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Thesis abstract

At the United Nations Framework Conference on Clen@hange COP15 (2009) Brazil
presented ambitious commitments or Nationally Appieie Mitigation Actions (NAMAS),

to reduce greenhouse gases emissions (GHGs) natigay 2020. At COP21 (2015), the
country presented new commitments and a frameveoakhieve further mitigation targets by
2030 as so-called Intended Nationally Determinedtf@autions (INDCs). Both NAMAs and
INDCs focus on the land use change and agricultseators, but the INDCs include a
commitment of zero illegal deforestation in the Amoa by 2030. This research focuses on
the contribution of the livestock sector to redgcBHGs through the adoption of sustainable
intensification measures. A detailed linear prograng model, called Economic Analysis of
Greenhouse Gases for Livestock Emissions (EAGGaB)eef production was developed to
evaluate environmental trade-offs. The modellingoempasses pasture degradation and
recovery processes, animal and deforestation emnisssoil organic carbon dynamics and
upstream life-cycle inventory. The model was paranieed for the BrazilianCerrado,
Amazon and Atlantic Forest biomes and further dgwedl for farm-scale and regional-scale
analysis. Different versions of the EAGGLE modelswased to: (i) Evaluate the GHG
mitigation potential and economic benefit of opting pasture management through the
partitioning of initially uniform pasture area;)(ito define abatement potential and cost-
effectiveness of key mitigation measures applicatdlethe BrazilianCerradg (ii) to
demonstrate the extent of cost-effective mitigatibat can be delivered by the livestock
sector as part of INDCs, and to show a resultuhderpins the national INDC target of zero
deforestation; and (iv) to evaluate the consequermie reducing (or increasing) beef
production on GHGs in the Cerrado. Counter-inteityy a sensitivity analysis shows that
reducing beef consumption could lead to higher Gii@issions, while increasing production

could reduce total GHGs if livestock is decouplexhf deforestation.
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Lay summary

The environmental impacts of livestock productian Brazil are mainly the loss of
biodiversity and emissions of greenhouse gasestaldierest clearing for pastures and the
emissions of methane, a greenhouse gas that isdaiitimes more powerful than CO2 in
terms of causing global warming. On the other haBihzil is a major player in food
production and accounts for around 15% of world Ipeeduction. Livestock and agriculture
are key sectors in the Brazilian economy. To addties challenge of increasing production
while reducing environmental impacts, scientistsvehaproposed the sustainable
intensification of agriculture, where intensifiaati means production of more with less
resources in ways that do not undermine our alititgroduce food in the future. This thesis
develops a detailed mathematical model to represesit production systems in Brazil. The
model is used to identify the best strategies tluce emissions while meeting demand. The
model considers emissions at all the stages ofireeluction, and was used to represent beef
production in the Brazilian Cerrado, Amazon andaAtic Forest biomes. Different versions
of the model were used to: (i) Evaluate the GHGsgation potential and economic benefit
of better pasture management; (ii) define abaterpeténtial and cost-effectiveness of key
mitigation measures applicable to the Brazilianr@aw; (iii) demonstrate the extent of cost-
effective mitigation that can be delivered by theestock sector on the Brazilian
commitments to reduce emissions by 2030, and abksih a result that underpins the INDC
target of zero deforestation; and (iv) evaluate dcbesequences of reducing (or increasing)
beef production on GHGs in the Cerrado. Countertintly, a sensitivity analysis shows
that reducing beef consumption could lead to higBétG emissions, while increasing
production could reduce total GHGs if livestocklexoupled from deforestation.

Xi
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Chapter 1 - Introduction

1.1 Background

Recent anthropogenic emissions of greenhouse {@s#s) are the highest in history
and climate change is already causing widesprepddta on human and natural systems
(IPCC, 2014). According to the Intergovernmentatétan Climate Change (IPCC), if
global warming exceeds 2°C by 2100, frequency trieexe climatic events is likely to
increase significantly. The estimated cut in eroissito reach the 2°C target is around 40-
70% of global GHGs by 2050 and subsequent zeremessions by 2100 (IPCC, 2014).

Worldwide, the livestock sector alone is respormstbl approximately 14.5% of all
anthropogenic GHGs, and around 44% of livestock Gldfe in the form of methane (¢H
from ruminant enteric fermentation (Gerber et2013). Livestock mitigation options
account for up to 50% of agricultural technicaligation potential (Herrero et al., 2016).
Mitigation and adaptation options include productor supply side measures, e.g., reducing
animal life cycle, genetic improvement, reducingdalemand for grazing animals, soll
organic carbon (SOC) sequestration from improvedgjands and integration of crop-
livestock-forest systems (de Oliveira Silva et 2015b; Gouvello et al., 2011; Herrero et al.,
2016; Moran et al., 2011; Steinfeld et al., 20@8)] demand-side, e.g., reduction of livestock
product consumption (Bajzelj et al., 2014; Gareétil., 2013; Godfray et al., 2010; Hedenus
et al., 2014) and production or supply side measw@g., reducing animal life cycle, genetic
improvement, reducing land demand for grazing atsmacreasing soil organic carbon
(SOC) sequestration from improved grasslands aegriation of crop-livestock-forest
systems (de Oliveira Silva et al., 2015b; Gouvetlal., 2011; Herrero et al., 2016; Moran et
al., 2011; Steinfeld et al., 2006).

In Brazil, livestock (mostly beef cattle) accodmt around 15% of national GHGs (Brasil,
2010). Data from the Official National Emissionséntory (Brasil, 2010), show that while
deforestation accounted for 57% of the 2.0 Gh&Emitted by Brazil as a whole in

2005, this share decreased to 15% of the 1.2d>teq total emitted in 2012. As land use
change (deforestation) reduces, the share of lag# emissions increases.
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Gouvello et al. (2011) estimated that increasiegfproductivity could provide the
land needed for the expansion of crops for foodlaafiiel production in a near-zero
deforestation scenario, while meeting increasingsliock product demand, at least up to
2040. Such actions are likely to reduce GHG emmsshry lowering methane per unit of
product, by avoiding deforestation, and throughieéasing soil organic carbon stocks
(Gouvello et al., 2010).

Brazilian beef systems are predominantly pastusedba.e., around 90% of cattle are
pasture-fed only (Anualpec, 2013). Despite a $icgmt productivity increase over the last
three decades (Martha et al., 2012), challengaairg both to reverse the economic losses
from grassland degradation, and to accommodateiggodemand while avoiding the
conversion of natural habits. This challenge caadwressed by sustainable agricultural
intensification (SAI). SAl is widely discussed aseaponse to the global grand challenge or
‘perfect storm’ (Godfray et al., 2014, 2010), buaidgable literature is largely populated by
conceptual work (Garnett et al., 2013; Godfrayle2®14; Loos et al., 2014) that lacks of

empirical models needed for policy evidence (Devéda Silva et al., 2016).

1.2 Metrics and modelling approaches to sustainable agricultural intensification

SAIl has been advanced as an approach to addressukeof food security under the
pressures of population growth, dietary shiftsenaloping countries and climate change
(Garnett et al., 2013; Godfray et al., 2014). Thsib principle of SAl relies on the process of
producing more food from existing land in ways tplksice far less pressure on the
environment, and do not undermine our capacitytdioue producing food in the future
(Garnett et al., 2013). The definition of SAl haseh the subject of debate, with some
arguing that SAI should include social sustaingbdind equity dimensions (Loos et al.,
2014). In this sense, SAl indicators, or metrics, r@cessary to measure and define the
boundaries of what can be called SAI (Smith et2fl16). Metrics are also important to guide
modelling and evaluation of SAI at different scal&mith et al (2016) provides a specific
definition of SAI in terms of highlighting tradefsfand synergies between metrics relevant
to smallholder systems. But this paper stops sfaronsidering other relevant scales of
analysis or the nature of models that can be usegtimize over different metrics.
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Schils et al (2007) highlights the need for whaesi modelling approaches to
investigate SAI options. Whole-farm models are Ugwacombination of empirical and
mechanistic modelling, and are adequate for GH@atibn analysis as farm emissions
generally consist of different GHGs (e.g. £N.O and CQ) from different sources. A
whole-farm approach requires the consideratiort tdast two farm compartments, e.g., soil

dynamics, animal dynamics, forage production.

The first step on developing a whole-farm modébidefine the scope of the analysis,
which requires stating the aims, boundaries andabilbes of study (Schils et al., 2007). This
would define the nature of emissions accountingekample by considering only direct
emissions within the farm or a life cycle assesdrie@A) approach, in the latter emissions
associated with all stages of production are adealfThomassen et al., 2008). It also
determines if LCA is attributional, when emissi@ne based on a fixed level of output (e.g.,
kg of beef per hectare-year) or consequential L@#en marginal changes in the level of the
system output (or demand) changes GHG emissioménviiie modelled system (Thomassen
et al., 2008).

This work focuses on the ex-ante evaluation ofikégnsification measures, both in
terms of GHG mitigation potential and cost analysisear programming is an ideal tool for
ex-ant evaluations through whole-farm modellinga&3on et al., 2011). LP models have
been widely used for agricultural decision making &r economic impact of agricultural
policies (Britz and Witzke, 2012; Crosson et ab12; Dent et al., 2013; Janssen and van
Ittersum, 2007; Lafayette and Zealand, 1982; Wautirand Romero, 2006). Most farm
models are single criteria, usually gross marginimeation (sales revenues minus variable
costs). An alternative approach is multiple objeefunctions (Annetts and Audsley, 2002),
but the applicability is contested due to the diffiy in accommodating conflicting
objectives, which is generally solved by attribgtsubjective weights to each objective
function (Chankong and Haimes, 2008). Since thiki@cused on the evaluation of
mitigation measure adoption at farm and regionalleghe analysis is based on the single

criteria approach.

LP models are also limited in imposing a lineatdayepresent farm components. In
the following analysis for example, farm fixed ate proportional to the pasture area, and
some investments costs of intensification measareproportional to cattle numbers. Cattle

and pasture dynamics (degradation and restoratonjgh, were modelled using
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linearization techniques, which allow for non-liné&haviours by using linear equations. At
the regional scale the aggregation problem chaagégross margin maximization may not
be justified since changes in the supply chain afégct prices (Crosson et al., 2011; Schils
et al., 2007). Instead, at the regional scale tarimization of consumer and producer
surplus and the use of partial equilibrium modeésraore appropriate to account for regional
scale effects of market changes and public policreagriculture (Havlik et al., 2011; Schils
et al., 2007). Adding a partial equilibrium equatiareaks the linearity of the models
resulting in a quadratic-programming problem. lis thork, however, we do not model
partial equilibrium. This is because: (i) demand aopply are exogenous to our model; (ii)
the relationship between demand and area is alsgeewus, i.e., level of intensification and
(i) our study focuses on mitigation measure agwptwith detailed representation of pasture
management rather than market interactions. Fanpka chapter 5, intentionally analyses
the effects of marginal change in projected den@angasture management and GHG

emissions while keeping all the other variablesdix

In terms of systems heterogeneity modelling, spatéxplicit modelling is
recommended for models developed to address lamdhange dynamic (Britz and Witzke,
2012; GTAP, 2014; Havlik et al., 2011) and markéttiactions. The LP developed in this
work models only beef production systems in Brdzilcthermore, a spatially explicit version
of the LP model would introduce the need of datd th currently unavailable in Brazil,
including the specific micro regions that are catesv operations, fattening and finishing or
complete cycle. The Pantanal biome (Brazilian welid for example, generally produces
calves for the Cerrado, but currently there isfingent spatially explicit information and
climatic and biophysical data that justifies spatiaxplicit modelling of Brazilian livestock

systems.

1.3 The Brazilian Cerrado

Brazil is divided in six continental biomes: the Anon, Cerrado, Caatinga, Atlantic
Forest, Pantanal and Pampa (Table 1.1). This tfegis on SAIl options in th€erradocore
(central Brazilian savannah). The region is congid@s central in Brazil's ascendance in
global production (The Economist, 2010) and i$ stijarded as the most important region
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for expanding beef production in Brazil (Ferraz &mdicio, 2010a). It is seen as a potential

model for transforming other savannahs (Morrisle2812).

The Cerrado is a hot sub-humid tropical climate distinct wet and dry seasons, the area
consists of tropical forests, grasslands and salawmhose acidic soils are relatively infertile
(Rada, 2013). The region is second to the Amazats icontribution to land use change and

forestry emissions in Brazil (Table 1.1).

Although the Cerrado accounts for around 37% of pesuction in Brazil, it has
been estimated that 50% to 80% of the approxim&@lylha of pastures in the Cerrado are
degraded, with loss of soil fertility and decreasbiomes (Peron and Evangelista, 2004).
Thus, the adoption of pasture better managemenidweuerse soil carbon loss (Mercedes
M. C. Bustamante et al., 2012). Around 90% of Ciwrgrasses are the African origin,
Brachiariaspp. (Sano et al., 2010). Those species are eslyenell adapted to the

Cerrado’s low-fertility acidic soils (Braz et a2013).

Since the recent success in reducing deforestatittre Amazon (Nepstad et al.,
2014a), the Cerrado biome took over as the bionte hghest deforestation rates in Brazil
and dominates the land use change (LUC) sectosems(MCTI, 2014). In 2012, LUC
emissions in the Cerrado and Amazon accountedd@miMega tonnes of CQequivalent (Mt
CO2e) and 33 Mt CO2e, respectively. In that ydsr,Gerrado accounted for 72.5% of
national LUC emissions (MCTI, 2014). GHG emissifnasn cattle enteric fermentation
(CHj) and excreta emissions {®) in the Cerrado corresponds to 68% of LUC emissia
that biome and 39% of total Brazilian herd emissi@vlercedes M. C. Bustamante et al.,
2012).

Table 1.1:Beef production share and agricultureatetl emissions in the Brazilian biomes

Emissiond (Mt  GHG emissions

Biome Beef production sh&ré&)

CO,-e) share (%)
Amazon 28.5 140 52
Cerrado 37 109 41
Atlantic Forest 23.5 -5 -2
Caatinga 6 2
Pantanal 11 2 1
Pampa 16 6
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! Negative emissions are due to d®moval by forestry plantations
% (IBGE, 2015)
3 (MCTI, 2014)

As the most important beef production system ireBr¢he Cerrado is also the biome
with the greatest potential of soil organic carf8@C) removals through improved pasture
management. Several studies show that improvimmdabgrasses productivity results in
increased SOC stocks (Braz et al., 2013; Maia.e2@09), with net atmospheric GO
removals of almost 1 Mega gram of C per hectare-{ddgC.ha'yr ™) (Braz et al., 2013)
when comparing degraded and improved pasturegiCénrado.

1.4 Aims and objectives

The contribution of this thesis lies in the devet@mt of a policy-relevant LP model
to illustrate scenarios corresponding to a key 8#sdllenge defined by Garnett et al. (2013).

Existing whole-farm and regional optimization maedlating to grasslands typically
consider fixed forage productivity within produgctisystems (e.g., extensive, semi-extensive
and intensive). In such models the changes on S@Rssare not modelled as a function of
pasture management. This thesis argues that thityaimplistic representation of
production practices and failure to account for S@@ride a misleading picture of pasture

based system productivity and GHG emissions.

This work addresses the SAI challenge in Braziibywg and improving the LP
model, called Economic Analysis of Greenhouse Ghwsdsvestock Emissions (EAGGLE)
(Oliveira Silva, 2013). EAGGLE is a detailed whdé&m model focused on the optimization
of pasture restoration practices and representsodeveycle (cow—calf, stocking and
finishing) beef production farm consisting of fizempartment, accounting for: (i) herd

dynamics, (ii) financial resources, (iii) feed betigg, (iv) land use: pasture recovery
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dynamics and crops, and (v) soil carbon stock dyosrithe model calculates GHG

emissions using consequential LCA emissions fadtorghe farm activities.

In Chapter 2, a version of the EAGGLE model is useevaluate the GHG mitigation
potential and economic benefit of optimizing pastomanagement through the partitioning of
initially uniform pasture area. Chapter 3 furthewelops the model to define abatement
potential and cost-effectiveness of key mitigatio@asures applicable to the Brazilian
Cerrado. Chapter 4 demonstrates the extent ofeftesttive mitigation that can be delivered
by the livestock sector on the Intended NationBgermined Contributions (INDC), and to
show a result that underpins the INDC target ob oiaforestation. Chapter 5 evaluates the
consequences of reducing (or increasing) beef ptamuon GHGs in the Cerrado system.

Chapter 6 presents conclusions.
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Chapter 2 - Optimizing pasture restoration through improved restoration
practices and rural credit
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2.1 Abstract

Grassland degradation compromises the profitabdftrazilian livestock production, and
pasture recovery is a promising strategy for soatae intensification of agriculture (SAI).
Recovery increases carbon sequestration into tharsb can potentially avoid deforestation;
thereby reducing emissions intensity (El), but oafyincreased investment cost per unit of
area. We develop a multi-period linear programn{icig) model for grazing beef production
planning to represent a typic@lerrado stocking and finishing beef farm. We compare
economic and environmental performance of two iadteéve optimized pasture management
approaches relative to the traditional practiceH},Rvhich is based on restoring pasture after
a full degradation cycle of 8 years. The scenarassidered the difference made by access to
subsidized credit through the Low Carbon Agricudtyprogram (“Programa ABC”). The
model estimates El using upstream life cycle assess (LCA), and dynamically estimates
soil organic carbon (SOC) changes as a functiopasture management. The results show
net present values (NPV) ranging from -67 Brazilieals per hectare-year (R$lya?) to
around 300 R$.hyr?, respectively for traditional and optimized pastunanagement
strategies. Estimated EIl of the TRP is 9.26 kg, @Quivalent per kg of carcass weight
equivalent (kg C@e/kg CWE) relative to 3.59 kg G&kg CWE for optimized management.
Highest emission abatement results from improve@ S€questration, while access to credit
could further reduce EI by around 20%. We consildereffects of alternative credit interest
on both NPV and EIl. The results provide evidencenform the design of Brazil's key
domestic policy incentive for low carbon agricuéuwhich is an important component of the
country’s Intended Nationally Determined Contrilbat (INDC) on emissions mitigation.

The results also contribute to the global debatthennterpretation of SAI.

2.2 Introduction

Brazil is the world’s second largest beef produceng systems that are
predominantly pasture-based; i.e., around 90% ttiecare pasture-fed only (Anualpec,
2013). Despite this, more than half of pasture arealegraded to some extent (De Oliveira
et al., 2004). Gouvello et al. (2011) estimated thereasing beef productivity could provide

the land needed for the expansion of crops for ol biofuel production in a near-zero

10
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deforestation scenario, while meeting increasirgf demand, at least up to 2040. Such
actions are likely to reduce GHG emissions by lamgemethane per unit of product, by

avoiding deforestation and increasing soil orgaaiton stocks (Gouvello et al., 2011).

Despite observed productivity gains made overdblethree decades (Martha et al.,
2012), challenges remain to reverse the econoregeffrom grassland degradation, while
accommodating growing demand and simultaneouslidangthe conversion of natural
habits. At around 73.5 kg of CWE/hgr' average Brazilian productivity is low relativedo
potential of 294 kg CWE. Hayr that could be reached if improved pasture manageme
practices were adopted (Strassburg et al., 20R8stures can be restored by improving soil
fertility and forage productivity by chemical anageamanical interventions. For example,
improvements can be made by applying inputs (séedsizers) and through the use of
machinery (e.g. mowing). As degradation advanceserdrastic soil interventions are
required to restore productivity.

