averaged for year}
UNITS: Dimensionless

Mean_annual_input_of carbon_from_FYM_or_other_organic_amendment =
Mean_annual_input_of FYM_or_other_organic_amendment_when_on*Carbon_fraction Mf FY

or_other_organic_amenedment
UNITS: Mg/Hectares/Years

Mean_annual_input_of _carbon_from_plant_residues =
IF(SWITCH_1 CHECK constant_input_break feedback 2 Automated_via_feedback=2) THEN
(Mean_annual_input_of plant_residues*Carbon_fraction_of plant dess) ELSE

CHECK _Input_of carbon_from_plant_residues
UNITS: Mg/Hectares/Years

Mean_annual_rainfall = Roth_mean_annual_rainfall*Drought_conditions
UNITS: Dimensionless

Roth_mean_annual_rainfall = 58.7 {monthly mm from RothC guide p.13 averagesfpr y
UNITS: Dimensionless

Soil_clay_content = 23.4 {percentage}
UNITS: Dimensionless

Soil_cover_average _over_year = 0.34
UNITS: Dimensionless

Topsoil_depth =23 {cm}

UNITS: Dimensionless
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"RothC_simplification-_in_progress™:
*kk kkkkkkk
"1-Cover_crop" =

UNITS: Dimensionless

"2-Cereal_crop" = 0.85 {"The calculated GB and regional straw production figures derived by this
study represent potential straw production (t/ha @ 85% dry matter) assuming that all straw is
harvestable'85% of dry matter

http:/www.northwoods.org.uk/northwoods/files/2012/12/StrawAvailabilityinGreatBritain. pdf}
UNITS: Dimensionless
"3-Fallow_No_residues_intended to_be returned" =0.1
UNITS: Dimensionless
Arable(t) = Arable(tdt) + (Rotate_to_arde - Rotate_to_grass) * dt
INIT Arable = 750
UNITS: Hectares
INFLOWS:
Rotate_to_arable = Rotate_to_grass
UNITS: Hectares/Years
OUTFLOWS:
Rotate_to_grass = ((Arable+Grassland)*Proportion_to_convert_to_grass)/Conversion_interval
UNITS: Hectares/Years
Conversion_interval = 1
UNITS: Years
Grassland(t) = Grasslandt) + (Rotate_to_grassRotate_to_arable) * dt
INIT Grassland = 250

UNITS: Hectares
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INFLOWS:
Rotate_to_grass = ((Arable+Grassland)*Proportion_to_convert_to_grass)/Conversion_interval
UNITS: Hectares/Years
OUTFLOWS:
Rotate_to_arable = Rotate_to_grass
UNITS: Hectares/Years
National_Arable_Land(t) = National_Arable_Land()
INIT National_Arable_Land = 6011000 {Total arable land in UK}
UNITS: Hectares
National_food_production = Actual_harvestable_crop_yield*National_Arable_Land
UNITS: Mg/Year

Proportion_of crop_biomass_as_plant_residue = IF(SWITCH_Crop_choice=1}THEN"1
Cover_crop"ELSE(IF(SWITCH_Crop_choice=2)THeN4 crop"ELSE"3

Fallow_No_residues_intended_to_be_returned")
UNITS: Dimensionless
Proportion_to_convert_to_grass = 0.25
UNITS: Dimensionless
Soil_Organic_Carbon(t) = Soil_Organic_Carbal)t+ (OM_add OM_decomp) * dt
INIT Soil_Organic_Carbon = 33.8
UNITS: Mg/Hectares
INFLOWS:

OM_add =
(Mean_annual_input_of carbon_from_plant_residues+Mean_annual_input_of carbon_from_FYM _

or_other_organic_amendment)*Soil_texture_adjustment_decays_to BIO_and_HUM
UNITS: Mg/Hectares/Years

OUTFLOWS:
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OM_decomp = (Soil_@anic_Carbon*Rate_modifying_factors)/Time_to_decomposition
UNITS: Mg/Hectares/Years
SWITCH_Crop_choice =2
UNITS: Dimensionless