Despite policy interest in reversing degradatioa,nete the absence of any farm-
scale economic appraisals demonstrating the tréfddsetween investments in pasture
restoration and the environmental returns, resyftiom the potential increased soil organic
carbon stocks (SOC) from restored pastures. Sisgsasient would ideally consider the
dynamics of pasture degradation and restoratiahttzan cost-effectiveness of different
management options. Existing farm and regionahagtion models typically consider
fixed forage productivity within production systeifesg., extensive, semi-extensive and
intensive) (Britz and Witzke, 2012; Dent et al.130Weintraub and Romero, 2006). In such
models the changes on SOC stocks are not modalladumction of pasture management.
An overly simplistic representation of productioraqtices and failure to account for SOC

provide a misleading picture of system productiabd GHG emissions.

The need for investment to address the nexpastiire degradation, low productivity
and food security and emissions is recognisedragianal policy priority in Brazil, with
restoration encouraged through the creation ofvemmnent-funded bank credit line for low
carbon agriculture, thagricultura de Baixo Carbon@ABC) - Low Carbon Agriculture
program (Mozzer, 2011). To date, this programr@seen subject to any formal economic
analysis considering the economic return to theofdio of restoration practices. The
restoration issue is also of sufficient global pro@mce to have been central to Brazil’s
mitigation commitments under the United Nationsni@avork Convention on Climate

11
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Change. At the I5Conference of the Parties (COP15) in 2009, thairpyproposed a
voluntary emissions reduction target of around 46f4tive to baseline emissions by 2020 to
be achieved by its Nationally Appropriate Mitigatiéctions (NAMAS) (Mozzer, 2011). At
COP21 (2015), the commitment was nominally conwkirtéo an Independently Determined
National Contribution (INDC) (Brazil, 2015), whigitoposed a further mitigation target of
43% reduction by 2030 relative to 2005 emissior@hBNAMASs and INDCs focus on
reduced deforestation in the Amazon andGeeradqg and include respectively the
restoration of 15 million hectares (M ha) of degragbastures between 2010-2020, and a
further 15 M ha from 2020-2030.

This paper details an improved representatiorasfyse dynamics and environmental
interactions, using an optimization model coupleitha full life cycle assessment approach
(LCA) for a typical stocking and finishing beef tatoperation in th€erradobiome. The
objectives are: (i) to compare farmer’s economit anvironmental returns from investments
in improved pasture restoration relative to tradiéil (baseline) practices; (ii) to understand
how access to the ABC credit line improves therretwn investment; and (iii) to perform a
sensitivity analyses of ABC interest rates on kegn®mic parameters and emissions

intensities.

2.3 Methods

Overview

Three versions of a LP model were developed to emenfhe economic and
environmental performance subject to rural credientives and initial farm degradation
levels: from severely degraded pasture to compleésitored. Each version represents a
restoration practice on a typical grazing systenméBrazilianCerradg the traditional
pasture management and two alternative optimizetdnaion approaches. The model
simulates beef production for a fattening and fimg system, accounting for herd dynamics,

financial resources, feed budgeting, pasture regalygnamics, and soil carbon stocks.

Mathematical modelling of restoration practices

12
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Pasture degradation can be defined as the gramksabf vigour, productivity and
natural capacity for recovery to sustain productiod quality of grass required by animals,
and to overcome the detrimental effects of insetitgases and weeds (Macedo and Zimmer,
1993). Traditional pasture management involvestéchuse of restoration practices, meaning
that 50% to 80% of the Amazon a@erradopastures are currently degraded to some extent
(Macedo et al. 2014; Peron and Evangelista 20G4asslands are typically not managed
with fertilizers or lime throughout the productiperiod (Maia et al., 2009). Instead,
restoration interventions can occur around eveinld years (Maia et al., 2009). In this
study, traditional pasture management is assumactgslical intervention every 8 or 10
years of constant grazing use; i.e., when pastuilesail are visibly degraded and dry matter

productivity reaches an ecosystem equilibrium lewel stops degrading.

Based on the pasture degradation definition of Ma@nd Zimmer (1993), the model
imposes a deterministic decline in dry matter pobsiity (DMP) with time. DMP levels (in
tonnes of dry matter per hectare year) are reptredday
{P1,P2,P3,P4,P5,P6,P7,P8,P9,P10,P1AE the symbols are ordered in decreasing levels o
DMP, the degradation process is represented amntheal transference between consecutive
levels, i.e.P1degrades t®2 after one year of formation of pastur#, if no interventions
are undertakerP2 degrades t®3 in the following year, and so forth, unBLO, which
degrades t®11, the minimum degradation level (ecosystem equuiibj, thusP11
“degrades” tdP11 Because there are 11 DMP levels and each lewsldsyear “distance”
from its consecutive, the whole degradation protaless 10 years. The traditional restoration

practice (TRP) is equivalent to restoration onlyewR10or P11lare reached.

In contrast this paper models other two optimizepraaches: The Fractional
Restoration Practice (FRP) and the Uniform Resma@ractice (URP). URP permits
restoration of the whole pasture at any point dutire degradation process, e.g., DMP level
P5 could be restored t84, P3, P2 or P1 or maintained aP5 instead of degrading 6 at
any time. FRP extends URP and allows for fractmingasture area to be restored to different
DMP levels, e.g., any fraction of pasti® could be restored 1, other fractions t&2 and
P5, and even a fraction may degradé® In this way, a given pasture area is then
partitioned into sub-areas instead of a uniforna@®is the case in TRP and URP. The
annual average values of the DMP levels are predentTable 2.6 (Data section)

13
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Mathematical description

Model’s overview

Pasture management is optimized using a multi-gdmear programming model for
grazing beef production planning, with an applicatio a representative stocking and

finishing beef cattle operation in ti&errada

The model focuses on optimizing decisions for pastoianagement while
maximizing profit subject to biological and finaatconstraints. Stocking rates and,
therefore, total output depend on feed productiomfpasture and consumption patterns
driven by herd dynamics. The model accounts foairdnd inter-annual variations of pasture
productivity and represents the processes of pastkegradation and restoration to optimize
decisions on restoration from an economic perspecilihe model was implemented in
AIMMS algebraic language (Bisschop, 2011), compgsapproximately 7000 variables and
4300 constraints for a 20 year planning period,\was solved using the CPLEX solver
(CPLEX, 20009).

Table 2.1: Symbols for indices and functions of ssed in the mathematical description of
the model.

Symbol Description Range/Value
P, q pasture level {P1, P2, P3, P4, P5, P6, P7, PSPPO, P11}
J, K steer age cohort {1, 2, ..., 10}
m planning month {1, 2, ..., Tm}
t planning year {1,2,.., Ty}

Table 2.2: Symbols for Decision Variables

Symbol  Description Unit
Gn Cash income in monthn R$
Hm Cash outcome in month R$
Fm Cash in montim R$

14
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Vi
P\
Xm,k
Y,k

W

Zt’p

Loan taken in year R$
Installment of loan paid in year R$
Purchased steers of age colkdrt monthm head
Stocked steers of age cohkih monthm head
Transferred dry matter from montito m+ 1 kg
Area of pastur@ in yeart ha

Table 2.3: Symbols and Values for Model Parameters

Symbol Description Value Unit
Initial herbage mass (dry-matter) of pasture
dmp o 4000 kg.hd
levelp
Ao Initial area of pasture level See section 2.4 ha
A Total pasture area 600 ha
ler Credit limit 1000000 R$
Ver Amortization system parame’[er 0.234 dimensionless
. US$.ha .mth
FC Farm fixed costs 3.66 L
Dry matter intake of animal of steer age L N
O Table 2.4 kg.hd".mth
cohortk
Cost of restoration from pasture le
Nap g o Table 2.4 US$.ha
levelp
Ak Cattle maintenance cost for age colkort Table 2.4 US$.hd"
Mk Mortality rate of steer age cohdut Table 2.4 dimensionless
T Transaction cost of purchasing cattle 30 US$.hd
Productivity of pasture level p in calendar 4
Pp.M Table 2.6 kg.ha .mth
monthM
Fraction of herbage mass loss due to ) _
om dimensionless
senescence 0.00014
Ok Selling price of steer age cohdrt Table 2.4 US$.hd"
Minimum herbage mass transference at 1000(drought) N L
™ kg.ha .mth

monthM 2000(rainy)
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Fraction of herbage mass loss due to grazing . .
) _ _ 0. dimensionless
animals (grazingféiciency)

-1
I . : 1 :
! Amortization parameter was calculated using thméday = w(l—mj , Whereir
ir

represents the ABC program interest rate (6% peuamh andhp the number of payments.
i.e., 5 parcels according to “ABC Recuperacdo” -CABasture RecoveryMultiplying ye by
the loan gives the value of instalments.

Pasture dynamics

The area of each levplin a given yeat is represented 1% , and the level of
productivity of a partition for each monkh in {Jan, Feb, Mar,..., Decf the calendar is

represented byp m.

The degradation process is represented as thmaltnansition of pasture levels
= {P1,P2,P3,P4,P5,P6,P7,P8,P9,P10,P1lhthe case of FRP the model is designed to
allocate proportions of the area optimally by eitfiemaintain productivity at the current
level (i.e. keep a sub-area in the same level) (@nidhprove productivity to any other more
productive level, or (iii) let it degrade. Accelted degradation due to overgrazing was not
considered since the model adjusts the stockimga@atording to what the animals consume
and the available dry matter. LRF, , o be the pasture area that is transferred fromtjuer

to partitionq in yeart, so pasture inter-annual productivity dynamicsgaven by:

Ztyp = Zt‘l! p-1 + Z(Rzlqp - RZ[—l,p,q) Lt (21)
q

Wherep andq indexes correspond to the order of elemeni3;ig is auxiliary index
in the same set g The first term in the right hand side (RHS) of Eg) represents
degradation. The second term in the RHS repreflemt®storation dynamics; the first term

! http://www.bndes.gov.br/apoio/abc.html
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in the sun’ RZ 4, represents the area transferred from all othditiparto p andE 2 RZ.1p q

sums up the area that is removed from p (restaceail)y more productive level g.

Since the grassland restored &R&g,  comes from the available arga p, it is required that

> RZ, o SZiy, Ot (2)

q

The pasture productivity level at the end of thenping period was constrained not to be less

than its initial value:

Zp: Pow Zre1p zzp: PonZi, t=T,, M =Jan (2.3)

At the beginning of production, it is necessarynitialize the pasture partitions, thus:
Z,=A, t=10p (2.4)

Herd dynamics and stocking rates

The model represents animal growth by defining@dertsk with fixed attributes (e.g. body
weight and feed intake, s@able 2.4. Fattening is modelled as the transfer from ageds

as follows:

Y,

m

k<10, jO{12.} Om

k = ><m,k + (1_:uk-1)Ym—lk 1 Z 1 :uk—l) Xm—SJ k=] Z 1 :uk+1—| m—3j,k—j+1 (2 5)
1=1 1=1 '

j j
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The third term in the RHS transfers all the purelanimals from previous cohofis1, k-2,
k-3,...}to the current cohol, in monthm. The fourth term in the RHS is similar, but it
represents the transference from age cdhtmrtthe successive cohofist1, k+2,...}. As

each age cohort is three months, the mortalityfrate one cohort to another is accumulated

via a relation of three months (fourth term in RidS).

In the case dt=10 (slaughter age cohort), the number of steessriply given by:

Yo =X [0 A Ko, k=100{12}  (26)

e

Stocking rates are limited by the amount of avdddbrage. LettingM, be the dry matter

transferred from one month to the next.

(1+ {)ZakYm,k +Wm = drr}),opb,o +pr,M Zt(m),p m:]' (27)
k k

And:

(1+ f)zakYm,k +Wm < pr,M Zt(m),p + (1_0-M(m))Wm—1 1< mSTm (28)
k k

Not all above-ground pasture biomass can be condibyngrazing animals, i.e., there is a
minimum value of forage per area that will havééatransferred to the following month:

W, 27 A Om (2.9)

Revenue flow
Income Gn) is generated either from steers sold for slaughtérom bank credit lines.

G,=6Y 0Om (2.10)

18



Modelling sustainable intensification in Brazilian agriculture

ExpensesH) is composed of farm fixed maintenance costslecathintenance costs,

purchasing cattle and investments on pasture eggior Thus
8

Hm = FC* A+ Z(ﬂ-l- gk)xm,k + zAkYm,k +P|mzz,7p,q I:zzt(m),p,q Um (211)
k=1 k P q

WherePl, is a parameter vector used to discount the annuastments in pasture
restoration in the selected month &g is equal to 1 itm a payment month, or Omf is not
a payment month.

At the first month of the planning period, cashifls given by:

Fn=Vim tGn—H, m=1 (2.12)

And the credit lines must meet the credit limit:

Vim Sl Ot (2.13)

The credit line in Eq. 2.12 (variablg) is paid in 5 instalment${;) after the 3rd year of

contract:

PV, = z ycrvt—(3+i_1) ot (2.14)

Along the planning period, cash flow is given by:

I:m = (1_i)Fm—1 +T|mz\/t(m),cr - lezvt(m) +Gm - Hm

1<m<T,

(2.15)
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Similarly to Tlm, Pl is used to set the months in which credit paymeatsir according to
the number of instalments. A discount rate of 6%agueum (0.5% per month) applied to

represent the opportunity cost.

At the end of the planning period, all steers atd.d~urthermore the farm has to pay costs of
pasture post-production, i.e., pasture restoratie@stments necessary to let farm

productivity be greater than or equal to the valtithe initial year.

Fo=@=0)Fy =G +H, =D 600 + 2D 1,aRZymsipg M=T, (2.16)
k pq

The objective function is to maximize the final lcas

Max F. = (2.17)

GHG emissions and SOC stocks

The model estimates GHG using emissions factoradbvities within the notional
farm gate. Emissions associated with farm actsitire: (a) Clifrom cattle enteric
fermentation (CHfrom excreta is not accounted); (b)ONfrom cattle excreta; (c)J® direct
emissions from N fertilization; and (d) G&om changes in SOC stocks. Items (a) and (b)
depend on herd composition: each age cohort hassatiated emission factor of Cahd

N,O calculated using Tier 2 methodology (Egglestoal ¢2006) and equation 2.18.

ce, = Y (21* CH4, +310* N20,)Y,,,, Om (2.18)
k

Eq. 2.18 accounts for emissions converted to cadimxide equivalent (C&e) for each
cattle age cohok, wherece, is total cattle emissions in montt) CH4, and N2Q are the
emissions factors for GHand NO (in kg.hd".mth") for steers of age cohdt(Table 2.4), 21
and 310 are respectively the C&hd NO equivalence in C - in global warming potential
for 100 years (GWP-100).
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Due to the lack of studies in Brazilian conditiofts, (c), we used the Intergovernmental
Panel on Climate Change - IPCC Tier 1 default faotd % (Eggleston et al., 2006) as

follows:

fe =310* CVNHNZOZZ NA, (RZ (i pq (2:19)
p q

Eq. 2.19 accounts for the emissions from N basetiZers in yeat (fe). The term inside the
sum gives the amount of N applied for all pastestaration options. The factow_.n20

corresponds to the proportion of N converted inf®N

For (d), the emissions are calculated by modeB@C dynamics. The model works with
equilibrium values of the C stock for each pastype (Table 2.6). The equilibrium values
and equilibrium time horizon were calculated exanesty, using simulations from the
CENTURY model (Parton et al., 1987) appliedXerradobiophysical characteristics and

using the annual dry mater productivity calculddeach pasture DMP level.

Detailed derivation of the soil organic carbon nlatkveloped in this analysis is presented

below.

Based on equilibrium values and parameter thaesgmts bioclimatic conditions, the model
dynamically simulates SOC accumulation sensitiveasture management. We first develop
a version of SOC stock for a fixed DMP leypebver time, then we generalise to a

heterogeneous pasture area by calculating weigiweidge values.

Let ¢, be the SOC stock of pastyrén yeart (in tonnes per hectare), the changes in SOC
stocks over timedg/dt) can be represented as function of an annual anput flux

through photosynthesi&), and the respiratory losses due to decomposan@gs K;),
wherer; is proportional to the amount of SOCtjn.e.,r; = pc; andp is the fraction of SOC
which is lost by plant respiration, as proposed/bichard et al. (2007):
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-1, (2.20)

P

Assumingi=F fixed and nothing that respiration losses are qutdgnal toC;:

At steady statda/dt =0:

dg,, _
dt

o:aw:%:q (2.22)

WhereC*,, = ¢, is the SOC of pastugat equilibrium. Thus (2.21) can be written as:

dg,, _
dt

Po(E,=Cp)  (2.23)

Writing as difference equations (discrete-time agak):

ACt,p = pp(‘gp _Ct-l,p) (224)

Thus, SOC accumulation is given by:
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Ct,p = Ct—l,p + pp(‘gp _Ct—l,p) (225)

Given the equilibrium values of each pasture DMRI€,), carbon respiration lossgs)
and initial SOC stockeg,), equation (2.25) estimates SOC at any tinfhe parametes,
can be calibrated to adjust an assumed equilibtiln®, or obtained exogenously, e.g., by
calibrating against the CENTURY model (Parton etE87).

The parametey, is fixed across the pasture levels in
Q={P1,P2,P3,P4,P5,P6,P7,P8,P9,P10,P14ceQ represents productivity levels of the
same pasture species and bioclimatic conditiongerfi, fixed, we show that the SOC under
a heterogeneous pasture area composed of pagtur€sis equivalent to the weighted

average of the individual areas of pastyré<; ) and SOC of pasturgs(c;). Let

W, = represent the fraction of pastyrén the total area; and; represents the total

Z,
2.2
P

SOC accumulated in the total pasture area. Then:

c’e=>w,c, (2.26)

p

Applying (2.25) in (2.26):

c™i =D WGy +p[Zwt,p€p —Zvvt,pct_lpJ (2.27)
p p p

Substituting (2.26) into (2.27):

cfi=ca+ ,O[Z W, — CHt—lj =cia+ ,0(5“ - C”t_l) (2.28)
p

Since the total area is fixe(ﬂ Z, ,=A), Egs. 2.26-2.28 are linear relations.
p
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Below we present the proof that summing the indigldSOC variationgc,, of a pasture
area composed of sub-areas of pastures with diffeiry matter productivity (DMP) levels is
equivalent to calculating the weighted average betwthe individual areas of pastupes

Z;p) and SOC of pasturgs(c;,,). This is equivalent to proving the relation (29).

Ac”t:ZpAct,p Ot (2.29)

From (2.27):

Act = p{Zvvt,psp —Zvvt,pct_lpj (2.30)
p p

Imposing that wy(eq — G-1,9 = 0 if p#q, (2.30) can be rearranged as:

Act =p> w3 (e, —c,) (2.31)
p p

Since) w,, =1 (2.32)
p

Act =pY (e, -cuy)=Y A,  (2.33)
p

p

Item (f), the LCA emissions associated with inparnsl farm operations applied in the farm

are calculated according to:

le, =Y lca,, >, > INA, , RZ ., (2.34)
q

inp p

24



Modelling sustainable intensification in Brazilian agriculture

Eq. 2.34 gives the annual LCA emissions of (f) byaanting for the total application of a
given input (or farm operatiomp in yeart (term inside the double sum) and multiplying it
by the input LCA emission factor, and then sumnuomgrinp. Wherelcaj,, represents the
emission factor of inpunp; INA, q the amount of applied inpirtp associated with pasture
restoration from pasture to q (variableRZp ¢).

Data

The typical system represented is a 600 ha grdmeefcattle farm in the city of
Campo Grand€20.4683° S, 54.6225° W) in the statevtdto Grosso do SuBrazil, which
was taken as a reference for climate and bio-ecandata. The analysis used a planning
period of 20 years and a budget limited to retaiceguital or the ABC credit line. The aim is
to fatten, finish and seNellore steers with diet based solely on forage from pastu
Brachiaria brizantha cv. Marandu

Direct cattle CH emissions (Table 2.4) were calculated using TiereZhodology
(Eggleston et al., 2006). Direct®@ emissions from manure were estimated using afraddi
IPCC Tier 2 method. This follows recommendationprievious studies, e.g. Lessa et al.
(2014) suggesting that urine and faeces have ggnify different emissions factors under
typical low protein content diets in Brazil, anéthlunder such conditions, N excretion can be
higher in faeces than urine (Xavier et al., 20114@ssa et al., (2014) estimated N excretion
separately for urine and faeces with respectivesgion factors derived from Brazilian
studies (Cardoso et al., 2016).

Table 2.4: Steer Bioeconomic Data

~ Avg DMI®  Pricé Maintenance  CH,, N,O¥,
Age Age Mortality®

1 SBW (kg.mti (R$.hd Cosf(R$.hd kg.head. kg.head.
cohort  (months) (%.mth") N1 L N L N L N L

(kg.hd?) ) ) .mth™) .mth .mth

1 [6,9) 0.42 189 144.9 658 1.74 3.35 0.013
2 [9,12) 0.42 222 166.2 691 1.95 3.78 0.015
3 [12,15) 0.2 255 187.2 802 2.19 4.19 0.017
4 [15,18) 0.2 289 208.8 913 2.4 4.6 0.018
5 [18,21) 0.2 322 229.8 1,044 2.61 4.99 0.020
6 [21,24) 0.2 355 251.1 1,158 2.82 5.37 0.021
7 [24,27) 0.03 388 272.4 1,271 3.06 5.74 0.023
8 [27,30) 0.03 421 294 1,411 3.27 6.1 0.024
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9 [30,33) 0.03 454 315.9 1526  3.48 6.46
10 [33,36) 0.03 490 339.9 1,278  3.72 6.84

0.026
0.027

& Cited in Arruda and Corréa (1992)
b Average shrunk body weight (Avg SBW) as proposg€bsta et al. (2005)
¢ Dry matter intake (DMI) as cited in National RestaCouncil (NRC 2000)

4 Prices were based on time series collected fremrtstitute of Applied Economics (IEA,
2012) and were deflated to 2012 values using Fura&gtulio Vargas (FGV 2012).
Brazilian reals (R$) are expressed in 2012 valtd’3¥-2012 is equivalent to 0.49 US$-

2012).
® Proposed by Costa et al. (2005)

"9 Details of parameters used for emissions factioutation are described in Table 2.5.

Table 2.5: Parameters for emissions factors esimnat

Parameter* Units Value Reference

Methane conversion factor %, Gross Energy

(Ym) ' 0.065 Eggleston et al. (2006)
Crude protein (CP) wet season %, feed dry matter.09 This study

CP dry season %, feed dry matter 0.065 This study

Average live weight gain

(LWG? oo kg/day 0.36 This study

Diet Digestibility %, feed dry matter 0.58 This study

Feces emission factor (EF) wi .

season (EF) %% N Excretion 0.0014 Cardoso et al. (2016)
Feces EF dry season %, N Excretion 0 Cardoso et al. (2016)
Urine EF wet season %, N Excretion 0.0193 Cardoso et al. (2016)
Urine EF dry season %, N Excretion 0.0001 Cardoso et al. (2016)
Dry season duration %, Year 0.574 Cardoso et al. (2016)

%, N Excretion

Estimated according to Cardoso et. al.

N excreted in urine wet season 0.426079 (2016)
%. N Excretion Estimated according to Cardoso et. al.
N excreted in urine dry season ™’ 0.189233 (2016)
N concentration in LWG %, Mass 0.025 Cardoso et al. (2016)
N volatilisation and re- kg N,O-N/kg N
deposition (EF4) volatilized 0.010 Eggleston et al. (2006)
kg N,O-N/kg N in
N leaching/runoff (EF5) leaching and runoff ~ 0.0075 Eggleston et al. (2006)

*For the remaining IPCC tier 2 parameters, defaalties were used.

Pasture productivity (Table 2.6) for each leve®ir {P1,P2,P3,P4,P5,P6,P7,P8,
P9,P10,P11}was estimated using the Invernada software (Bar&®11), which uses

monthly averages of historical climate data andatmeunt of nitrogen (N) applied to
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estimate forage potential accumulation rates, ategrto the model of (Tonato et al., 2010)

for the main grass species used in Brazil.

Table 2.6: Pastures Accumulation Rates and EquulibrC Stock Values in Function of
Pasture Type (Brachiaria brizantha cv. Marandu)

Pasture DM (t.ha Lyr™ Soil carbon stock equilibriufr{t.ha %)
P1 19.6 84.3
P2 18.6 83.5
P3 17.6 82.7
P4 15.1 72.5
P5 12.6 62.3
P6 10.7 53.8
P7 8.7 45,2
P8 7.3 38.8
P9 5.8 32.4
P10 4.9 29.3
P11 3.9 26.1

@ From to Tonato et al. (2010)
P Estimated for 20cm depth (Parton et al., 1987).

The restoration costs (in R$-2012 per hectarepinld 2.7 (the values @f, ) were
calculated as a function of the individual appi@atof inputs and services employed in
restoration practices. We assume the cost of iagtpasture fronp to g, wherep andg can
be any element i is given by the cost of inputs/machinery used &ntain pasture
(because the restoration decision is made at timeembof degradation) plus the cost required
to restore one hectare from degraded I@ddlto g, less the cost of inputs to restore one
hectare from leveP11to p, but only positive differences in the amount gfuts/services are
accounted for. Leip represent any input or service ahp r,q be the amount of
inputs/machinery required to restore one hectapasfure leveP11to levelq. Thensyp qis

given by:
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,7P!q

= Zcinp (apln,p,p + a'plnp,F,q + a'plnp,F,p) (20)

inp

Table 2.7: Cost of Pasture Restoration Managemgatin@zatiorf.

Mp.q (R$.ha)

P1
P2
P3
P4
P5
P6
P7
P8
P9

P10 1204.2 1061.4 918.6 785.5 652.4 466.3 280.2 166.4 52.6 6.9

P1 P2 P3 P4 PS5 P6 P7 P8 P9
267.0

364.8 222.0

462.6 319.8 177.0

525.2 382.4 239.406.5

587.8 445.0 302.269.0 35.9

767.1 624.3 481.848.4 215.2 29.2

946.4 803.6 660.8527.7 394.6 208.5 22.4

1055.9913.1 770.3637.2 504.0 318.0 131.9 18.1
1165.41022.6 879.7 746.6 613.5 427.4 241.4 127.6 13.8

PRQ1

P11 1243.1 1100.3 957.5 824.4 691.2 505.2 319.1 205.3 91.5 45.7 0.0

& Details of inputs (e.g., nitrogen, seeds, limestanicro-nutrients) application for each level

in Q are described in De Oliveira Silva et al. (2015).

We assume the farm has fixed costs proportionpasbure area. Fixed costs are associated

with expenses for cattle (veterinarian equipmdabour and infrastructure and taxes for a

beef production system in the stateM#Hto Grosso do Sul
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Table 2.8: Farm Annual Maintenance Cdsts

Farm structure variable Cost (R$2012'ha
Working animals, horse

Depreciation 0.2

Interest 0.1
Machinery and equipment

Depreciation 11.6

Interest 4.0
Veterinary equipment

Depreciation 0.2
Telephone device

Depreciation 0.1
Farmer minimum living expenses 0.9
Maintenance of machinery and equipment 9.9
Services and labor 11.9
Fuel and lubricant 4.0
Taxes and fees 1.2
Total farm costs 43.9

& Costs as proposed by Costa et al. (2005) costtsteu

To start production, the farmer is allowed to takean (variablé/, ) in the first year

from the ABC program if adopting one of the ABC gmbouse gas mitigation measures

(Mozzer, 2011), such as pasture restoration. Tééitoconditions for cattle breeders

investing in pasture restoration are a limit of llion Brazilian reals (R$) and the payment

can be made in 5 instalments with a 3 year gradegand an interest rate of 6% per annum

(http://www.bndes.gov.br/apoio/abc.html).

Farm initial state scenarios

The quality of the pastures (or the level of degtemwh) at year zero of the planning

period, i.e., before the production starts, israpartant factor when assessing the

effectiveness of restoration practices. Threeahfirm degradation scenarios are assumed:

the Low Pasture Productivity (LPP), with initialgtare area the whole pasturdat(8.7 t
DM.ha'.yr"); the Intermediate Pasture Productivity (IPP)hviititial pasture area at leveb
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(12.6 t DM.h&.yr'Y); and the High Pasture Productivity (HPP), wittidth pasture area at
level P1(19.6 t DM.h&.yr?). We compare the traditional pasture managemehttive
proposed optimized restoration practices withahitivestments subjected to available
capital with and without government subsidies faensification, i.e., access to ABC credit.

Shadow price of carbon

A carbon value is not included in the optimizatrandel because there is currently no
carbon market entry points for this mitigation effoHowever, the methodology allows the
implicit calculation of a carbon value. The restarn practices comparison assumes no
emissions limit, but we use an emission liEihy, corresponding to the total emissions of
the unconstrained solution, to calculate the shaoloee (of carbon) implied by this
emissions constraint (Eq. 36). We also constramtiodel to produce the same beef output
as in the unconstrained solution. Ae shadow paastimated as the change in the objective
function from relaxing the emission constraint Imgdonne of Cge in relation to the total

emissions of the unconstrained solution.

ZCGI +ZACHt +Z fet +Z|et < Egau
t t t t

(2.36)

Where the terms in the left hand side are respagtemissions from cattle, SOC, fertilizers,

the use of inputs and farm operations.

2.4 Results

NPV for TRP ranges from -67 R$:ha™ to 53.5 R$.hdyr*, depending on the initial
degradation level and access to ABC credit. A tieg&PV arising as a result of grassland
degradation is actually observed for some beeksigand finishing systems Mato
Grosso do SulCrespoline dos Santos, 2015).
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The results indicate that investing in beef patitun is highly sensitive to the initial
level of degradation if TRP is adopted. The LPFade implies a negative NPV of -
67R$.ha’.yr’ (Fig. 1A, LPP). Under LPP access to ABC creditioet alter the optimum
farm decisions since no credit is taken if decisiare based on profit maximization. This is
because revenues generated in the first yearasu#icient to repay the loan instalments and
to cover farm costs, i.e., first payment of fivBeathree years of credit uptake, as it was
modelled in line to ABC credit contract policiesearm costssection). Instead by using
their own capital, payment is made at the end ofipction, i.e., at the end of 2@ear of

production.

Under IPP and HPP, the TRP NPV is sensitive toicaeedess. The NPV of 10.2
R$.hal.yr! is around 4 times greater than production wittemeess to ABC (Fig 2.1A, IPP).

In contrast to TRP, optimizing pasture restoratlmsugh FRP or URP reduces the
importance of the initial degradation level; NPVA13.4 R$.ha.yr* and 274.5 R$.hayr?,
respectively for LPP and HPP initial productivigesarios (without ABC credit). As
expected, the annual average stocking rates ardesls dependent on initial productivity.

The reason is that taking the alternative restomgtractices leads to optimal stocking rates
more efficiently, with minimum costs and less tirmgquired. The average stocking rates were
around 1.6 animal units per hectare (AU"fiawhich accords with carrying capacity
suggested by Strassburg et al. (2014).

ABC credit promotes profitable and sustainable pobidn only when combined with
appropriate pasture management. Taking the ABQtaredld increase NPV from 2.7 R$.ha
Lyr'to 10.2 R$.hd.yr?, when compared to no access for TRP (Fig. 2.1A).

Figure 2.1C shows that FRP could require less invest in restoration than TRP;
e.g., investments are 62,700 R$ and 69,800 R$gaat yespectively for the FRP and the
TRP under LPP (no ABC), while the average restonatirea is around 3 times greater for the
FRP than TRP (Figure 2.1D).

Although the credit promotes more investment par ye restoration, Figure 2.1D
shows less area is restored per year when thd @ediailable. Because ABC increases cash
incomes, more intensive restoration options aresttaklen, reducing the average restoration

area but improving forage productivity.

2 In Brazil an animal unit (AU) is equivalent to 4K@ of live weight.
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Figure 2.1E shows that the TRP beef productivibhges from 96 to 104.7 kg
CWE.ha".yr" (without ABC) and 167.6 kg CWE. Har™ (with ABC). Optimizing pasture
restoration could double or triple beef producyivitcombined with the ABC credit (Fig.

2.1E).
LPP
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Figure 2.1: Comparison of economic returns depending on initial degradation scenarios
(LPP. IPP, and HPP) and access to ABC credit.

Figures 2.2A-C provide graphical representatiothefpasture management practices,
i.e., pasture composition in terms of pasture tyjeged in Table 2.6, and the associated

forage productivity in tonnes of dry matter pertaee per year (t DM.hayr™), under the
LPP scenario.
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Figure 2.2: Pasture composition and associategégpeoductivity (a) TRP; (b) URP; and (c)
FRP restoration practices under the LPP scenario.

Figure 2.2A-C shows that FRP has more consistemuativity, i.e., allowing for optimal
relation between forage productivity and stockiatgs over the production time.
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Fractionating pastures also require less cashvrfibo investments, a barrier for promoting
the adoption of sustainable intensification meas(de Oliveira Silva et al., 2015a; Moran et
al., 2013)

In both FRP and URP the optimum level of produtiié around 18.3 t DM.Kayr
! Pasture degradation and restoration dynamics @asecSOC to switch from a sink to a
source of CQ(Smith, 2014). Figure 2.3 shows TRP oscillates betwlosses or gains in
SOC stocks, resulting in a slight increase fron246.47.2 tonnes of carbon per hectare (t-
C.ha?), while SOC increased from 45.2 to 60.5 t-C-far URP and FRP.

62
60 o~
58 ——FRP URP  ——TRP a0

56 / <

54

52 /

50 e
48 /
a6 Ww
44
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Time (years)

Soil organic carbon (t.ha)

Figure 2.3: soil organic carbon stocks as a funabibtime and restoration practices.

We use the LPP scenario to compare the life cygdessment emissions intensity of
the alternative pasture management practices. &dts show that SOC plays a major role
in reducing both the absolute total, and emissparkilogram, while LCA associated with
the use of farm inputs, e.g., nitrogen, seed tistion, internal transport, are of minor
importance - in relation to direct cattle emissiansl SOC. Optimizing pasture management
though FRP could double production from 96.0 kgarttass-weight equivalent per hectare
year (kg-CWE.ha.yr?) to 213.4 kg of CWE. hlyr® while decreasing the TRP emissions of
494.34 tonnes of C@ per year (tC@e.yr") by 30%. Optimizing through URP could

increase production to 207.4 kg of CWE*ha* while reducing average annual emissions by
45%.
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Figure 2.4 shows EI as an aggregation of the mé&l®®missions sources from the
stocking and finishing beef systems, i.e. exclug@athased calves related emissions.
Emissions intensities were calculated with and eutraccess to ABC credit under the LPP
scenario. Due to the high initial level of degraoiatin the LPP scenario, even the TRP
restoration means pastures are (moderately) ifitethsiuring the production period.
Estimated El is 9.26 kg C&e/kg CWE.

Figure 2.4 shows that adopting the optimized pastusnagement practices could
reduce these to around 3.59 kg&#kg CWE, with emissions abatement resulting from
SOC sequestration from improved grasses. Notalthett cattle emissions account for
around 11.87 kg C&e/kg CWE, whereas SOC sequestration abates 3.9kgkg CWE, or
30% of cattle EI under TRP. If FRP or URP is addptgins in SOC stocks could abate 80-
85% of cattle direct emissions (gEnd NO).

~
QD
N—

(b)

without ABC With ABC
M Cattle mSOC = Fertilisers ®Inputs LCA — Total

14.0 —

® Cattle mSOC = Fertilisers ® Inputs LCA —Total
14.0

11.47

9.0 9.26 9.0

4.0 3.59 2.87 4.0

-1.0 -1.0

6.0 -6.0

Emissions intensity (kg -CO2-e/kg -CWE)
Emissions intensity (kg -CO2-e/kg -CWE)

-11.0 -11.0
PBPR NPPR NPCDC PBPR NPPR NPCDC

Restoration practices Restoration practices

Figure 2.4: Emissions intensity comparison for tbgtoration practices under the LPP
scenario without ABC credit (a) and with ABC crddht. Emissions from cow-calf phase are
not included.

On average, access to ABC credit reduces EI byndr@0% when compared to the
same pasture management practice, assuming tlthtgens risk investing their own capital
to optimally manage pastures in the scenario with@®C credit. This is because ABC credit
provides more incentive for intensification (asrseeFig. 2.1C-D), and SOC stocks are
higher than without the credit.
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Average annual emissions for the FRP is 473.2 ®oh€Qe per year (t Ce.yr?).
The shadow price analysis suggests a value of 3B 8er tonne of abated G®(or 15.1
US$). This can be interpreted as the minimum védumaers would have to be paid per tonne
of COse to maintain profitability as shown in the objgetfunction.

Figure 2.5 shows a sensitivity analysis of ABC iiegt rates against NPV, emissions
intensity and beef productivity for FRP.

B NPV ® Emissions intensity ® Beef productivity

6.8% 7.9%
3.4%

-4.0%
-6.8%

Change in output (%)

-11.5%
-2.5% 2.5%
Change in ABC credit interest rate*

* Change in relation to ABC baseline interest 1(&&% per annum).

Figure 2.5: Sensitivity analysis of ABC credit net& rate versus net present value, emissions
intensity and beef productivity for FRP.

2.5. Discussion

Sustainable agricultural intensification rhetorastighlighted the inherent multi-
dimensional trade-offs in meeting increasing foedhdnd by optimizing production while
minimizing external costs. Existing literaturdasgely conceptual, e.g. Loos et al. (2014),
and less specific about the relevant scale of amsalffarm scale optimization is clearly
necessary to demonstrate the economic feasibfliayg transition from traditional

production practices to intensified alternativetpessbased systems.

The farm level focus of this analysis means thatltimately do not consider the
extent to which systems intensification will indluce deforestation rates through less
extensive land use. Sparing land that could tleended for alternative production options

clearly opens up the potential for other market iated effects that could be just as extensive
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(Cohn et al., 2014; Gouvello et al., 2011). SAhieologies alone are unlikely to reduce land
expansion if unaccompanied by targeted land manageimcentives and effective

deforestation control policies (Arima et al., 2014)

To date however, data on the full extent of pastiegradation in Brazil are patchy
and this handicaps more accurate calculation geotiaverage dry matter productivity and
SOC stocks.

Our results inform the economics of the 30 M haaragion target (2010-2030)
defined in Brazil's by NAMAs/INDC commitments, asdggest significantly increased
profitability and reduced emission through stratqgartitioned pasture restoration. Note that
this method could be realistically applied at fdevel by fenced partition of pasture area and
that the result holds without including any notibmenetary value that might in future be
associated with farm carbon credits. Note thatetlaee currently no significant agricultural
carbon credit schemes in Brazil. The ABC progrdfars an incentive for technology

adoption but does not calculate any carbon berfedits increased productivity.