Time_to_decomposition =
Decomposition_rate_constant_ DPM+Decomposition_rate_constant RPM+Decomposition_rate_con

stant_BIO+Decomposition_rate_constant. HUM

UNITS: Years

kkkkkkkkkk

RothC_Simplifying_calcs:
*kkkkkkkkk
IOM =2.7

UNITS: Mg/Hectares

Rate_modifying_factors =
Rate_modifying_factor_Temperature*Rate_modifying_factor_Topsoil_Moisture_Deficit*Rate_modif

ying_factor_Soil_cover
UNITS: Dimensionless

Soil_texture_adjustment_decays_to_BIO_and_HUM = 1/(Soil_texture_adjustment_calculation+1) {1
/ (x + 1) is formed as BIO + HUM}

UNITS: Dimensionless

Soil_texture_adjustment_evolves to_C_emissions =
Soil_textire_adjustment_calculation/(Soil_texture_adjustment_calculation+1) {x / (x + 1) is evolved
as CO2}

UNITS: Dimensionless

kkkkkkhkkkk
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RothC_SOC_SHI_Monitor:
SR
BD_in_Grams_per_cmcb = Soil_Bulk_Density*Conversion_Tonnes_per_m3_to_Grams_per_cmcb
UNITS: Grams/cmcb
Conversion_cmcb_to cmsg=1
UNITS: cmcb/cmsg/Dimensionless
Conversion_cmsq_per_hectare = 100000000
UNITS: cmsqg/Hectares
Conversion_Grams_per_cmsq_to_kg_per_cmsq = 0.001
UNITS: kg/Grams
Conversion_kg_to_g = 1000
UNITSGrams/kg
Conversion_Tonnes_per_m3_to_Grams_per_cmch =1
UNITS: (Grams/cmcb)/(Mg/mcb)
Conversion_tonnes_to_kg = 1000
UNITS: kg/Mg
SOC_as_% = SOM_as_%*(1/SOC_to_SOM_conversion_factor)
UNITS: Dimensionless
SOC_in_g_per_kg = SOM_in_g_per_kg*(1/$SOM_conversion_factor)
UNITS: Grams/kg

SOC_per_area = (RPM+DPM+BIO+HUM)+IOM {Intrepet with ref to Minasny et al 2017 Soil carbon 4

per mile- levelling off of seq beenefits as reach new equilibrium}
UNITS: Mg/Hectares

SOC_to_SOM_conversion_fact 1.9
{https://www.researchgate.net/post/How_can_|_convert_percent_soil_organic_matter_into_soil_C

and paper https://www.sciencedirect.com/science/article/pii/S0016706110000388 }
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UNITS: Dimensionless
Soil_mass_Grams_per_cmsq = BD_in_Grams_per_coddil_depth*Conversion_cmcb_to_cmsq
UNITS: Grams/cmsq

Soil_mass_in_kg_per_cmsqg =

Soil_mass_Grams_per_cmsqg*Conversion_Grams_per_cmsg_to_kg_per_cmsq
UNITS: kg/cmsq

SOM = SOC_per_area*SOC_to_SOM_conversion_factor
UNITS: Mg/Hectares

SOM_as_% = (8 mass_in_kg_per_cmsqg/Soil_mass_in_kg_per_cmsq)*100
{https://www.researchgate.net/post/How_does_one_convert_Soil_Organic_Carbon_SOC_from_to_
Kg_Ha}

UNITS: Dimensionless
SOM _in_g_per_cmsq = SOM_mass_in_kg _per_cmsg*Conversion_kg_to g
UNITS: Grams/cmsq
SOM_in_g_per_kg = SOM_in_g_per_cmsqg/Soil_mass_in_kg_per_cmsq
UNITS: Grams/kg
SOM_mass_in_kg_per_cmsq = SOM_mass_in_kilos_per_hectare/Conversion_cmsq_per_hectare
UNTS: kg/cmsq
SOM_mass_in_kilos_per_hectare = SOM*Conversion_tonnes_to_kg

UNITS: kg/Hectares

kkkkkkhkkkk

RothC_structure:

*kkkkkkkkk

BIO(t) = BIO@dt) + (BIO_input BIO_decay) * dt
INIT BIO = Initial_BIO
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UNITS: Mg/Hectares
INFLOWS:

BIO_input =
(RPM_decay+DPM_decay+HUM_decay+BIO_decay)*Soil_texture_adjustment_decays_to_BIO_and_
HUM*Proportion_of_decaying_C_PM_BIO_rather_than_HUM

UNITS: Mg/Hectares/Years
OUTFLOWS:
BIO_decay = (BIO*Rate_modifying_factors)/Deposition_rate constant_BIO
UNITS: Mg/Hectares/Years

C_emissions =
(RPM_decay+DPM_decay+BIO_decay+HUM_decay)*Soil_texture_adjustment_evolves_to_C_emissi

ons
UNITS: Mg/Hectares/Years
DPM(t) = DPM(tdt) + (DPM_C_inputsDPM_decay) * dt
INIT DPM = Initial_DPM
UNITS: Mg/Hectares
INFLOWS:

DPM_C inputs =
(Mean_annual_input_of carbon_from_plant_residues*Decomposability _of incoming_plant_materi
al DPMRPM _ratio)+(Mean_annual_input_of carbon_from_FYM_or_other_organic_amendment*Pr
oportion_of FYM_DPM_and_RPM)

UNITS: Mg/Hectares/Years
OUTFLOWS:
DPM_decay = (DPM*Rate_modifying_factors)/Decomposition_rate_constant DPM
UNITS: Mg/Hectares/Years
HUM(t) = HUM(t dt) + (HUM_input HUM_decay) * dt

INIT HUM = Initial_HUM
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UNITS: Mg/Hectares
INFLOWS:

HUM_input =
((RPM_decay+DPM_decay+BIO_decay+HUM_decay)*Soil_texture_adjustment_decays_to_BIO_and
_HUM*(-

Proportion_of_decaying_C_PMI@ rather_than_HUM))+(Mean_annual_input_of_carbon_from_FY

M_or_other_organic_amendment*Proportion_of FYM_already HUM)
UNITS: Mg/Hectares/Years
OUTFLOWS:
HUM_decay = (HUM*Rate_modifying_factors)/Decomposition_rate_constant HUM
UNITS: Mg/Hectares/Years

Initial_BIO = 0.393 {0.656 for eq and model analysis, 0.393 for Worst case policy from 2020, 1.96 for
Best case policy at 2020 }

UNITS: Mg/Hectares

Initial_DPM = 0.115 {0.195 for eq and model analysis, 0.115 for Woisy ptdrt in 2020, 0.542 for
Best Case policy at 2020}

UNITS: Mg/Hectares

Initial_ HUM = 16.9 {25.4 for eq, 16.9 for Worst Case start in 2020, 71.5 Best Case policy start in
2020} {Herbst et al 2018 The only difference was that we did not assumeysttd equilibrium

for the TOC stocks at the LE sites. This might be explained by the fact that the soils of the IM data set
were actually not in carbon turnover equilibrium, even though the sites were explicitly chosen since
they were under agriculturgiractice for at least 50 years. Experimental evidence exists indicating

that it takes> 50 years to reach TOC equilibrium, even under continuous crop regime (Odell et al.,

1984).}
UNITS: Mg/Hectares

Initial_RPM = 2.66 {4.52 for eq and start, 2.66 for$¥/€ase policy at 2020, 15.1 for Best Case
policy at 2020}

UNITS: Mg/Hectares
PM_decay = RPM_decay+DPM_decay
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UNITS: Mg/Hectares/Years

Proportion_of _FYM_already HUM = 0.02
UNITS: Dimensionless

Proportion_of FYM_DPM_and_RPM =Pfbportion_of ¥M_already HUM)/2
UNITS: Dimensionless

Proportion_of _PM_that_is FYM =

Mean_annual_input_of carbon_from_FYM_or_other_organic_amendment/Total_organic_C_inputs
UNITS: Dimensionless

Proportion_of PM_that_is_plant_residues =

Mean_annual_input_of_carborfirom_plant_residues/Total_organic_C_inputs
UNITS: Dimensionless
RPM(t) = RPMdt) + (RPM_C_inputdRPM_decay) * dt
INIT RPM = Initial_RPM
UNITS: Mg/Hectares
INFLOWS:

RPM_C _inputs = (Mean_annual_input_of carbon_from_plant_residues*(1
Decomposability _of incoming_plant_material DPMRPM _ratio))+(Mean_annual_input_of carbon_f

rom_FYM_or_other_organic_amendment*Proportion_of FYM_DPM_and_RPM)
UNITS: Mg/Hectas/Years
OUTFLOWS:
RPM_decay = (RPM*Rate_modifying_factors)/Decomposition_rate_constant RPM
UNITS: Mg/Hectares/Years
Total_organic_C_inputs = DPM_C_inputs+RPM_C _inputs

UNITS: Mg/Hectares/Years
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SOC_Offsite_ecosysteservices:

*kkkkkkhkkk

a_component = SOM_as %
UNITS: Dimensionless

b_component = 2 {b = structure code: (1) very structured or particulate, (2) fairly structured, (3)

slightly structured and (4) solid Structure not described so assume 2}
UNITS: Dimesionless

c_component = 2 {c = profile permeability code: (1) rapid, (2) moderate to rapid, (3) moderate, (4)
moderate to slow, (5) slow and (6) very slow. Batcombe Soil Series From ERA
http://www.era.rothamsted.ac.uk/Hoos/hfsoils#SEC2 and LandIS

http://www .landis.org.uk/services/soilsguide/series.cfm?serno=109&sorttype_series=series_name }
UNITS: Dimensionless

C_Crop_management_factor = 0.1 {barley 0.1, grass 0.004} {Morgan 2005 from NDR repeort p. 56
for Barley 0.10.2}

UNITS: Dimensionless
Convesion_to_K_units_for_Soil_erodability = 1

UNITS: Mg*Hectares*Hours/(MJ*Hectares*mm)
Conversion_USLE to_annual =1

UNITS: Years

Initial_Topsoil_in_catchment =

Initial_topsoil_on_site*Total_area_of farmland_in_catchment_of_interest
UNITS: Mg

Initial_topsoil_on_site = 2.62 {Top 23 cm of soil (i.e. soil depth) according to

http://www.era.rothamsted.ac.uk/Hoos/hfsoils#SEC2 }

UNITS: Mg/Hectares
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K_Soil_erodability_dynamic = ((2.1 * 10”* (12a_component) * M_component*1.14 +3.25
(b_component2) +2.5 * (c_componerB)) /759)*Conversion_to_ K _units_for_Soil_erodability
{After Renard et al 1997 and from InVEST guide http://releases.naturalcapitalproject.org/invest

userguide/latest/sdr.html#sedimernexport}
UNITS: Mg*Hectarestours/(MJ*Hectares*mm)
LS_Slope_length_gradient_factor = 1
UNITS: Dimensionless

M_component = 52 * (10Q0) { (silt% + very fine sand%) * (3€l@y%) From
http://www.era.rothamsted.ac.uk/Hoos/hfsoils#SEC2}

UNITS: Dimensionless

Net_C_sequestratiorby soil = Total_organic_C_inpufs emissions {need to differentiate C storage
and Cseq Chenu et al 2019 Increasing O stocks in agri soils knowledge gaps and potential

innovations}
UNITS: Mg/Hectares/Years

Normal_Topsoil_formation_rate = 0.612 {For sitag in equilibrium} {Global av is 0.7
https://www.sciencedirect.com/science/article/pii/001670619290040E}

UNITS: Mg/Hectares/Years
P_Support_practice_factor = 1

UNITS: Dimensionless
R_Rainfall_erosivity = 190

UNITS: MJ*mm/(Hectares*Hours)

Totd_Topsoil_in_catchment(t) = Total_Topsoil_in_catchmerd() + (Topsoil_formation

Topsoil_erosion) * dt
INIT Total_Topsoil_in_catchment = Initial_Topsoil_in_catchment
UNITS: Mg

INFLOWS:
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Topsoil_formation =