Calculated emission intensities are consistent figineiredo et al. (2015), which
show estimates including SOC sequestratioBracchiaria pastures. Our estimates are
significantly lower than previous studies (Cedegh@eyer, and Flysjé 2009; Ruviaro et al.
2014; Cardoso et al. 2016; Gerber et al. 2013)ishpsartially because we modelled a
stocking-finishing system in contrast to whole eysystems. However, most of the
differences in the emission estimates are expldiyetie fact the other studies do not
incorporate SOC sequestration into emission intieissi Indeed, De Oliveira Silva et al.
(2016) suggest that accounting for SOC in imprayeing systems could lead to a counter-
intuitive result where increasing production coatdually lead lower emissions than
decreased stocking in some particular beef systé&tibough, it is well known that SOC
doesn’t accumulatad infinitumand in the long, term the benefits of SOC ardyike be
negligible (Brandéao et al., 2013; Smith, 2014).

A deterministic model has limitations in not cajtgrthe effects of price fluctuations.
Further, the focus on profit maximization is potalty contestable, and observed behaviours
in relation to the demand for ABC credit to datggests that alternative satisficing and risk
minimization behaviours might warrant exploratienpart of a broader sensitivity analysis of
key model parameters. Indeed Brazilian farmev® laapoor appreciation of the complexity

of beef systems and are generally averse to ndmaodagies (SPRP, 2014). In this respect, a
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robust extension service is essential for plannamgthe ground, pasture restoration and beef
system improvement, which would benefit from thelegation of appropriate mathematical

optimization.

2.6. Conclusion

The analysis provides evidence of the importangeasture management decisions
for grazed beef production systems and highligbts improved pasture management could
enhance both economic and environmental outconhes/eeto the traditional management

scenario.

Improved pasture management has a potential rgagoin SOC sequestration,
potentially decreasing El in stocking and finishsygtems. The results also provide evidence
of the importance of public policy to promote sustdle beef production. The ABC credit
can significantly influence profitability and GH@néssions. But under highly degraded
conditions and the traditional practice, accedteccredit may be insufficient to encourage
intensification measures. The results thus prosatee of the credit conditions that may be
necessary to achieve Brazil's international IND@simitments, which hitherto have not
been informed by any farm scale analysis. Theltesould be extended beyond Brazil to
inform sustainable intensification in countries aadions with similar grazing production

systems.
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Chapter 3 - Developing Marginal Abatement Cost Curves for Brazilian beef
production

After article: De Oliveira Silva, R., Barioni, L.GAlbertini, T.Z., Eory, V., Topp, C.F.E.,
Fernandes, F.A., Moran, D., 2015. Developing aomatlly appropriate mitigation measure
from the greenhouse gas GHG abatement potential lik@stock production in the Brazilian
Cerrado. Agric. Syst. 140, 48-55. doi:10.1016/jya2315.08.011. See appendix 2.
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3.1 Abstract

Brazil is one of the first major developing couegito commit to a national greenhouse gas
(GHG) emissions target that requires a reductiobeaifveen 36.1% and 38.9% relative to
baseline emissions by 2020. The country intendsubmmit agricultural emissions reductions
as part of this target, with livestock productiaenmtified as offering significant abatement
potential. Focusing on theerradocore (central Brazilian savannah), this paperstigates
the cost-effectiveness of this potential, whicholves some consideration of both the private
and social costs and benefits (e.g. including aaideforestation) arising from specific
mitigation measures that may form part of Brazisfinition of Nationally Appropriate
Mitigation Measures (NAMAS). The analysis used aptimnization model to define
abatement costs. A baseline projection suggestso#ed production in the region will emit
2.6 Gt CQe (CO2 equivalent) from 2010 to 2030, correspontiing% of national emissions
(including energy, transport, waste, livestock aggliculture). By implementing negative-
cost measures identified in a marginal abatemest carve (MACC) by 2030, the 2.6 Gt
COee could be reduced by around 24%. Pasture resionrativolving avoided deforestation,
offers the largest contribution to these results.tide BraziliarCerradois seen as model for
transforming other global savannahs, the resufes afsignificant contribution by identifying

alternatives for increasing productivity whilst nmmzing national and global external costs.

3.2 Introduction

Global demand for livestock products is projectedrow by 70% by 2050 (Gerber et
al., 2013). This is expected to generate signifieaitional pressure on producers and on
natural resources. Sustainable management (orsifitartion) will require increasing yields
and efficiency in existing ruminant production gyat, minimizing competition of land used
for food and feed, while maximizing ecosystem sgr$j including mitigation of greenhouse
gas (GHG) emissions (Gerber et al., 2013; SOUSSANA., 2013; Thornton and Herrero,
2010b).

Tropical regions are implicated as potentially affg major opportunities to increase

beef productivity and emissions mitigation, as entproductivity levels are still relatively

42



Modelling sustainable intensification in Brazilian agriculture

low and emission intensities correspondingly Hi@pio et al., 2013). More productive
pastures can increase soil carbon stocks, provimegof the largest terrestrial carbon sinks
(Follett and Reed, 2010; Neely et al., 2009), poal that is a more stable form than the
aerial components of forests (Soussana et al.,)2810 potential carbon sequestration in
soils under grasslands far from offsets the losshofve ground vegetation in the majority of

tropical areas, and therefore natural vegetatioulshbe preserved.

Brazil is the world’s second largest beef produe8r3 Mt.yf* (14.7% of the world’s
total), andhe largesexporter in 2012-13 (FAO, 2015). Production is pmadchantly pasture-
based in a grassland area of approximately 170 (MBGE, 2015), mostly in a humid or sub-
humid tropical climate. But beef production canadirdignificant trade-offs, that must be
managed to minimize external costs. These incladeontrolled expansion of agricultural
area, associated deforestation, cost-effectivenfpaese gas mitigation, and land competition
between food and biofuels.

Analysis of historical data (Martha et al., 2018)&cenario studies conducted by the
World Bank (Gouvello et al., 2011) suggest thatnoving beef productivity has the highest
potential to buffer the expansion of other agriatdt activities, avoiding further
deforestation. Increasing pasture productivity amo boost soil carbon sequestration,
particularly when carried out in currently degradgdsslands (Braz et al., 2013; Ruviaro et
al., 2014). In addition, increasing productivityahgh feed supplementation may
significantly reduce direct methane emissions (Beamd Tomkins, 2013; Ruviaro et al.,
2014). In this context and based on its previousodal Plan on Climate Change, at the
Conference of the Parties 15 (COP 15), Brazil mapgsed Nationally Appropriate
Mitigation Actions (NAMAS) as part of its commitmeto the United Nations Framework
Convention on Climate Change (Brazil, 2010). Owerperiod 2010-2020, the NAMAS
establish targets for the reduction of Amazon deftation by 80% and by 40% in the
Cerrado(Brazilian Savannah), through the adoption of ypastecovery (15 Mha), and from
integrated crop-livestock-forestry systems (4 MNdith these cattle-related measures, Brazil
expects to reduce net emissions by between 10126141t CQ-e, by 2020, which account
for 61% - 73% of all mitigation in agricultural priices by the NAMA route. The NAMA
proposal is enacted as part of the ambitious AB@riGhltura de Baixo Carbono - Low
Carbon Agriculture) program, which offers low irgst credit lines to farmers adopting

mitigation technologies (Mozzer, 2011).
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This chapter investigates the cost-effectivenes®pflivestock mitigation measures
applicable in th&€Cerradocore (Central Brazilian Savannah); a region toatains around
35% of the Brazilian herd (Anualpec, 2013). Theargs considered as central in Brazil's
ascendance in global production (The Economist)20he New York Times, 2007) and is
still regarded as the most important region foraging beef production in Brazil (Ferraz
and Felicio, 2010b). It is seen as a potential himildransforming other savannahs (Morris
et al., 2012).

The analytical focus is significant because thereurrently little research clearly
demonstrating that mitigation through livestock mgement can be delivered at relatively
low cost (Gurgel and Paltsev, 2014; Vogt-Schillalet2015). The paper offers the first
bottom-up cost-effectiveness analysis using amuopétion model for Brazilian beef
production. The measures evaluated are pastuggageh, feedlot finishing, supplement
concentrates and protein and nitrification inhitstorhe analysis uses the outputs of a multi-
period linear programming model (Oliveira Silva13) (See Appendix 1) to develop a
bottom-up or engineering marginal abatement castec(MACC), to represent the relative
cost-effectiveness of measures and their cumulatraement potential above a baseline of
business as usual (Moran et al., 2010). The arsadysimines the direct emissions reductions
attributable to measures enacted within the notifamen gate rather than wider life cycle
impacts (i.e., post farm gate), and accounts ftin bee private and social costs and benefits

(e.g. including avoided deforestation).

This chapter offers new insights for regionaligobnd is structured as follows.
Section 3.3 outlines the modelling structure amelviant optimization assumptions
underlying the cost-effectiveness analysis andrdesscthe MACC calculation, while section

3.4 sets out results. Sections 3.5 and 3.6 oftks@ission and conclusions.

3.3 Methods

Model Overview

Abatement potential and cost-effectiveness of mnesswere derived using an existing
multi-period linear programming model (Oliveira\&i| 2013) (See Appendix 1 for detailed

mathematical description) that simulates a whotdecfcow-calf, stocking and finishing)
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beef production farm, accounting for: (i) herd dynes, (ii) financial resources, (iii) feed
budgeting, (iv) land use: pasture recovery dynamancs crops, and (v) soil carbon stock

dynamics.

The model optimizes the use of the farm resourcagital, cattle, land) while meeting
demand projections and maximizing profit. In thimtext the model is used to simulate beef
production treating th€erradoregion as a single farm. The farm activitiesijidire
modelled using monthly time steps, while (iv & veanodelled using annual time steps. The
model represents animals in age cohkires steer of age cohdet1l, is a calf aged 6 months,
and 189 kg of live weight (LW). After 3 months imetsystem, age cohdxis transferred to
age cohork+1, now with 222 kg of LW. The final weight is 454 kgprresponding t&=9

(33 months), when the animal is sold and removeah ihe system.

The same cohorts apply to heifers, although thesealso accommodate breeding
rates, where a heifer generates 1 calf per 18 noyalle, comprising 9 months of pregnancy,
6 months of lactation (Millen et al., 2011), plusn®nths of non-lactation and non-
pregnancy. Half of the calves born are allocatestéers and the other half are allocated to
heifers, both of age cohdet1. After 4 cycles, the cows are removed from theéesysand

slaughtered, i.e., used to meet demand.

The model also simulates feedlot finishing, andtallows the reduction of the
finishing time. It can remove a proportion of seeBom exclusive grazing, inserting the
animals into feedlot systems; generally only malesconfined in Brazil (Costa Junior et al.,
2013; Millen et al., 2009). For all cattle catager i.e., male, female, male in feedlot and
breeding females, the corresponding age cohossgcaated with specific parameters:
weight, mortality rate, dry matter (DM) intake, l#® and purchase prices, emissions factors
for CH, from enteric fermentation and emissions factord\NgD from excreta. The

associated coefficient values are detailed in T@land Table S2.

The gross margin of th@erradosingle region farm is maximized and calculated as
the difference between the income and expensesmia derives exclusively from the sale of
finished cattle, 454 kg of LW for steers and 3720kg W for heifers. Farm expenses are
composed of investment and maintenance costs. &fainte costs are (i) farm maintenance
and (ii) animal non-feed maintenance. Costs fain@lude working animals, machinery and
equipment, veterinary equipment, telephone devie#, taxes and fees, totalling US$ 25.00

ha'.yr! (See Table S8 for details). Costs for (ii) werkeaiated for each age cohort and it is
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composed of cost of mineral salt and expensesheiith (vaccines), and animal
identification (Table S1).

Land use dynamics

The model simulates land use dynamics by allocdliegotal area across pastures or
crops; the latter being used for grain and silagelyction to be used for the formulation of
ration for feedlot and supplementation for grazzagile. The model allocates land into
pasture, soybean and corn. In the case of pasirejodel allocates land into different
productivity levels. Pasture degradation and resitmn rates are key model processes that

have a bearing on overall system productivity aguice emissions intensity of production.

Grassland degradation

Pasture degradation can be defined as the losgainand productivity of forage. To
represent the degradation process, we definesetslef Dry Matter Productivity (DMPA,
B, C, D, andF (Table 3.1), where levé is the pasture of highest productivity, and |dved
fully degraded. If no action is taken to maintamroprove productivity of a fraction of the
area in a given level, it is relocated to a lomaduictivity level. So, after a period of time
(assumed as two years herein) catedodggrades to categoBy B degrades t€, and so on,
until pasturer, thus completing a 10 years full degradation (widhmanagement

interventions).

The DMP of the pastures levels were calculated exogsly using a model that estimates
seasonal pasture growth according to soil, specidsclimate conditions (Tonato et al.,
2010). Each pasture level of DMP is associated aithrbon equilibrium value that is used

to estimate changes in soil organic carbon duastupe management.
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Table 3.1: Annual dry matter productivity and eduium C stock values in function of land
use.

Soil carbon stock

1,1
Land use DM (tha’.yr) equilibriunt. (t.ha®)
Pasture A 19.6 84.3
Pasture B 17.6 82.7
Pasture C 12.6 62.3
Pasture D 8.7 45.2
Pasture E 5.8 324
Pasture F 3.9 26.1
Corn (Silage) 9.0 45.0
Corn (Grain) 3.8 400
Soybean 2.5 45.0

! Estimated using the model published by Tonato.&2alL0)
% According to Parton (1987)

Land use change and pasture restoration

To offset the degradation process the model dawdbr grassland restoration
through improved forage quality by direct restarat{by chemical and mechanical
treatment) or indirect restoration (by rotatinglhwarops). For example, in a given year a
pastureA will degrade tdB, the optimal solution might be letting half of pag A to degrade,
and half be maintained to lew&l Furthermore, the model works simultaneously &ith
composition of pasture DMP levels; e.g., in a giyeart, the composition can be 4% Af
10 % ofB, 85% ofC, and 1% of soybean. Then, at yeelk, the composition can change by

any combination among the pasture DMP levels aogscr

For each type of land use change or restoratienetis an associated cost (Table 3.1). Costs
were calculated accounting for the amount of injuis services (e.g., nitrogen, limestone,

micronutrients, forage seeds, internal transp@éded to maintain or increase the DMP level
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in the target pasture DMP level. For details oflegubinputs, see Table S3 S3-Table S7 in
Supplementary tables

Table 3.2 can be read as “the cost to restordeatare of pasturex” to an improved
pasture ¥”, or in some cases, “the cost to move one hedtane land use X” to land use
“Y”, where X” and Y” are any element in the column “Pasture/Crop”. Géme oX=Y
(table diagonal), represents the cost of maintgiailgiven pasture at the current DMP level

(i.e., cost of avoiding degradation) or the costepfiant a crop in the same area.

Table 3.2: Costs of pasture restoration practiced arops planting.

Costs of pasture restoration practices/land uaegeh(US$2012.ha-1)

Land use Pasture APasture Pasture C Pasture D Pasture Pasture F Co.rn Corn- Soybean
B D (Silage) (Grain)

Pasture A 112.4 0.0 0.0 0.0 0.0 0.0 1352.6 600.0 5.434

Pasture B 149.9 72.7 0.0 0.0 0.0 0.0 1502.5 749.95.34

Pasture C 399.3 249.4 15.0 0.0 0.0 0.0 1751.9 9997314.7

Pasture D 630.0 480.0 230.7 9.4 0.0 0.0 1982.6 .922975.3

Pasture D 724.6 574.6 325.2 94.6 5.6 0.0 2077.2 4.5321069.9

Pasture F 767.0 617.1 367.7 137.1 425 5.6 2119.867.0 11124

Corn

(Silage) 269.8 200.9 125.1 125.1 125.1 125.1 16301060.6 971.8

Corn

(Grain) 269.8 200.9 125.1 125.1 125.1 125.1 1736981.9 992.6

Soybean 269.8 200.9 125.1 125.1 125.1 125.1 173®81.9 1017.7

! See Appendix 1 for calculation details.

Land use change (including deforestation), degadr restoring pasture will affect
the soil carbon (C) stocks. These changes arelatdduby estimating the annual C stock
under pasture and crops for each land use. Thieatmtamulated C under soils is given by the

sum of the C stock of each pasture DMP levels, sagltand corn.

48



Modelling sustainable intensification in Brazilian agriculture

Carbon sequestration through pasture management

Depending on the DMP, the C flux may change sigauiitly. The model works with
equilibrium values of the C stock for each typgpas$ture and crops. The higher the pasture
productivity, the higher the C equilibrium valueadle 3.1). The equilibrium values were
calculated exogenously, using simulations from@ENTURY model (Parton et al., 1987)
applied toCerradobiophysical characteristics and using the anniPZzalculated for each

pasture category.

The model accounts for the annual carbon stockegar land use in column 1, Table 3.1.
The model transfers the accumulated carbon fromtyk#o yeart and calculates the

variation of soil C in yeat.

Letting C; iy be the soil carbon stock (tonnes) under the laeduy wherelu D{A, B, C, D, E,

F, Soybean, Corn(silage), Corn(grain)fhenC;, can be expressed by:

Ciu = o(t,lu) + AC 1w (Eq. 3.1)

And

ACi = f(ew, Gan)  (EQ. 3.2)

Eq. 3.1 is composed of the carbon transferesree, i (t,Iu), and the C sequestration
term,AC;,. The termp(t,lu) accounts the transference of C from othesus land uski in
yeart; e.g., iflu is equal pasturB, and one hectare of soybean is converted intyie&w one
hectare of pasture levB| the carbon previously stocked under soybeandbs transferred
to pastureB. Similarly, if some hectares are converted frorstyi@B to pastured, or
degraded t&, then part of the C stock froBihas to be proportionally transferred fr&o
these other uses. The sequestration tafk)y, is written as a function of the difference
between the previous C sto€k; 1, and the C stock equilibrium valug,. Hence the further
the previous stock is from the equilibrium values thore C will be up taken. Conversely, if
due to the land use change, or degradation, thedkR becomes greater than the equilibrium
value, there will be negative C sequestration, adoss of C stock. These modelling
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approaches follow the concepts suggested by Eoggles al. (2006) and Vuichard et al.
(2007). The extended version of Eqg. (3.1) and (88)presented in Appendix 1.

Deforestation due to cattle ranching

For pasture area we use the projections publisii€aidoivello et al. (2011) combined with an
endogenous deforestation term. L&k be the total area at yeiai, the exogenous
projections; andD; the endogenous term that represents further apemsion. Then for

every year:

LU; = a; + Dy (Eq 33)

The deforested area will cause a loss of casbaerks in natural vegetation and
influence soil C; and directly influences the trf@nsnce term in eq. (3.1), i.e., loss of sall
organic matter (SOM). Both vegetation carbon st@rkd SOM are accounted to represent

the emissions associated with deforestation.

There is limited quantitative research accountorglie dynamics of pasture
productivity following deforestation. In accordaneih the best available information, the
model allocates new converted areas into the systgasture catego!@ (the highest
without nitrogen fertilization), as soil carbon@isan increase or decrease values after
deforestation (Maia et al., 2009) and pasture prtdty is relatively high after conversion
due to higher soil organic matter mineralizatiorafia et al., 2012). In this analysis, we
assumed the cost of opening new areas is zero $tiael cost of conversion tlerrado
into pastures can be offset by timber sales ardiVaiue appreciation (Bowman et al., 2012).

Another assumption is that the model cannot dislzard endogenously, neither does
it allow fallow in any year of the planning periothis assumption is based on the fact that
cattle ranchers are not allowed to let their propgibe unproductive; otherwise the land can
be confiscated by the government for agrarian nef(ffederal Law 8.629 -
www.planalto.gov.br/ccivil_03/leis/I8629.htim
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Baseline construction

Land use change scenarios need to be mapped ptaosible baseline for land use
activity. The baseline scenario is based on nattimnaecasts of beef demand and grassland
area for Brazil, from 2006 to 2030 (Gouvello et 2011). The assumption is that the
attributableCerradopasture area and beef demand share are a fixpdrpom of the
national projections. In 2006, ti@erradopasture area represented 34% of the national total
(IBGE, 2015). The model then assumes @atradopasture area corresponds to 34% of
Brazil's pasture area, and this proportion is camtstiuring the studied period (2006-2030).
Similarly, as there is no data for regional demamel assumed demand to be proportional to
area, i.e., demand f@erradois also equivalent to 34% of national demand, peicentage

is very close to the 35% figure estimated by Aneal(®013).

In the model, increased productivity occurs by nseafnnvestments in technologies,
e.g., pasture restoration, supplementation anddeadimals. The baseline scenario has
limited adoption of these measures, implying camgpaoductivity. We assumed that pasture
restoration is allowed in the baseline only to dvieégradation, but it is constrained to
maintain productivity at 2006 levels (10 t-DMhgr™, as calculated in Appendix 1).
Combining this constraint with projected increadechand pushes the model to open new

areas if it is necessary to meet the growing denfianioeef.

The current adoption rate of feedlot finishing ira&l is around 10% of the total herd.
We assumed this proportion to be constant in tisellvee, a rate that is in counterpoint to a

higher level of penetration of this measure in igation counterfactual.

GHG emissions sources

The model calculates GHG emissions using emisgamters for activities within the
farm gate. GHG emissions associated with the fantmiges are: (a) Chifrom cattle enteric
fermentation (Chifrom excreta is not accounted); (byONfrom cattle excreta; (c) 4D direct
emissions from N fertilization; (d) GQrom deforestation; and (e) G@om pasture
degradation and land use change from pasture ps.cliems (a) and (b) depend on herd
composition: each age cohort of males and femaleifef or cow) has an associated
emission factor of Cldand NO calculated using Tier 2 methodology (Egglestoal et
2006), see Table S1land Table S2. Due to the laskidies in Brazilian conditions, for (c),
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we used the Tier 1 IPCC default factor of 1% (Egtge et al., 2006). The emissions from (d)
are calculated using coefficient of loss of natweietation per deforested area. The average
carbon loss of natural vegetation due to defonestatas estimated as 34.6 tonnes of C per
hectare, in accordance to Eggleston et al. (200&)Baustamante et al. (2012). For (e), the

emissions are calculated according to Eq. (3.1)(ar&).

Mitigation Measures

The selection of GHG mitigation measures was basdderature review and expert
opinion regarding the relevance and applicabilftthe technologies to Brazilian livestock
production and conditions. The measures evaluatedcancentrate supplementation, protein
supplementation, pasture restoration, nitrificatr@mbitors and feedlot finishing. Although
the latter is already in the baseline, we investéida higher adoption rate of this technology.

Modelling assumptions for these measures relatéloeteffects the measures have upon the

gross margin and emissions are detailed in TaBle 3.
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Table 3.3: Selected livestock mitigation measures.

Adoption rate

Mitigation measure Description Cost Unit Reduces emissions by: . .
arge
When cattle weight is around 80% of the slaughteight it is removed from ) )
o ) ] ] N Shorter animal life cycle by 15% of the total
Feedlot finishing pasture and grass to feedlot on a diet with ratfdmalanced protein and 9.12 $.head.mth ) ) ] ] o )
increasing weight gain finished animals.
energy content
o ) ) B Reduced conversion of nitrogen
o Application of Agrotain Plus® together with uresedsas fertilizer; 3 g per Kg . . o
Nitrification inhibitors ) ) 61.44 $t to the GHG nitrous oxide Optimized
of applied nitrogeh o
(nitrification)
] o ] ] ) Avoiding the need for additional
. Improving pasture forage productivity by soil cheatiand mechanical Table . ) ) o
Pasture restoration $.ha pasture land and increasing Optimized
treatment. 3.2 ) )
organic carbon sequestration
) Feeding cattle via grazing and a ration with a kegkrgy content. Grazing ) )
Supplementation ) ) N Shorter animal life cycle by o
steers with 421 kg of LW can be selected for cotregs supplementation. 3.07 $.head.mth . . ) ) Optimized
concentrate . L increasing weight gain
The supplementation takes 2 months and the finajhwés 490 kg
Feeding cattle via grazing and a ration with a hggttein content. Calves ) )
) ) ) ) ) N Shorter animal life cycle by o
Supplementation protein (189 kg) can be selected (only in March) to be &mppnted with protein. The 1.15 $.head.mth Optimized

steers are finished after 15 months, with 481 kg

increasing weight gain

1 'Inthe case of supplementations the values refeonh-feed costs, for feed costs see ration fortimdTable 3.4)

2 2 According to manufacturer’s recommendation (hipaw.agrotain.com/us/home).
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Concentrate and protein supplementation

Both measures involve supplementing the feed afigg steers; e.g., feed is
composed of forage and supplements. It is expaebhtadhese measures reduce emissions

since animals gain weight faster and take less tinte finished.

Table 3.4: Rations (supplements) formulation anstso

Ration Formulation (96) Cost
crop Feedlot Concentrate Protein(US$.kg")
Corn
(grain) 83 80 15 PBF
Corn
(Silage) 11 0 0 PBF
Soybean 5 17 39 PBF
Urea 0 2 12 1.19
Mineral
Salt 1 1 19 0.84
NaCl 0 0 15 1.19

! Rations were formulated by using the software in@da (minimum cost ration formulator)
(Barioni, 2011)
2 PBF = Produced by the farm, i.e., corn and soylaeamot purchased but produced

endogenously in the model.

Biological coefficients, e.g., mortality rate, iylet, DM intake, and emissions factor for

steers fed with supplementations can be found ileTap.
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Pasture restoration

This measure works in the model by avoiding deftat®on and because restoration
boosts carbon soil uptake. In contrast to the basstenario, to evaluate this measure, the

fixed DMP baseline constraint was removed.

Nitrification Inhibitors

The measure works by avoiding a proportion ofNha fertilizer or manure being
converted into RO, i.e. nitrification and denitrification procegébbasi and Adams, 2000).
To date there have been no studies detailing thectmn in NO emissions for Brazilian
pastures when nitrogen inhibitors are applied. #o5@duction of direct pD emissions is
assumed in this paper - as found by Giltrap g28i11) for a New Zealand study. We
assumed that this measure is applicable only ineNtused for pasture and crops
fertilization. The reason is that most of the Bliami herd is based on a grazing system where

it is unfeasible to apply inhibitors to animal exer.

Feedlot finishing

Like supplementation, this measure works by redythe cattle finishing time since
feedlot animals are fed only by ration (with thenfimilation described in Table 3.4). Only
steers can be selected to model in the feedlog¢systhe adoption rate was arbitrarily
assumed to be 15% of the total finished herd, Simtlee baseline the adoption rate is 10% of
the total finished herd, the measure can be stetehcreasing by 50% over the baseline

adoption rate.

Marginal abatement cost curve

A MACC can be used to represent the relative effsttiveness of different
abatement options and the total amount of GHGd#iatbe abated by applying mitigation
measures over and above a baseline scenario. ifhis # identify the most economically
efficient manner to achieve emissions reductiogets, where the cheapest units of

greenhouse gas should be abated first (Moran, &Cdl0).
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MACC analysis can be derived by means of a top-damalysis — which usually
makes use of a general equilibrium model and eomissare calculated endogenously, or by a
bottom-up or engineering analysis (MacLeod et2410). This paper takes a bottom-up
approach, where the individual abatement poteafialeasures and their costs are

individually modelled.

The MACC can be presented in form of a histogratrene the C abatement potential
lies on the x-axis, and the cost per tonnes ofeathant in the y-axis. The abatement potential
of a measuren (AP,) is calculated as the annual average of the diffez between the
business-as-usual (baseline) total GHG emissiggg) and the total emissions under the

mitigation measure scenariBg{) during the production periott

m

AP = Eeaw —E
; T (Eq. 3.4)

The cost-effectiveness of measmé€CE,), therefore, is calculated by:

cg = OMea, ~GM

i AR, (Eq. 3.5)

m

WhereGMgay andGM,, are, respectively, the gross margin in the basedaenario and the

gross margin in the scenario with the measarmplemented.

As observed in Eq.3.4 and Eq.38,, andCEy are average values across the planning

period.

3.4 Results

Baseline Emissions
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In the baseline scenario, beef production inGleeradoaccounts for an average of
121.5 Mt CQe.yr*, from 2010 to 2030. This value includes enteriotientation, animal
waste (emissions from excreta), soil fertilizatemissions, pasture (due to the loss in C
stocks), and deforestation driven by cattle prodaciFig. 3.1). The accumulated emissions
from 2010 to 2020 account for about 1,249 Mt,€0Or 2,551 Mt C@e from 2010 to 2030.

In relative terms, enteric fermentation makes tiggdst contribution to the total: 66%
of emissions, followed by deforestation, with 26Bke results also show that pasture
degradation is a considerable source of emissamt®unting for an average of 8.35 Mt
COe.yr! (an average of 0.06 t G&ha'.yrY), the equivalent to 4% of emissions or the same
proportion as animal waste (Fig. 3.2).

® Enteric fermentation ® Deforestation
= Animal waste (N20) = Pasture degradation
® Nitrogen fertilizers

Emissions (MtCO,e.yr")

W 20 Wy Wi g 2y W 2wy 2wy Wz Ay,

Time (Year)

Figure 3.1: Baseline emissions of beef productiothe Brazilian Cerrado for the 2010-2030
period.

Gouvello et al. (2011) suggests that total nati@idlc emissions from energy,
transport, waste, livestock and agriculture, waldround 1.70 Gt C@ by 2030. The results
presented here suggest that beef production i@énedowill be responsible for about 152
Mt CO.e in 2030, corresponding to 9% of total national@eémissions.
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Pasture Nitrogen
degradation Fertilizers
4% 0%

Animal waste
(N20)
4%

Figure 3.2: Share of the main GHG emissions soufrces beef production in the Brazilian
Cerrado.

Figure 3.2 relates to the proportion of each soureelation to the accumulated
emissions for the period 2010-2030.

In the baseline scenario, without increasing petiglity, an average deforestation rate
of 246.1 18 ha.yi* would be required to meet the beef demand projesti

Emissions attributed to the use of fertilizers weoé significant, accounting for an average of
0.2 Mt CQe.yr!. This was expected, since small amounts of N see to fertilizeCerrado
pasture soils (Cederberg et al., 2009).

Cost-effectiveness analysis

For policy purposes it is important to detail teéative cost of emissions mitigation
measures. Three of the five mitigation measureslsited, - concentrate supplementation,
protein supplementation, and pasture restoratiave negative cost-effectiveness: US$-
8.01.t CQe’, US$-2.88. t C@e' and US$-0.05. t C@™, respectively (Fig. 3.3). Adopting
these measures implies cost savings while redwimgsions. These measures work by
balancing the loss of DM production during the drgnths. The&Cerradobiome is

predominantly seasonal tropical, meaning dry witard rainy summers, with lower pasture
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productivity during the dry months. If cattle atgplemented with concentrates or protein

they can be finished earlier, thereby reducing siois.

Due to the large applicable area (approximateli6@), and given the current low
productivity of 10 t DM.h&.yr?, pasture restoration provides the biggest oppityttior

reducing emissions in the region.

Marginal Cost Effectiveness
(USS.(tCO,efh)
45

40.74
40
® Supplementation: concentrate
35
Supplementation: protein 3032
30 ® Pasture restoration

Feedlot finishing
25
m Nitrification inhibitors

20

~ 27 Mt CO,e.yr!
s A
( | |

1000 1200 27400 27600 27800 28000

00 600 800

-0.05%
-2.89 0.03

-104 801

Annual Abatement (kt CO, e.yr!)

Figure 3.3: Marginal abatement cost schedule ofrkitigation measures applicable to beef

production in the Cerrado.

* Not in scale. The abatement potential (x-axig) aost effectiveness (y-axis) of each
measure was calculated as the average values ethtayradopting the measure over the
2006-2030 period.

The abatement potential (AP) for pasture restomds 26.9 Mt C@e.yr', comprising
of two components: C sequestration and avoidedregtfation, the latter accounting for 96%

of this AP. Despite improved pasture productiviegs area is used to meet the same demand

relative to the baseline, what means forage auétlabptimally matches that required for

demand. In a scenario of increased forage prodtycand higher beef demand, methane
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emissions would rise as result of increased animalbers. Pasture restoration would
improve theCerradoaverage productivity from 10 to 11.2 t DM-hgr', an increase of 12%
relative to the baseline. This increase would keaah average C sequestration rate of 0.32 t
CO.e.ha".yr™. This is a low C uptake potential when comparedalaes found by Maia et al.
(2009), which showed that C sequestration rat&s2f t CQe.ha’.yr can be achieved in
well-managed pastures @errada The carbon sequestration rate however, reflec2€06-
2030 period, after which, and in the long termpastures are intensified it will eventually

reach equilibrium and therefore no more carborikedy to be sequestered.

The AP of feedlot finishing is 470 kt G&yr!, but the measure cost-effectiveness
US$ 13.32 t C@e™ is high relative to supplementation.

Nitrification inhibitors are the least cost-effaeimeasure considered. But this
analysis only considered the application to N usegasture and crops fertilization and

excluded the application to animal excreta.

The results indicate that restoring degraded latise biggest opportunity for
reducing emissions in th@errada The AP of this measure is about 20 times grehtar all

the other measures combined.

An important assumption underpinning the MACC redab the assumed measure
adoption rates. With exception of feedlot finighithe adoption rates are optimized,

meaning the rates that maximizes the gross mangimei model.

Figure 3.4: Mitigation measures adoption rate.

Mitigation Measure Adoption rate  Unit
Supplementation: concentrate 12 1o
Supplementation: protein 2.2 %
Pasture restoration 314.7 1.yt
Feedlot finishing 15 %
Nitrification inhibitors 12.78 g.Hayr!
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! Adoption rates for feedlot, protein and conceetsatpplementation are calculated as the
percentage of the total finished animals. The adophte of pasture restoration is the annual

average area of restored pasture.

3.5 Discussion

To meet increasing domestic and export demandydfiernment of Brazil recognizes
the need to foster sustainable agricultural intexagion, which implies increased resource
productivity while minimizing significant domestand global external costs implicit in GHG
emissions and deforestation. The results presdmexisuggest that a significant
contribution to this objective can be made by tangespecific measures to improve yield.
Specifically, pasture restoration, supplementsfagdlot measures could reduce sector
emissions by 24.1% by 2030. Moreover, by adoptimyg aoegative-cost measures, it is
possible to abate about 23.7% of baseline livestmaissions in th€erradg up to 2030.
According to our results the restoration of degdapastures offers the greatest abatement

potential, involving the restoration of an avera§814.7 16 ha.yf* in Cerradograsslands.

Currently, it has been estimated that 50 % to 86f astures in the Amazon and
Cerradoare degraded (Macedo et al., 2014; Peron and Eliateg 2004). Achieving a
higher rate is likely to entail some initial investnt costs to promote modified production
practices and this is the purpose of the governsi&BC program. ABC is an ambitious
plan created to stimulate farmers and rancherddptamitigation measures including
restoration of degraded pastures, helping the cptmimeet the reduction targets presented
at COP 15. ABC is the biggest sustainable agricaittund running in Brazil, with a key
objective of disbursing subsidized credit to tha@dtural sector. The plan currently targets
the recovery of 15 Mha in 10 years, which will leadeductions up to 104 Mt G&, roughly
64% of the program total mitigation potential. Budoes not include other relevant
measures such as feed supplementation measures, wiilld normally be considered as

privately profitable anyway.

The outcome of the ABC plan remains to be evalydtetinitial indications suggest
that uptake of credit has been slower than antietpéClaudio, 2012). Recent evidence from

the Amazon Environmental Research Institute sugdhst several institutional barriers have
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retarded the program, including a lack of publieihd information about the aims and the
benefits of the program, difficulties in complyiagth program requirements, a lack of
technical assistance, and producer scepticism dbeuydrivate economic benefits of
measures that are predominantly designed to adgl@sal external costs (Stabile et al.,
2012).

Producers also perceive transaction costs in pnoganpliance and a lack of basic
infrastructure (Rada, 2013) that is needed to suppcreased productivity. In short, the
ABC plan is confronting similar behavioural bargen relation to non-adoption, identified in
other mitigation studies, e.g. Moran et al. (2018)ich need to be addressed before wider

measure adoption can be expected.

3.6 Conclusion

This paper highlights how resource efficiency measwean be enacted (notionally within
farm gate) in th&€erradobiome to help reconcile competing objectives ofgie yield
improvements and the reduction of external codts. dnalysis responds to the need to
demonstrate the possibilities for sustainable siferation, allowing Brazil to meet economic
growth ambitions for the sector.

The key finding from the use of the economic optiation model is the
representation of the cost-effectiveness of keygadion measures. Specifically, that pasture
restoration is the most promising mitigation measarterms of abatement potential volume
and that it offers a cost saving for the livesteektor. By adopting these measures - pasture
restoration, concentrate and protein supplememistitheCerradocould reduce 23.7% of its

emissions by 2030, while the total abatement pi@teoit adopting all measures is 24.1%.

The analysis presented here has a number of cabheaisotentially warrant further
research. These include a more detailed repregamt#tthe biophysical heterogeneity of the
Cerradobiome, more detailed treatment of the deforestgaonl hence land sparing)
processes and relaxation of the assumed equilisiyply and demand conditions in the

optimization model.

Nevertheless by highlighting cost-effective polagytions, this paper contributes to
our understanding of sustainable intensificatiascpsses as relevant to Brazilian livestock

production.
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Chapter 4 - Designing the livestock contribution to the Brazilian Intended
Nationally Determined Contribution (INDC)

63



Modelling sustainable intensification in Brazilian agriculture

4.1 Abstract

Brazil is the first developing country to provida absolute emissions cut as its Intended
Nationally Determined Contribution (INDC), whickeeks to reduce greenhouse gas (GHG)
emissions by 37% below 2005 levels by 2025 and 48242030. The INDC is also
noteworthy in focussing on emissions from deforestacontrol and land use change.
Agricultural intensification is a key componenttbé new commitment, potentially allowing
the country to make credible mitigation commitmetiat are aligned with a national
development strategy of halting deforestation ie thmazon, and increasing livestock
production. This apparent contradiction is potdiytiaesolved by understanding the
technical, economic and policy feasibility of inséication by pasture restoration. We use
bio-economic modelling to demonstrate the extentadt-effective mitigation that can be
delivered by this measure, and to show a result ahderpins the INDC target of zero
deforestation in all Brazilian biomes. The anaywiovided the basis of the INDC offered by
the Government of Brazil and highlights the on-goinle of effective deforestation control
policies. It also contributes to the global debateland sparing by sustainable agricultural

intensification.