Normal_Topsoil_formationate*Total_area_of farmland_in_catchment_of_interest
UNITS: Mg/Years
OUTFLOWS:

Topsoil_erosion =
Universal_Soil_Loss_Equation_USLE*Total_area_of farmland_in_catchment_of_interest {Not
robust to extreme conditionsbut this is moreof a "check structure” to see if the rest makes sense
e.g. will look at the stock to see if it goes negative, since if it does all of the topsoil on site will be

gone. Structure is a way to check for extreme conditions}
UNITS: Mg/Years

Univeral Soil_Loss_ Equation USLE =
R_Rainfall_erosivity*K_Soil_erodability_dynamic*LS_Slope_length_gradient factor*C_Crop_manage

ment_factor*P_Support_practice_factor/Conversion_USLE_to_annual

UNITS: Mg/Hectares/Years

kkkkkkhkkkk

"SOC_orssite_ecosystem_services":

*kkkkkkkkk

Actual_harvestable_crop_yield =

Maximum_potential_harvested_yield*Drought_effect_on_yield given_SOM_ status
UNITS: Mg/Hectares/Years

BIO_CN_ratio = 8 {The aerobic heterotrophic bacteria are primarily refp@fhi the decay of the
large amount of organic compounds generated on the earth's surface. These organisms typically
have a C:N ratio of about 8:1 https://www.encyclopedia.com/environment/encyclopegliaanacs

transcriptsand-maps/cn-ratio}
UNITSDimensionless
BIO_nutrient_release = BIO_decay/BIO_CN_ratio

UNITS: Mg/Hectares/Years
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Compaction_management_period = 1 {Time period in which farmer will try to get BD under control.

Assume 1 year}
UNITS: Years

Crop_plant_residue_Harvest_Index = {McCartney et al 2006 approx for Barley % estimated from
HI Additionally, in Saskatchewan Hl is typically 400 to 4568fkg wheat, 450 to 500 g kg for

oat, and 500 to 550 g kg for barley; although, depending on the cultivar, wheat can be greater
than 500 g kgl, and barley greater than 600 g-Hg(B. Rossnagel, personal communication,

University of Saskatchewan, Saskatoon, SK). }
UNITS: Dimensionless

Crop_plant_residue_production = (Actual_harvestable_crop_yield/((1

Crop_plant_residue_Harvest dex)*100))*(Crop_plant_residue_Harvest_Index*100)
UNITS: Mg/Hectares/Years

Decompaction_effort by farmer =

Decompaction_needed*Effect of SOM_compaction_regulation_on_cultivation_efficiency
UNITS: (Mg/mcb)/Years

Decompaction_needed =

Soil_compaction(Soil_Bulk_Density_gap/Compaction_management_period)
UNITS: (Mg/mcb)/Years

Difference_in_yield variability = Initial_SOM_influence_on_mean_yield_variability

SOM _influence_on_mean_yield_variability
UNITS: Dimensionless

Drought_condition_indicator #(Topsoil_Moisture_Deficit > 0) THEN 1 ELSE 0
UNITS: Dimensionless

Drought_effect_on_yield_given_SOM_status = IF (Drought_condition_indicator = 0) THEN 1 ELSE (1
(SOM_influence_on_mean_yield_variability/100))

UNITS: Dimensionless
Drought_probabity = Drought_years_during_frequency_time/Potential_drought_frequency

UNITS: Dimensionless

Jonathan D. Nichols263851 and 303005 / EuropeanMasterin SystemDynamics Ma st er ' s T h ePagek34



Drought_years_during_frequency _time =1
UNITS: Years

Effect_of _SOM_compaction_regulation_on_cultivation_efficiency = 1
(Soil_compaction_regulation_by SOM/(Decompaction_needed+0.00000000001))

UNITS: Dimensionless

FOR_CHECK Recoverable_plant_residue_production_based_on_Hoosfield_correlation =
0.362*Actual harvestable _crop_yiel.0974 {y = 0.3626x0.0974 and R2 = 0.9399 based on
Hoosfield5 straw collected from Rothamsted } {McCartney et al 2006 Harvest index (HI) is the
proportion of grain yield to total abovground biomass of a cereal crop. Harvesexadllows for
estimation of total straw, chaff and stubble yield from grain yield data.