4.2 Introduction

Brazil's INDC, offered at COP21 (Brazil, 2015) tiee first time a major developing
country has committed to an absolute reductiomuggions from a base year (2005), as
opposed to reductions in projected emissions oupeof Gross Domestic Product. The
commitment covers the decade 2020-30 and extersops Nationally Appropriate
Mitigation Actions (NAMA) that committed to an emsisns reduction of 36.1% - 38.9%
relative to baseline projections by 2020 (Brazil1@). Brazil's NAMA was notable for
focussing on the largest emissions sources oftfgraad land use change, establishing
targets for the reduction of deforestation by 8@%he Brazilian Amazon and by 40% in
the Cerrado(Brazilian savannah — Figure 4.1), achievableubhothe adoption of pasture
recovery, and integrated crop—livestock—foresystams (Mozzer, 2011). These measures
aim to reduce emissions directly by increasing aahnic carbon (SOC) stocks, and

indirectly through land sparing, hence avoided deftation.
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The INDC poses a challenge to reconcile emisgiedsction, deforestation and
biodiversity, with ambitious goals for livestockogiuction, predicted to grow by 18% over
the decade 2014-24 (OECD, 2016). In essencegilnary is betting on large-scale
sustainable agricultural intensification (SAl) (B @liveira Silva et al., 2016; Garnett et al.,
2013; Rockstrom et al., 2016) of its key productsgetems, a challenge for agricultural
science, technology adoption, and effectivenes®oifplementary deforestation policies.
This paper evaluates the feasibility of this intBoation challenge using scenarios tested in a
bio-economic optimization model parameterised fiermain biomeserradg Amazon and
Atlantic Forest, accounting for around 37%, 28.5%) 33.5% of national beef production
respectively (IBGE, 2015). The analysis was th&daf the INDC contribution and this
paper outlines some of the outstanding challengéset likelihood of meeting the target

when including agriculture and land use sectotBéncommitment.

Biomes

[ Amazon
B Cerrado
[ Atlantic Forest

Figure 4.1: Brazilian main beef cattle productioyseems (biomes).

Brazil's international environmental profile is sificant in terms of the supply of global
public goods associated with tropical forest covestgon, including significant carbon
sequestration and biodiversity (Nepstad et al.4aD1 There has always been a tension
between these objectives and national economicthr@md an extensive literature on the
causes of deforestation has highlighted the rokxt#nsive pasture expansion, and the

consequent loss of valuable ecosystem servicess(alpt al., 2014a). However, recent
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success in arresting deforestation (Lapola eR@ll4; Macedo et al., 2012; Nepstad et al.,

2014a) and associated emissions has arguably eeclkeiss attention.

Promotion of beef production has underpinned Bsagitonomic ascendance into
global commodity markets, accounting for 15.5%lobgl! production by 2013 (FAO, 2015).
Beef exports have long been competitive, mainlyabee predominantly grazed pastures are
less costly than feedlot systems used in competdontries (Pedreira et al., 2015).
Historically (1950-1975), pasture expansion aneesive ranching explained around 86% of
growth in production (Martha et al., 2012). Themseahing systems were typically
characterised by limited mechanization and low inse, e.g. fertiliser or seeds. Growth was
also supported by government research and develtdgmegrams focussed on the expansion
and establishment of agriculture in frontier regiar theCerradoand parts of the Amazon
(Martha et al., 2012). Ranchers also cleared fettessecure properties rights (Mueller,
1997).

Development of th€errado was a step-change accelerating Brazil’s globaketa
ascendance (Rada, 2013; The Economist, 2010). E83i% the productive potential of the
region became clearer as producers reaped befmefitgesearch on improved animal
performance, and used better-adafBeathiaria grasses (Martha et al., 2012). This initial
intensification era was partly at the expense griiicant uncontrolled deforestation.
Moreover, despite this step-change, average stgchkies nationwide remain low, i.e.,
around 1 head per hectare (hdbheompared to a potential carrying capacity exaepdi
hd.ha' (Strassburg et al., 2014). This is partially ei@d by pasture degradation; grasses

presenting low dry matter productivity insufficieiot animal nutritional requirements.

The story of initial extensive and subsequent pegve agricultural intensification is
one of multiple explanatory causes of observeddmudimented deforestation trends (Barona
et al., 2010; Nepstad et al., 2014b). PeakirZpi¥, annual deforestation rates have since
decreased significantly and are currently arourfd &wer than the 1995-2005 average.
Census data show that pasture area decrease@idbmillion hectares (Mha) to 196 Mha
over the period 1995-2006, while cattle numberdinard to increase (IBGE, 2015).
Deforestation in all Brazilian biomes has fallenttolowest rate since satellite monitoring
began (Lapola et al., 2014). Correspondinglyional emissions inventory data (MCTI,
2014) show that while deforestation accounted #b®f the 2.0 Giga tonnes of GO
equivalent (Gt C@e) emitted in 2005, this decreased to 15% of tBeGt CQe total emitted
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in 2012, which is partly explained by effectivdatestation control policy (Arima et al.,
2014; Lapola et al., 2014; Macedo et al., 2012r&o&ilho et al., 2010). This means that
Brazil has already significantly reduced emissifvom deforestation (-82% from 2004 levels
in 2014), while those from agriculture and the ggesector continue to grow (+7.4% and
+35.9 respectively 2005-12); both sectors overgkieforestation as the largest sources of
emissions (MCTI, 2014).

This apparent decoupling of agricultural output detbrestation, and scope for
further pasture restoration, provides the basisufoiNDC that is potentially consistent with
accommodating an upward trend in livestock proaucto meet increasing demand. In
essence Brazil's INDC can be interpreted as amemsi SAI, a concept advanced to address
the ‘perfect storm’ of climate change, populatisowgth and food insecurity. SAI is
contested and may include consumption, equityjastcte dimensions (Loos et al., 2014;
Rockstrom et al., 2016), but to date there have e models demonstrating trade-offs that
emerge when managing a globally significant préidacsystem. Since around 90% of
Brazilian cattle are pasture-fed (Anualpec, 20i8gnsification is mainly through restoration
of degraded pastures. The livestock sector caritab to the INDC is thus defined in terms
of the area of degraded pastureland required tmbeeffectively restored over 2020-30,

while meeting livestock product demand and defatast targets in all biomes

4.3 Methods

Two models were employed to calculate restoratrea:athe Demand Constrained
Restored Area model (DCRA) is a single equationehbdsed on a predicted increase in
demand, increasing animal efficiency, and totatyrasarea variation. The second model
EAGGLE (de Oliveira Silva et al., 2015a; R de OilrasSilva et al., 2016) is a bio-economic
linear programming model focused on profit maxirmi@athrough optimization of pasture
degradation and restoration processes. EAGGLEIlatesi national livestock production as
a whole cycle beef production farm (cow-calf, siagkand finishing), accounting for herd
dynamics, financial resources, feed budgeting, les®e] pasture recovery dynamics, crops
and soil carbon stocks. The model optimizes udaraf resources while meeting exogenous
demand projections. EAGGLE defines a set of direstoration practices for pasture

formation, each consisting of a different levebhpplication; i.e. inputs to the soil and
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machine operations. The restoration area is defusetie sum of the adoption rate of the

individual restoration practices over the decad20280.

The analysis is based on data for observed bedtiption and pasture area (FAO,
2015; IBGE, 2015) for the period 1995 -2010, anajguted baseline demaigay for 2011-
2030 (Gouvello et al., 2011). Alternative low8 ) and higher Duign) demand scenarios
were also explored, corresponding to 20% lowertagder demand relative ©@gay by
2030.

Projected pasture area (2011-2030) under a pohcgeenarioAnpc) assumes full
accomplishment of the NAMA and INDC targets, ireduction of Amazon deforestation by
80%, and by 40% in th€erradoby 2020, and zero deforestation in all biomes G§RAzAu
is a baseline or counterfactual scenario to theeaement of thé\npc ScenarioAnpc is a
land sparing scenario requiring more intensifiaatitanAgay for the same demand. To
produce the same beef outpulinpc as inAsau, EAGGLE intensifies production by
improving pasturelands through restoration andeiasing animal efficiency by finding the
optimal rate of adoption of feedlot finishing, setonfinement and feed supplementation.
These alternatives can accelerate production widacing cattle direct emissions (¢&hd

N2O) by shortening life cycles, but only at an ing@éinvestment cost.

The analysis used two models to estimate the mdgtararea requirement. The
Demand Constrained Restoration Area (DCRA) modsimgplified single equation model to
calculate the total restored area based on preldicteease in demand, increasing animal
efficiency, and total pasture area variation, dal@BEAGGLE model (R de Oliveira Silva et
al., 2016), a detailed linear program focused enfbtimization of pasture degradation and
restoration processes. EAGGLE was also employeddsireffectives analysis; estimates of
average direct costs per hectare (costs of techieslpand mitigation potential in terms of

avoided deforestation and soil organic carbon sscatéon through improved grasslands.

DCRA model

The DCRA model was developed to estimate the tetdbred area required to meet a
percentage growth in beef demand and reduced laaithhility. The model considers two
grassland quality levels: degraded and productivaracterized by their average stocking

rates. Accordingly an increase in the total stogkiies is possible only by increasing the
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proportion of productive pastures. Over the 202@&0od any increase in livestock demand
can be met by increasing stocking rates and aeaserin animal productivity (i.e., carcass
yield). The DCRA model is given by

1 (P 9C) ¢ A
dR _ C(t)\ ot dt dt
=—= (4.9)
dt (SR _SD)

WheredR/dtrepresents the recovered pasture area over tluel (220-30 ¢P/ot is the
predicted change in productidd(t) andP(t) are respectively the initial herd and production,
Sp andsg are the stocking rates of degraded and rest@stiges, respectivelgC/dt

represents the gain in animal productivity, aAddtis the predicted change in total area.

Pasture restoration is a major part of the BraziN®MA (Mozzer, 2011) and INDC
(Brazil, 2015) and is operationally encouragedulgioa government-funded bank credit line
for low carbon agriculture. Beef production is thajor grassland based activity in Brazil.
Therefore, pasture restoration area targets shartdonize with projected demand for beef
in order to avoid under and over production ancatieg impact on prices. Pasture
restoration area has been also been estimateddeyrtaathematical programming models
(EAGGLE model) but the development of a single ¢éignamodel is useful to improve
understanding and transparency of the estimateshandterpretation of such large models’
results. The equation is derived to determine paststoration area based on beef demand
and to use it to analyse the responses of passteration to their conditioning factors in the

Brazilian context

The DCRA mathematical derivation

Let N(t) be the number of animals (heads -hd) in any tims&antt. N(t) can be written as

product of stocking rates and pasture area:

N(t) =5,D(t) +5.R() (4.1)

Wheresp andsg are respectively the stocking rates (heads peateehd.ha) of degraded
and productive pasturel(t) andR(t) (ha) are the area of degraded and productive negstu
in yeart, respectivelyD(t) andR(t) are defined so that:

69



Modelling sustainable intensification in Brazilian agriculture

A(t)=D(t)+R(t) (4.2)
WhereA(t) is the total area in year

Replacing (4.2) in (4.1):

N =AM +R(tfs; -s,) (4.3)
Taking the derivative dfi(t) in relation tot, we have:

Mo Poifs-5)R (a)

ot dt dt
Assuming that any change R({t) is due to pasture restoration, i.e., grasslana eaa be
removed only from degraded pastures, the restoratiea is equivalent tR/dt Rearranging

(4.4):
oON s dA
s,
dR_ 4t dt (45
dt (SR_SD)

In addition to (1)N(t) can also be written as a function of beef demauudaaimal

productivity:
P(t)=C(t)N(t) (4.6)

WhereP(t) represents beef production in yééin tonnes of carcass weight equivalent —t
CWE) andC(t) is the production per animal (CWE per head — t CWwiB). Applying the

derivative ofP(t) in relation tat:

oP dC dN
— =N({t)—/—+C(t)— :
TENO O @)

Rearranging (4.7)

dN_ 1 (0P _ . dC
E'C(t)[at N®) dtj (4.8)

Replacing (4.8) in (4.5):
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1(0P_N(t)dCJ_SDdA\
_dr_colat dt dt

dt (SR ~Sp )

(4.9)

dC/dtcan be written as:

dow_
o =ka) (4.10)

Wherek (yeaf') is the gain in animal productivity ovet relative toC(t).

Eq. (4.9) provides a straightforward estimate efrstoration area over a period of tidte
and is obtained as a function of predicted changeaduction §P/dt), initial herd ((t)),

initial production P(t)), stoking rates of degraded and restored pasfssesdss ), relative
gains in animal productivityk] and predicted change in total arda/d{). The used values

for the parameters and variables above-mentioregrasented in the Table 4.1.

Table 4.1: Assumed values for the variables andupaters

Variable/parameter Values Uhit Reference

dP/dt 1.73 Mt CWE.y (Gouvello et al., 2011)
N(t) 215.90 Mhd (Gouvello et al., 2011)
P(t) 11.40 Mt CWE (Gouvello et al., 2011)
dA/dt -10.00 Mha.y This work

S 0.50 hd.hd (IBGE, 2015)

R 2.00 hd.h# (IBGE, 2015)

k 0.070 t.het.y* (CNPC, 2016)

1y =10 years

" Based on IBGE (2015)oking rates frequency.
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The EAGGLE model

The Economic Analysis of Greenhouse Gases for tdogsEmissions (EAGGLE)
model simulates a whole cycle (cow-calf, stocking &nishing) beef production farm
accounting for herd dynamics, financial resouréesd budgeting, pasture recovery
dynamics and crops plantation for feedlot and gigziattle supplementing, and soil organic
carbon dynamics. The model optimizes the use ai fasources (capital, cattle, land) while
meeting annual demand projections and maximiziodtgigross margin). In this analysis
EAGGLE treats the biomes Amazdderradoand Atlantic Forest as independent systems,
i.e., no cattle transfer is assume among the bianddeef production is simulated
independently in the biomes, each treated as desiagn. The model simulates feedlot
finishing, and allows for the reduction of the fihing time. EAGGLE was implemented in
AIMMS algebraic language, comprising approximat@dyk variables and 21 k constraints
for a 25 years planning period, and was solvedugfingdhe barrier method by the CPLEX
solver (CPLEX, 2009).

Pasture restoration

EAGGLE defines a set of direct restoration prastif¥l, P2, P3, P4 andP5) for
pasture formation, each consisting of a differemtl of applied technology; i.e. inputs into
the soil and machine operations, Table 2.7 Thé tetavered area in a given yagR,)
derived by summing the individual areas that weergjected to the applied technologies in
that year, i.e. R = P1+P2+P3+P4+P5, where A represent the area converted (or restored)

from any less productive pasture to pasiie yeart.
EAGGLE restoration practices

EAGGLE contains detailed representation of gragsslaanagement decisions, i.e.,
pasture degradation and restoration and changasliarganic carbon. Full description of
pasture degradation and restoration dynamics septed as supplementary information in
De Oliveira Silva et al. (2016). Table 4.2 syntkes the restoration practices applicable to
Brazilian grasslands. The model optimizes (profiximization) pasture management based

on decisions on whether restore, maintain or degeapasture level defined in Table 4.2.

Table 4.2: Description of pasture type formatioev@l of technology) and productivity (dry
matter per area) for the Brazilian Cerrado.
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Cost Productivity

Soil carbon
(US$  (tonnes of o
o . o equilibrium
Pasture Pasture formation (ilustrative descriptibn) 2012 dry matter
(tonnes per
per per hectare
hectare)
hectare) yeary
Mowing + dolomitic limestone + single phosphate
P1 + brachiaria seeds + micronutrients + 90kg of N 767 19.6 84.3
Mowing + dolomitic limestone + single phosphate
P2 + brachiaria seeds + micronutrients + 45kg of N 617 17.6 82.7
Mowing + dolomitic limestone + single phosphate
P3 + brachiaria seeds 367.7 12.6 62.3
P4 Mowing +dolomitic limestone + single phosphatd37.1 8.7 45.2
P5 Mowing 42.5 5.8 32.4
P6 No interventioh 0 3.9 26.1

! The full description of inputs and machinery opierss are presented as supplementary
information in De Oliveira Silva et al. (2016)

2 Annual dry matter accumulation rates are presefotesimplification, EAGGLE uses
seasonal productivity curves for the biomes, usieginvernada software (Barioni, 2011).
% Soil organic carbon equilibrium values were catedi exogenously, using simulations
from the CENTURY model (Parton et al., 1987) agglioCerradobiophysical
characteristics and using the annual DMP calculfttedach pasture category.

* P6 represents pasture at minimum productivity leeebgystem equilibrium).

Emissions accounting

EAGGLE estimates GHGs using emissions factors if@ctiemissions and from life-
cycle assessment (LCA). GHGs associated with fatiwities are: (a) Chifrom cattle
enteric fermentation (CHrom excreta is not accounted); (b)yNfrom cattle excreta; (c)
N>O from N fertilization conversion; (d) G@rom deforestation using average biome-
specific natural vegetation biomass; (e) G@m pasture degradation; and (f) LCA factors
for inputs and farm operations applied in land cis&nge and restoration practices.

Modelling details and emissions factor values &rt¢ (c), (e) and (f) can be found in (R de
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Oliveira Silva et al., 2016). The values used frgre 170 t C.i§ 34.6 t C.hd and 110t

C.ha' respectively for the Amazogerradoand Atlantic Forest (Brazil, 2010).
Pasture and demand projections

Pasture area time series (PATS) were developetiédBrazilian AmazonCerrado
and Atlantic Forest encompassing historical (1996) and projected estimates (2011-
2030). The Agricultural Census of 1996 (IBGE, 2pgfovided the initial pasture area
estimates while sources of observed data weretosestimate pasture area variatidt/ ().
Historical sources of data (Brazil, 2010) includ@dricultural Census (1996 and 2006); land
use change reports from GHG emissions inventoii@84 and 2002); satellite data, and

indirect estimates of pasture area variatidd@,).
LUC,, = LUC, — LUC. - LUG, (4.11)

WhereLUC; are annual cropping area variation based on Cetetasand the Municipal
Agricultural Production survey (IBGE, 2012) andC, are annual rates of natural vegetation
conversion to agriculture (IBAMA, 2016), ahllC, is the annual variation of other land
(IBGE, 2015).

For the PATS baseline, projectionsladC, andLUC, were based Gouvello et al.
(2011) baseline scenario. The NAMA and INDC scenastimated UC,; through Eq. 4.11
assuming-UC, targets for 2020 and 2030 are met all other abaiseline. PATS for Atlantic
Rainforest were the same in all scenarios becédase tvas no NAMA and INDC target for

that biome.

Historical beef production was derived from natielezel National Council of Beef
Production estimates (CNPC, 2016). National levejgetions (Gouvello et al., 2011) of beef
production were calibrated for continuity with thistorical series The national production
was allocated to each of the biomes assuming bedfiptivity as proportional to the
stocking rates of the IBGE 2006 Census data (IBZRED).

The varied demand projections were generated througrpolation of the baseline
projection Pgay) So that the lower demanB () and the higher demanBgn) were
respectively 20% lower and 20% higher tbafy by 2030.

74



Modelling sustainable intensification in Brazilian agriculture

Bioeconomic data

Costs related to the restoration practices specifibeCerradoare presented in, full
details of applied inputs (soil chemical treatmemtl farm operations (soil mechanical
treatment) can be found in De Oliveira Silva e{2016, 2015a). Based on historical time
series (Conab, 2016) restoration costs for the Amavere estimated as 15% higher than the
Cerradoand costs for planting soybean and corn were otispéy 4% and 8% higher than

Cerradocosts.