https://www.nrcresearchpress.com/doi/pdf/10.4141/A0892 }
UNITS: Mg/Hectares/Years

FYM_CN_ ratio =12.7 {For FYM 12.7 from ADAS manure and SOC report Apperidig &drab

Green compost 11.4 same source Table 3}
UNITS: Dimensionless

Gap_between_SOM_Bulk_Density _predictor_and_Soil_Bulk_Density = Soil_Bulk -Density
SOM_Bulk_Density_predictor

UNITS: (Mg/mcb)

HUM_CN_ratio = 12 {the figure for humus being roud@iyl although values from 5: 1 to 15: 1 are
generally found in most arable soils http://www.soilmanagementindia.com/orgamadter-in-

soil/notes-on-the-carbornitrogen-c-n-ratio-in-soil/2524}
UNITS: Dimensionless

HUM_ nutrient_release = HUM_decay/HUM_Catio
UNITS: Mg/Hectares/Years

Initial_Soil_Bulk_Density = 1.16 {UK soil observatory for Harpenden cell as 1.16
http://mapapps?2.bgs.ac.uk/ukso/home.html}

UNITS: (Mg/mcb)

Initial_SOM _influence_on_mean_yield_variability = INIT(SOM_influence_on_gielah variability)
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UNITS: Dimensionless

K_content_of FYM =0.00839 {For FYM 0.00839 from ADAS manure and SOC report Appendix 3

Table 1 For Green compost 0.00334 same source Table 3}
UNITS: Dimensionless

K_release_from_OM =
(PM_decay)*Proportion_oPM_that_is_ FYM*((1/Carbon_fraction_of FYM_or_other_organic_ame
nedment)*K_content_of FYM)

UNITS: Mg/Hectares/Years

Maximum_potential_harvested_yield = 7 {barley 7, grass 13} {Use 4.78 for equilibrium model set up
when residues can be returned not accwed for Pan influence of SOM on yield, Use 6.2 for 5 year
average, use 7 for maximum "The combined total yield (winter and spring) for barley sits at 5.7
tonnes per hectare for 2018, below the five year average of 6.2 tonnes per hectare, 7.0 tonnes per
hectare in 2017"
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file
[747210/structurejun2018provUK-110ct18.pdf} {Corresponds with max yields at Hoosfield
http://www.era.rothamsted.ac.uk/Hoos/hoos_open_accedd Jis the one to use for text runs} {8.35

for eq run}
UNITS: Mg/Hectares/Years
Minimum_Soil_Bulk_Density _for UK_mineral_soils = 0.4
UNITS: (Mg/mcb)

N_release_from_OM =
PM_N_release_via_plant_residues+PM_N_release_via_FYM+BIO_nutrient_release+High_nu

elease
UNITS: Mg/Hectares/Years
OM_BD_predictor_unit_conversion = 1
UNITS: (Grams/cmcb)/(Grams/kg)

P_content_of FYM =0.00228 {For FYM 0.00228 from ADAS manure and SOC report Appendix 3

Table 1 For Green compost 0.00112 same source Table 3}

UNITS: Dimensionless
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P_release from_OM =
(PM_decay)*Proportion_of PM_that is FYM*((1/Carbon_fraction_of FYM_or_other_organic_ame
nedment)*P_content_of FYM)

UNITS: Mg/Hectares/Years

Plant_residues_CN_ratio = 80 {80 barley straw, 20 grass} {Straw is 80:1
http://www.ecofarmingdaily.com/carbomitrogen-ratio/} {Will need to set at another ratio if

considering different types of crops e.g. beans, or use of cover crops to add more N}
UNITS: Dimensionless

PM_N_release_via_FYM = (PM_decay/FYM_CN_ratio)*Proportion_of PM_tirafMs
UNITS: Mg/Hectares/Years

PM_N_release via_plant_residues =

(PM_decay/Plant_residues_CN_ratio)*Proportion_of PM_that is_plant residues
UNITS: Mg/Hectares/Years

Recoverable_crop_plant_residue = Crop_plant_residue_production*Residue_recoveigneffi
UNITS: Mg/Hectares/Years

Residue_recovery_efficiency = 0.6 {barley} {Copeland & Turley Typically around 60% of the straw
produced infield can be recovered for other uses.
http://www.northwoods.org.uk/northwoods/files/2012/12/StrawAvailabilitytereatBritain.pdf and
sense check "Recoverable cereal straw biomass on UK farms typically ranges frem 2tb

depending upon crop type. Any remaining straw stubble is incorporated back into soil" }
UNITS: Dimensionless

Soil_Bulk_Density(t) = Sdlulk_Density(t dt) + (Soil_compactionSoil_decompaction) * dt
INIT Soil_Bulk_Density = Initial_Soil_Bulk_Density
UNITS: (Mg/mcb)
INFLOWS:

Soil_compaction =

(Soil_compacting_land_use_activities)*SWITCH_Soil_compacting_land_usgeaclivoff 1 on
UNITS: (Mg/mcb)/(Years)
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OUTFLOWS:
Soil_decompaction = Soil_compaction_regulation_by SOM+Decompaction_effort_by farmer
UNITS: (Mg/mcb)/(Years)
Soil_Bulk_Density _gap = Soil_Bulk_Def3ity Bulk Density gb
UNITS: (Mg/mcb)
Soil_Bulk_Density_goal = 1.16 {should be lower than 1.6 max as this is where restricts root growth}
UNITS: (Mg/mcb)

Soil_compacting_land_use_activities = 0.36/12 {For PULSE USE " PULSE(0.36, 0.9, 1) " } {For Average
over year us " 0.36/12" } {Value of 0.36 is used as maximum change in BD with <1%0M on Soane

1990 - limitation is that this is linear function }
UNITS: (Mg/mcb)/(Years)

Soil_compaction_regulation_by SOM =
(Gap_between_SOM_Bulk _Density predictor_and_Soil_Bulisi§EOM _time_to_BD_rebound_f

ollowing_disturbance)
UNITS: (Mg/mcb)/(Years)

SOM_Bulk_Density_predictor = MAX((((
0.0039*SOM _in_g_per_kg+1.2301)*OM_BD_predictor_unit_conversion)/Conversion_Tonnes_per_
m3_to_Grams_per_cmcb), Minimum_Soil_Bulk_Density for UK_mineral_soils) {regression BD and

OM line equation from Yang et al. 2014k 4}
UNITS: (Mg/mcb)

SOM _influence_on_mean_yield_variability = 23.626*2.71828414*SOM_as_%) {Pan et al 2009

Figure 4 "normal climate region"}
UNITS: Dimensionless

SOM_time_to_BD_rebound_following_disturbance = 3 {Experimental variableti8gnanalysis
for cultivation efficiency suggested soil rebound time with incorporation of 2.8 plant carbon (straw

added only as KeySoil Case 2) able to produe®020 cost saving on cultivation cost after 5 years}
UNITS: Years
SWITCH_Soil_compactingnd_use_activities_ 0_off 1 on=1
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UNITS: Dimensionless

Unrecoverable_plant_residue = Crop_plant_residue_productioiR¢sidue_recovery_efficiency)
{Copeland & Turley Typically around 60% of the straw producéelihcan be recovered for other
uses http://www.northwoods.org.uk/northwoods/files/2012/12/StrawAvailabilityinGreatBritain. pdf
and sense check "Recoverable cereal straw biomass on UK farms typically ranges frerhtzh@s

depending upon crop type. Any remaining straw stubble is incotpdrback into soil" }
UNITS: Mg/Hectares/Years

Yield_protected_by SOM =
Maximum_potential_harvested_yield*(Difference_in_yield_variability/100)*Drought_probability

UNITS: Mg/Hectares/Years
{ The model has 300 (300) variables (array expansion @npar
In root model and 0 additional modules with 12 sectors.
Stocks: 22 (22) Flows: 30 (30) Converters: 248 (248)
Constants: 116 (116) Equations: 162 (162) Graphicals: 1 (1)

There are also 15 expanded macro variables.

}

~END--
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