Restoration costs for the Atlantic Forest were amsliequal t&Cerradovalues, cattle prices
in the Amazon and Atlantic Forest were respectiviélyhigher and 4% lower than for the
Cerrado(Conab, 2016)

Pastures productivity for the pasture formatiBrido P6 (Table 3.1) in the biomes were
estimated using the methodology detailed in De &xa/Silva et al. (2016), using the
Invernada software (Barioni, 2011) which works witlonthly average historical climate data
and amount of N applied to estimate potential aadation rates for the main grass species

in Brazil.

4 .4 Results

The DCRA model suggests over the period 2020-30,0161ha of restoration is
necessary to meet demand and the zero deforestatgwt by 2030. EAGGLE estimates the
nationwide restoration potential as 18.42 Mha aliersame period, 8.91 Mha to be restored
in theCerradq and 5.23 Mha and 4.28 Mha in the Amazon and Atdrorest respectively.

Table 4.3 shows projected beef demand to be m20B§ and 2030, and EAGGLE estimates
of herd size, restoration area and necessaryitot@stment costs of restoration varying by

demand scenario and biome.
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Table 4.3: Beef demand and model results: helichasts, restoration area and costs by

biome.
Atlantic Other

Demand Cerrado Amazon Forest biomes Brazil

Diow 4.10 2.76 2.26 1.13 10.25
Demand by 2020 Dgay 4.60 3.10 2.60 1.13 11.43
(Mt CWE) Drigh 5.18 3.49 2.86 1.13 12.66

Diow 4.62 2.78 2.25 1.13 10.78
Demand by 2030 Dgau 5.72 3.44 2.86 1.13 13.15
(Mt CWE) Drigh 6.92 4.17 3.38 1.13 15.60

Diow 77.70 56.21 39.41 17.40 190.72
herd, avg 2020- Dgau 91.69 65.90 46.92 17.40 221.92
2030 (Mhd) Drigh 103.99 7432 5221 17.40 247.92

Diow 5.18 3.44 3.78 12.39
Recovered area Dgau 8.91 5.23 4.28 18.42
(Mha) Drigh 13.10 8.08 7.76 28.95

Diow 146.94 104.65 106.41 358
Total cost (M Dgau 249.74 163.13 139.64 552.5
US$2012.y1) Drigh 369.74 239.29 215.75 824.77

Brazil is forecast to produce 11.43 mega tonnesmafass weight equivalent (Mt
CWE) and 13.15 Mt CWE by 2020 and 2030 respectjweith an increasing share in the
Cerrado(43% by 2030). EAGGLE estimates show that therexdépasture restoration

nationwide is sensitive to demand scenarios. Hidgeerand requires more intensification as

land expansion is constrained. Restoration aeges and from 12.39 Mha to 28.9 M ha,

respectively for the lowest and highest demandasiesn

Estimated average restoration costs (i.e., tosstsadivided by recovered area in Table
4.3) are US$ 28.0 higyr™, US$ 31.2 hayr™* and US$ 32.6 hdyr™, respectively for the
Cerradg Amazon and Atlantic Forest. Table 4.3 suggestarat US$ 0.5 billion is required

to meet the 18.4 Mha restoration area from 202038@n baseline demand, or around
US$0.8 billion if demand is 20% higher by 2030.
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Figure 4.2 shows pasture area and biome emissrofilep with and without the
accomplishment of zero deforestation, i.e., sudaksaplementation of NAMA and INDC
commitments, respectively indicated by the vertizaklines. The figure combines observed
data 1996-2010 (dots) and model projectiBps, (dashed lines) anbinpc (straight lines).

Figure 4.2a shows observed pasture expansion afgtoeuction data from 1996 to 2010
(FAO, 2015; IBGE, 2015). Figure 4.2b to 2e showssmins profiles based on Figure 4.2a
pasture trajectories. Amazon emissions up to 2B@fuce 4.2b) were largely dominated by
land use change, i.e., deforestation, subsequeatiseasing substantially. Estimated baseline
deforestation rates imply Amazon emissions willrage 1140 Mt Cge.yr* from 2011-

2030. In a zero deforestation scenario this redtcé$5.9 Mt CGe.yr’.

Cerradoemissions (1996-2010) were also largely dominhtedeforestation (Figure
4.2c), with the exception of 2002- 2005 and 2018emvemissions from enteric fermentation
were higher. Average estimated emissions for the@d 996-2010 were around 150 Mt
COse.yr', decreasing to 102 Mt Ge.yr! and 54 Mt CGe.yr* (2011-2030), for the baseline
and NAMA and INDC scenarios respectively.

Cattle-related emissions in the Atlantic Foresnimaoare roughly half those from the
Cerradofor the whole period (Figure 4.2d). Estimated esoiss were dominated by pasture
expansion in 1998, 2001 and 2010. Averaging 84.Ee.yr", emissions from the Atlantic
Forest are projected to fall to 33.4 Mt @3r" from 2011 to 2030. For this biome there is no
difference between baseline and the NAMA and INREénsrios.

Figure 4.2e shows the full mitigation potentialnrdhe livestock sector. Under baseline
deforestation rates, emissions (2011 — 2030) wawédlage 1130 Mt C@. yr*, while
NAMA and INDC implementation could reduce this 186 Mt CQe.yr"; equivalent to
around 80% of livestock emissions (85% in the Anmeaond 43% in th€erradg. This
reduction translates into 1150 Mt @Oyr* (2011 - 2030) (Figure 4.2e), with 97% arising
from reduced deforestation in the Amazon andGaeada

Zero deforestation by 2030 implies that the livektsector would emit 157 Mt G@
compared to 1350 Mt C@ emitted in the same year were Amazon@adado

deforestation rates to follow baseline trends
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Figure 4.2: Estimates and projections of pastuea and GHG emissions pre and post
NAMA and INDC implementation. Pasture area estimat@ng observed data 1996-2010
(dots) and projections 2011-2030 (lines) for theakon, the Cerrado and the Atlantic Forest
under baseline and NAMA and INDC scenarios (a) 33nission estimates (observed
data) from 1996-2010 (dots) and projections (linegjer baseline, NAMA and INDC
scenarios for the Amazon (b), the Cerrado (c)Attentic Forest (d) and Brazil (e).
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4.5 Discussion

The 15.1 - 18.4 Mha estimates guided the propakalraced by Brazil at COP21
(2015), with pasture restoration a key measuren@ling competing challenges. Empirical
evidence (Arima et al., 2011; FAO, 2015; IBGE, 20i#&pola et al., 2014; Macedo et al.,
2012) supports the feasibility of the INDC, witretborollary of continued policies
controlling deforestation (Arima et al., 2011)uplthe provision and adoption of funding for
restoration and other intensification technologiése latter is currently provided by the
ABC (Agricultura de Baixo CarboneLow Carbon Agriculture) programme offering low
interest credit to farmers adopting mitigation teallogies including pasture restoration (de
Oliveira Silva et al., 2015b; Mozzer, 2011). Oesults suggest that the ABC budget of
US$1.7 billion in 2012 (Brazil, 2013) exceeds therage cost of US$0.55 billion to meet
estimated restoration costs. However, adoption loeayore problematic, with evidence
suggesting limited uptake due to the inherent ag&rsion among producers with respect to
the liabilities and bureaucracy attached to ABQitr& his includes tenure requirements

alternative land use implications, and declaratibtheir emissions.

4.6 Conclusion

Brazil's INDC is a bold statement of its scientiéind intuitional commitments to
reconciling its domestic and international susthilitg goals. It highlights the potential role
of SAl in meeting these goals and that of complelargmolicies that can hopefully be
improved and insulated from recent political andrexmnic change.
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Chapter 5 - Changes in greenhouse gases emissions as a function of changes
in Brazilian beef demand

After article: De Oliveira Silva, R., Barioni, L.GHall, J.A.J., Folegatti Matsuura, M., Zanett
Albertini, T., Fernandes, F.A., Moran, D., 2016crieasing beef production could lower
greenhouse gas emissions in Brazil if decoupleah fieforestation. Nat. Clim. Chang. 6, 3—
8. d0i:10.1038/nclimate2916. See appendix 3.
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5.1 Abstract

Recent debate about agricultural greenhouse g&d&) emissions mitigation highlights
trade-offs inherent in the way we produce and coresdood, with increasing scrutiny on
emissions-intensive livestock products (Bajzelpkt 2014; Garnett et al., 2013; Tilman et
al., 2011). While most research has focussed omatitin through improved productivity
(McDermott et al., 2010; Henning Steinfeld et 2006), systemic interactions resulting from
reduced beef production at regional level are stikkxplored. A detailed optimization model
of beef production encompassing pasture degradatiohrecovery processes, animal and
deforestation emissions, soil organic carbon (SQ@@hamics and upstream lifecycle
inventory was developed and parameterized for tlaeilBan Cerrada Economic return was
maximized considering two alternative scenarioscddgled Livestock Deforestation (DLD),
assuming baseline deforestation rates controlledffactive policy; and Coupled Livestock
Deforestation (CLD), where shifting beef demaneéraltdeforestation rates. In DLD, reduced
consumption actually leads to less productive Bgefems, associated with higher emissions
intensities and total emissions, while increasemtipction leads to more efficient systems
with boosted SOC stocks, reducing both per kg atal emissions. Under CLD, increased
production leads to 60% higher emissions than ilDDThe results indicate the extent to
which deforestation control contributes to sustal@aintensification inCerrado beef
systems, and how alternative life-cycle analytmgproachésresult in significantly different

emission estimates.

5.2 Introduction

Rising global population combined with shiftingtiiry preferences in emerging
economies are leading to a significant incremsdemand for livestock products, which is
expected to double by 2050 (Tilman et al., 20I0his shift is happening in the context of
global climate change and associated resourceitsesyteading to calls for sustainable
agricultural intensification (SAl)(Garnett et &2013; Herrero et al., 2009; Henning Steinfeld
et al., 2006). Although a contested concept, théeBhate highlights elements of resource use
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efficiency in production, combined with the managetnof demand or consumption (Garnett
et al., 2013; Godfray et al., 2010; Smith, 2013hi/persuasive, the SAl literature is limited
in its illustration of the environmental and economnade-offs that can emerge when
implementing SAI measures in globally significanbguction systems.

Ruminant livestock is specifically implicated amajor cause of agricultural
externalities in terms of GHG emissions (£ahd NO) and appropriation of land that
otherwise provisions valuable ecosystem serviceStéihfeld et al., 2006). A counter-
argument suggests grass-fed beef systems havécagtly lower emissions when
accounting for atmospheric carbon dioxide (C@ptake by deep-root grasses promoting
greater soil carbon (C) storage. Such systems qoaida significant role in stabilising
GHGs (Soussana et al., 2010). Moreover this sé@ties in specific systems may off-set

direct livestock emissions (Soussana et al., 2010).

Brazilian livestock production accounts for 8.3%gtdbal consumption (FAO, 2015)
and the sector aims to capitalise on growing dema&hd related emissions are significant in
the national GHG total including those related éfodestation. If both beef demand and
target deforestation rates are to be met, while raching ambitious GHG mitigation
targets, further productivity growth will be reged. Alternatively product demand or
consumption may need to be managed (Garnett &0dl3; Smith, 2013).

This study focuses on the central savan@rr@ado core (Figure 5.1), an area
accounting for approximately 34% of Brazilian bpsfduction (IBGE, 2015). Considered
part of the Brazilian agricultural frontier, tierradois credited as the driver of the
country’s ascendance in global agricultural comnyoharkets (The Economist, 2010; The
New York Times, 2007). Around 90% of Brazilian Isteck are solely grass-fed (mainly
tropical grasses of gen@&sachiaria). Several studies show that improving tropicakges
productivity results in increased soil carbon sw(Braz et al., 2013; Maia et al., 2009), with
net atmospheric CQOremovals of almost 1 Mg C Hgr'* (Maia et al., 2009) when comparing
degraded and improved pastures under a standaf@ mi&Ehod (Eggleston et al., 2006).
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Figure 5.1: Brazilian Central Cerrado (shaded).

The analysis quantifies the relationship betweerf demand, production intensification,
deforestation and soil carbon dynamics, indicatioyy deforestation rates influence emission

intensities.

5.3 Methods

We employed a linear programming model (EAGGLE ntp@@liveira Silva, 2013)
representin@erradobeef production subject to market demand and pasahea scenarios .
The model combines economic and bio economic viasalb optimise farm resource
allocation, including the adjustment of intensifioa levels through the representation of
pasture degradation and restoration processestiftades GHG emissions - including direct
animal emissions (Table S1), changes in SOC, fdas of biomass through deforestation,
and life-cycle assessment (LCA) data covering ispuid farm operations used to maintain
and recover pasture, and crop production, therlaged to formulate animal feedlot rations
(Table 3.4).

As there is no published biome-specific beef den@ngections in Brazil, baseline
demand (I3au) is assumed to be proportional to the whole cqumtojected demand, i.e.

exports plus domestic consumption (Gouvello etZz8111).
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We compared the accumulated emissions 2006-203¢ twd land use scenarios:
the Decoupled Livestock-Deforestation (DLD) scemanhere the same baseline pasture
area projection (Aau) associated with the baseline demand is usedlfdemand scenarios;
i.e., the same deforestation projections irrespedaif consumption levels; and the Coupled
Livestock-Deforestation (CLD) scenario, in whichfatestation projections are sensitive to
variations in demand. In both scenarios, interaiion occurs only by pasture restoration
promoting improvements in forage productivity thgbumechanical and chemical treatment
of the soil (Table 4.2).

The varied demand scenarios argaliou, Dsau-20% Dsau-30% representing decreasing
demand/consumption scenarios relative to basdkngand by 2030, and conversely

increasing demand scenariogal}10% Deau+20% Deau+sow (Figure 5.2a).

Deforestation is assumed exogenous, avoidingebd to model competition between
livestock and agricultural land use explicitly. &oplore the link between beef demand and
deforestation we use a paramet@rn¢ represent the percentage variation of pasttea in
relation to changes in demand. Based on empingdéace (FAO, 2015; IBGE, 2015)
estimatedk values decreased from over 0.4 in the early 196&sro in the latest available
data period (1995-2006), see Figure S2. In the Gt&hario we assume the worst ci&se
0.4, i.e., for every 1% variation in demand, pastanea changes by 0.4%, which would
generate a deforested area of 10.9 Mha by 203tveta 1.5 Mha for the baseline
projections (Table S10).

5.4 Results

In the scenario of controlled deforestation (DLiDg analysis shows that lower than
projected beef demand may increase emissions i@eh@adograzing system as a result of
comparatively less efficient systems with higheiission intensities. Lower demand and
smaller herds require less grass production, redubie incentive to maintain or increase
productivity; pastures then degrade, losing orgamatter and soil carbon stocks. Higher
demand combined with effective deforestation cdraticies leads to more efficient
systems with lower emissions intensity due to sigamt increases in carbon uptake by deep

rooted grasses in improved pastures.
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Under DLD, emissions increase by 3%, 5% and 9%eas/ely for the consumption
reduction scenariosdau-10% Deau-200 and Dsau-z00%. But in Dsau+10% Dsau+200 and
Dgau+30% €missions decrease by 3%, 7% and 10%, respsctilative to Ray (Fig. 4.2b).
Increased cattle emissions in these scenariodfaet by increased grassland carbon
sequestration rates. Higher annual demand leadnaalel to increase productivity by
restoring degraded pastures, and more productsteigais associated with a higher carbon
equilibrium value (Table 3.1). Accumulated emissig2006-2030) range from 1.9 Gt to 2.3

Gt of CO-e, respectively for Bhu+3o0% and Dyau-30%.

But this result is undermined by altering the de&tation scenarios. Under CLD and
assuming pasture expansion responds to changesiandl as in the 1970’s, accumulated
emissions (2006-2030) from beef production woultheafrom 2.1 Gt to 3.0 Gt of G2,
respectively for Bau-30% and Dsau+3ou, I.€., emissions would be 60% higher than in DobD f
the same demand scenarigal:30% The analysis shows that under bo#n: o0 and Dau-

200, €Mmissions decrease by 6%. Underlsos SCenario emissions are reduced by 2%,
relative to Qay. Under Rau+10% Deau+209% and Dsau+30m €Mmissions increase 12%, 28% and
44%, relative to Bay (Figure 5.2c¢). The changes are mainly due to taeitnal emissions
and deforestation. Note that the increasing densaadarios drive proportional increases in
deforestation, but under decreasing demand scandgforestation cannot be less than zero.
In fact for Dsau-30%, Deau-20%@NdDgau-100%, deforestation rates are insignificant in relation
baseline figures, making GHG reductions more mofideshese scenarios relative to the

increases driven by deforestation under increag@mgand scenarios.

Sensitivity analysis helps to identity the vald&k oepresenting the mid-way between
CLD and DLD scenarios; i.e., the value where ingesan deforestation and cattle emissions
would be offset by gains from increased SOC upfiigure 5.2d). The analysis suggests that
this offsetting occurs approximately whier 0.1, i.e., only 10% of production increases are

due to pasture expansion and therefore 90% duetiugtivity gains.
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Figure 5.2: Demand scenarios and sensitivity amalgs Cerrado baseline demang4D)

and varied demand projections that correspondrtepéage variation by 2030 in relation to
Dsau, b, percentage changes in accumulated emissifOf${2030) as a function of demand
scenarios under the DLD scenario, ¢, changes uhdeZLD scenario, d, changes for k=0.1.
The analysis assumes that beef consumption isisubdtby broiler meat (Table S11) and

accounts for the net change in production emissaiseng from this substitution.

Emissions mitigation by demand-driven intensifioatin the DLD scenario is space
and time dependent. The results depend on spgeifigraphical data and system
characteristics o€erradoproduction, and SOC is unlikely to be accumulatelgfinitely
(Smith, 2014). To estimate the longevity of theadrse demand — emissions relationship
(when SOC stocks approaches equilibrium contennaridnger offset increased animal
emissions), we conducted long-term analysis forydss. Assuming fixed demand from
2030 to 2130 and observing: a) the annual net @nssind b) the changes in accumulated
emissions in 10 year periods from 2010 for eachatehscenario under DLD. As demand
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projections increase up to 2030, the assumptiaow$tant demand and area from 2030 leads
to stabilized land productivity from 2030 to 2130.

Under the DLD scenario, increases in demand wigald to decreases in annual
emissions up to 2057, when the situation inveriguie 5.3a). But Fig. 5.3b shows that in
terms of accumulated emissions, reducing beef copsan would lead to decreased

emissions around 2120.
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Figure 5.3: Long term GHG emissions analysis ferdemand scenarios.a, annual net GHG
emissions. b, percentage changes in accumulatedsGRige that the emissions peak in
2030 (Fig. 3a) is due to high deforestation ratethat year in the baseline projections

employed®

Although SOC equilibrium has not been reached t572€he average sequestration
rate of 0.08t of C.HAyr* (under Ray+30%) NO longer offsets emissions from increased
animal numbers. By 2057 SOC stocks reaches 60¥%edlitfference between initial stocks
and equilibrium values, i.e., 27 years after larmbpctivity is stabilized, which is consistent
with experimental evidence. Field experiments mgerate climates suggest a period of 25
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years for SOC to reach 50% of the difference betviedial and equilibrium values

(Johnston et al., 2009). Experiments in the Amaeport a period of 27 years to reach 60%
(Nova vida site, Cerri et al. (2007)).

Our results implicitly show significant changesemissions intensity depending on
demand scenarios and deforestation. The lowese\aRi1 kg of C@e/ kg of carcass
equivalent (CWE) is observed under DLD anghD30, which uses the least area to produce
most beef (Figure 5.4a). Under the CLD scenarie]alvest value is found in the baseline
demand (22.2 kg of C&£e/ kg of carcass-e), while emissions intensityd@¢oeach 31.0 kg of
CO»-€e/ kg of carcass-e undegR+30% , around 40% of this being due to deforestation
(Figure 5.4b).

a Decoupled Livestock-Deforestation scenario b Coupled Livestock-Deforestation scenario
Bauszo% ] BAU+30% | |
Baut20% ] BAU+20% | |
BAU+10% 1 BAU+10% | |

BAU ] BAU 1
BAU-10% [ BAU-10% ]
BAU-20% | BAU-20% 1
BAU-30% | BAU-30% 1]
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Emissions intensity ( kg of CO2-e.(kg of carcass-e) ") Emissions intensity ( kg of CO2-e.(kg of carcass-e) ')

Figure 5.4: Emissions intensity as a function ahdad scenario for a, Decoupled Livestock-
Deforestation and b, Coupled Livestock-Deforestalimd use scenarios. Carbon footprint calculated
as the average value from 2010 to 2025, showinguheof farm-emissions: animals and pasture

(emissions by degradation or carbon sequestratidm#rogen fertilizers nitrification) (white),
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deforestation emissions (grey) and LCA emissioosfinputs and farm operations used to restore

pastures and changed land use (e.qg., fertiliseeslss and machinery operations) (black).

5.5 Discussion

The analysis contributes to the SAI debate by lghtihg the potentially inverse
relationship between consumption and emissionsntlagtbe found in a globally significant

beef production system.

A key factor in the results is how deforestatiesponds to changes in beef demand
(parametek). In the increasingly likely scenarios of contealldeforestation, the analysis
shows that lower than projected beef demand magase emissions in ti@erradograzing
system due to comparatively higher emission intessi

Empirical evidence supports the DLD scenario liigveng a calibrated value &0
(see Figure S2). Since 2005, data show an appaeentpling of cattle herd sizes and
deforestation in Amazonia ai@@krradq replacing an historic correlation over the period
1975-2005; a trend attributed to a combinationupipty and demand side factors including
intensification in large-scale commodity-orientedning, market regulation (e.g. moratoria
on beef and soy grown in recently opened areasjluot certification, and more effective

law enforcement (Lapola et al., 2014; Macedo e8l12; Nepstad et al., 2014a).

Recent studies indicate that current global trendisestock productivity will not
accommodate future projected global dem@ajzelj et al., 2014). But this result adds to
evidence that Brazil in particular has enough lencheet demand for food and energy at
least until 2040 without further natural habitabeersion (Gouvello et al., 2011; Strassburg
et al., 2014). In fact under DLD the highest ageratocking rate in the model, 1.33 head.ha
! (under Rau+30%), is below the 2 head.Haarrying capacity associated with negative

climate impacts (Strassburg et al., 2014).
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5.6 Conclusion

The analysis also indicates that restoration ofatdgf pastures is the biggest
opportunity for national mitigation plans; indeadter avoided deforestation, the restoration
of 15 Mha nationwide from 2010 to 2020 is the nramasure contributing to the 40%
reduction target by 2020 (Mozzer, 2011).

Because the analysis employs consequential LCAoagpfi.e., the consequential
LCA approach, also called ‘market based’ LCA, itedb capture changes in emissions in
response to changes in product demand and politezasions), it contrasts to other results
(Bajzelj et al., 2014; Hedenus et al., 2014, Tilmaad Clark, 2014) using attributional
analysis based on constant emission intensitype@s/e of consumption level.

More generally our results refleCerradosystem-specific data, and the picture might
differ if we analyse other regions of Brazil or \Wwide. TheCerradois nevertheless seen

as model for transforming other global savannalesl@Rk2013).
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Chapter 6 - Thesis conclusions

This thesis does not imply a comprehensive chaiiaat®n of the sustainable
agricultural intensification (SAI) and recognishs tontested nature of the concept. The
research aimed to provide mathematical exampletaokible SAl scenarios developed at a
meaningful scale. | hope it partly fills a consmas gap in the literature, largely populated
by normative conceptual papers rather than detailedels that might form policy evidence.
The thesis focused on SAl measures in the BraZifastock context, with most attention
given to the recovery of degraded pastures. Toeaddhe aforementioned literature gap |
proposed a model capable of capturing the dynaafipasture restoration, land expansion
and resulting soil organic carbon changes as aitimof public policies, demand and
biophysical factors. Such dynamics were studiedutin a detailed representation of
grassland degradation and intensification optitwagh( direct and indirect pasture
restoration), as in such systems a large amouwsaibbrganic carbon can be stocked, a fact

often neglected by agriculture GHG emissions sgidie

The chapters address different issues but arediimkéerms of demonstrating
scenarios where SAI works at different scales uidiclg supply and demand side measures.
Chapter 2 develops SAl analysis at the farm doal@odelling optimal pasture management
and comparing with business as usual practicelsdw $hat, provided there are financial
resources for investments in intensification (owapital or access to rural credit), cattle

breeders can benefit from higher returns by belgersion making on pasture management.

Chapter 3 complements Chapter 2 and shows how &Abe delivered at the
regional scale. The cost-effective analyses shdha&dmost livestock mitigation potential
can be achieved by adopting win-win mitigation op4, i.e., profit is increased while
mitigating GHGs. It further shows that some mitigatmeasures currently not included in
the ABC program (e.g., feed supplementation), chelg the country to achieve its
Nationally Appropriate Mitigation Action and Intead Nationally Determined Contributions
(INDC) targets.

Chapter 4 combines the most important SAI meaqstgyply-side measures)
identified in Chapter 3 with public polices targetizero deforestation in Brazil. The chapter
is the result of a modelling exercise commissiomgthe Brazilian Ministry of Agriculture

on the livestock contribution to the Brazilian INDThis chapter addresses the trade-offs
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implicit in ending deforestation in Brazil by 208file accommodating agricultural
production and therefore economic growth, and shtbe®xtent of pasture restoration and

cost-effective mitigation needed for INDC implemegrdn.

Chapter 5 links the SAI measured in Chapter 3cgacenarios of controlled
deforestation in Chapter 4 and adds the dimendidemand-side mitigation measures. The
chapter explores the link between shifting beef aledrand GHG emissions. The results are
counter-intuitive and show that at least in ther@aw, reducing beef production might lead to
increased GHGs, while increasing production coeétilto lower emissions, provided
production is decoupled from deforestation.

Much of this thesis is based on modelling througtinsization techniques, which has

some limitations:

Linearity: The model contains linearity assumptidnsluding that costs are
proportional to the land area or cattle numbersveéier, we used linearization techniques to

represent nonlinear dynamics, e.g., pasture defpadaurves and cattle weight gain.

Limitations inherent to any determinist model: p#irameters are assumed to be
“perfectly known”. The most uncertain parameterbvastock systems in Brazil are grass
seasonal productivity and cattle prices. Indasdeu climate change scenarios, for time
horizons of more than 100 years it is recommendagsé climate models to predict scenarios
of forage productivity, as productivity is expectecdchange as a result of increased
temperature, reduced rainy season and precipitbiats in the Cerrado (M M C
Bustamante et al., 2012). Another uncertainty esléad the SOC modelling. SOC
accumulation (Equation 2.25) can be written asxoeential function, thus small changes
in the parameter that represents C losses duand @spirationg,) causes significant
changes on SOC accumulation rates, vari@plen Equation 2.25. To resolve that problem, |
calibrated equation 2.25 by finding the valuggthat would mimics the CENTURY model,
which has been validated for Brazilian conditiomseéveral studies (Braz et al., 2013; Cerri
et al., 2007; Maia et al., 2009).

In future | plan to include uncertainty in the mpsbblematic the parameters by
developing a stochastic programming version of EAG®r by using robust optimization

theory.
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The analysis also assumes that each biome acts fikgyle farm, neglecting the
heterogeneity of the biomes and production systétosiever, a lack of data constrains
research in this area. More granular research dolteveloped by better information on the
level of heterogeneity of production systems inhgaiome, defining the typical systems,
structural costs, size and biophysical physiognemEMBRAPA recently collected this type
of data and has signed research collaboration mgdhnat | am refining the modelling by

better treatment of heterogeneity.

The analysis further assumes cattle breeders nedisiahs based on profit
maximization, although farmers take decisions basedther criteria, such as aversion to
change and risk, and cultural beliefs and what &rmeyw about neighbouring farms. Using
other modelling approaches would help to addressesuf the questions EAGGLE cannot

address, e.g., agent based modelling to investibatbarriers to technology adoption.

The effects of higher C{xoncentration in the atmosphere on grass prodtycéad
cattle mortality was not included in the analy3isis was due to a lack of models calibrated
for Brazilian conditions, and because most of thalysis focused on a 20-25 year period,

which is short for climate change effects.

The work assumed livestock production as a clogstésn, i.e., we did not model
interactions through partial or global equilibritmodelling. In fact, demand and land
availability are exogenous to our model, and tluggations were generated by general
equilibrium models. Although a general equilibrimmodel would not affect our results (at
least in the range of demand change we set innhlysas), such models would allow

agricultural market interactions (prices and demand

Due to a lack of long-term experiments or chronaseges on soil organic carbon in
Brazilian sites, we assumed grasslands were alieagtyuilibrium in the first year of the
analysis, meaning SOC sequestration potential fropnoved pasture management may be

underestimated.

Further improvement of the SAI and food producti@xus would benefit from the
inclusion of soybeans and consideration of landpatition with beef cattle, which are the
biggest drivers of deforestation in Brazil. Climateange adaption studies are also required
given limited existing research in Brazil. In futdraim to model climate change scenarios
and adaptation measures through the inclusion cértminty in the parameters of the model
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that are sensitive to climate change. Furtherntbeeinclusion of other crops and agricultural
products that form Brazilian diets will allow reselathat addresses emissions intensity of the
baseline diets in Brazil and the impact of shiftindhealthier and sustainable diets.

Despite of the recent success in arresting defdres while increasing agricultural
production, the gap between current average prodlycind most efficient farmers is
significant and the intensification challenge islose this gap. Agricultural intensification in
Brazil will require political will and economic gwth. The current political and economic
crisis raises concern as to whether the sustaimatelesification agenda can be followed.
Beef consumption has already decreased to 32 KY\WE per person in 2016, while the
figure was around 40 in previous years (Conab, R0t total rural credit offered in
different credit lines in Brazil amounted to 5818Rion US$ in 2015 (20% higher than in the
previous year). For 2016, the government annouadethl budget of US$57.48 billion,
while agricultural representative associations aripat production costs have increased.
Reduced research funding is another causalityeottinrent economic situation (Wade,
2016). Agriculture is a key sector in Brazilian Bomy and the country offered bold
commitments at COP15 and COP21. But whether therueconomic crisis will negatively

affect its sustainable agenda is uncertain.

This thesis is the result of a modelling exercisBrazilian beef systems but the
results have implications for similar grazing sysseelsewhere. For example, in sub-Saharan
Africa, agriculture is one the most important segrof employment and income but faces
similar challenges. Specifically in terms of loweaage productivity levels due to poor
pasture management (Otte and Chilonda, 2002). Bedfictivity is extremely low in
traditional systems associated with low farm incand high emissions intensities, with
cattle direct emissions per kg of meat roughlydbable of the world’s average (Opio et al.,
2013). Those could be reduced by the SAlI measdesdified in this work, for example
cattle supplementation to shorter animal life cyale the method of partition based pasture

optimization to improve forage quality while mininmg investment costs.

There is potential to extend our findings to othatin American nations. In
Colombia, livestock is a major contributor to GHfaissions (The World Bank, 2014).
Around 50% of Colombian pastures are degraded anth& been promoted with similar
measures (as Brazil), including direct pastureorasibn and the integration of crop-livestock
or silvopastoral system (The World Bank, 2014). Tost-effective measures identified in

this work could be extended to the Colombian liwektsystem, given the similarities.
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Furthermore, the methods | developed in Chapterattommodate agricultural growth with
deforestation targets through the adoption of paststoration could inform similar efforts
for achieving zero deforestation in Colombia. Intldeom the estimated 36 M ha used for
grazing in Colombia, 18 M ha could be freed updibernative uses since economically
feasible intensification measures are adopted {Vbdd Bank, 2014). Finally, in this work |
show how SAI could work at different scales anchsec®s mostly in the Cerrado system. But
the region is recognized as a potential model fioelotransforming other savannas (Morris et
al., 2012).
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Appendix 1: Supplementary information

EAGGLE Mathematical description

List of indexes

Symbol Description Range/value

{A, B, C, D, E, F, Corn(silage),

I Land use )
Corn(grain), Soybeans}
p.q Pasture level {A,B,C,D,E, F}
c Crops {Corn(silage), Corn(grain), Soybeans}
kc Cow breeding stage {1, 2, ..., 12}
kh Heifer age cohort {1, 2, ..., 9}
ks Steer age cohort {1,2,..,9}
Age cohort of protein supplemented
kp J P PP {1, 2, ..., 6}
steers
m Production month {1,2,...,M}
Calendar month equivalent to
CMm) _ {Jan, Feb, ..., Dec}
production monthm
t Year {1,2,.., T}
Corresponding year to the
tm) {1,2,..,T}

production montim
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List of decision variables

Symbol Description Unit
CASH,, Cash in montim M R$
CINm Cash incomes in month M R$
CNIH,, Costs of nitrification inhibitors in montm M R$
COT, Cash outcomes in month M R$
CSG, Concentrate supplementation costs in month m M R$
CSR, Protein supplementation costs in month m M R$
EDA; Endogenous deforestation in yeéar M ha
Number of finished steers under concentrate supgtéation at
FSGh M head
monthm
FSRn Number of steers finished under feedlot system amtimm M head
ICn Number of cows inserted in the system in manth M head
Number of heifers of age cohdh inserted in the system in
IHm kn M head
monthm
ISCh Incomes from concentrate supplementation in manth M R$
Number of steers of age coh&sginserted in the system in mont
ISm,ks M head
m
ISPy, Income from protein supplementation in month M R$
LUC:i; Land use change (or pasture restoration) frémj in yeart M ha
LUy¢; Land usq in yeart M ha
NBC,, Number of new born calves in month M head
PCn Number of purchased cows in momith M head
_ _ M t.(M
PFFR, Pasture forage intake by protein supplementedssiegnonthm head)
ea
PESG. Pasture forage intake by concentrate supplemetgedssn month M t.(M
m head)*
PHnxn  Number of purchased heifers of age colkbrin monthm M head
Quantity of beef produced from concentrate suppidetesteers
PSG M t
in yeart
PSnks  Number of purchased steers of age cokem monthm M head
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PSR

RFSG.c

RFSRhc

RPA
SCn
SCPRh¢
SCVm
SCWin ke
SFn
SHBy,
SHum kn

Spmykp

SSGy

SSknk
SSnks
SSR,
TDMpm
uC
WC,

Amount of beef produced from protein supplementedrs in

Mt
yeart
Amount of cropc required for concentrate supplemented steer: Mt
monthm
Amount of cropc required for protein supplemented steers in Mt
monthm
Removed area from pastysen yeart M ha
Number of steers supplemented with concentrateointinm M head
Stored amount of crop in monthm Mt
Number of stocked calves in month M head
Number of stocked cows in breeding stegen monthm M head
Number of stocked steers under feedlot system intinma M head
Number of selected heifers for breeding in manth M head
Number of stocked heifers of age coHdrin monthm M head
Number of steers of categdkp supplemented with protein in
monthm M head
Number of steers selected for concentrate suppletiem in
monthm M head
Number of steers selected to feedlot in manth M head
Number of stocked steers of age colksih monthm M head

Number of steers selected for protein supplememtati monthm

Amount of dry minter transferred from monthto monthm+1 Mt
Used money from own capital M R$
Number of weaned calves in momth M head
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List of parameters

Symbol Description Unit
General coefficients
Ao, Initial area of land usge M ha
BDy Beef demand in year t Mt
Cins Cost of insemination R$.head
Csalt Cost of mineral salt R$.t"
DA Exogenous deforestation M ha
dmicy  Dry-matter intake of calves Kg.head".mth
dmic Dry-matter intake of cows of breeding stdge Kg.head".mth*
dmi,  Dry-matter intake of heifers of age cohlort Kg.head".mth*
dmiis  Dry-matter intake of steers of age coHast Kg.head".mth
DM, Initial pasture productivity t.ha'
fc Fixed costs per pasture area R$.ha mth*
ir Savings interest rate %.yr*
MCev Maintenance cost of calves R$.head.mth*
mche  Maintenance cost of heifers of age colibrt R$.head.mth'
MGyc Maintenance cost of cows of breeding stkge R$.head.mth*
MCSs Maintenance cost of steers of age coksrt R$.head.mth*
OCvax  Available own capital M R$
Proc Price of cows in breeding stage R$.head.mth'
prhew  Price of heifer of age cohdkh R$.head.mth*
Dry-minter productivity of pasturp in the calendar month 4
prod, cwm t.ha".mth
CM
PrSs Price of steers of age cohés R$.head.mth'
tc Cattle trading cost R$.head
a Adjustment parameter for the end of production dimensionless
Ycc Cull cow carcass yield dimensionless
YH Heifer carcass yield dimensionless
Ys Steer carcass yield dimensionless

Ratio of herbage mass loss due to grazing (graiingency) dimensionless
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Hev
Hew
Hkh
Mks

GCM(m)

TcM(m)

®cc
®s

OH

Calf mortality rate

Cow mortality rate

Mortality rate of heifers of age cohdit

Mortality rate of steers of age coh&s

Ratio of herbage mass loss due senescence

Minimum herbage mass (dry minter) transference omtm
CM(m)

Fraction of feedlot steers in relation to the tstalightered
animals

Weight of cull cows

Weight of steers finished under pasture

Weight of heifers finished under pasture

Pasture restoration coefficients

INAI,j
GCi,j

NA,

Amount applied of input (or service)p on land use (or
pasture restoration) from land use |

Cost of land use change (or pasture restoration)
Nitrogen application on land use change (or pasture
restoration) from land usdo |

Feedlot finishing coefficients

dmi|:|_
nfceL
PreL
PricFL
Prsait,FL
YFL

UFL

OFL

Dry-matter intake of feedlot steers

Non feed costs of feedlot finishing

Selling price of feedlot steers

Fraction of crog in the feedlot ration composition
Proportion of mineral salt in feedlot ration
Feedlot steer carcass yield

Mortality rate of feedlot steers

Weight of steers finished under feedlot

Supplementation concentrate coefficients

Curea

d misc
MCsc
nszc

pdmisc

Cost of mineral urea
Steers' dry-matter intake of concentrate suppleatiemnt
Maintenance cost of supplemented concentrate steers

Non feed costs of supplementation concentrate

Forage dry matter intake of concentrate supplendesteers

dimensionless
dimensionless
dimensionless
dimensionless

dimensionless

t.hal.mth?

dimensionless

kg
kg
kg

kg.ha'
R$.ha'

kg.ha'

Kg.head".mth*
R$.head.mth*
R$.head.mth*
dimensionless
%

dimensionless

dimensionless

kg

R$.kg"
kg.head.mth*
R$.head.mth*
R$.head.mth*
R$.kg'.mth*



Modelling sustainable intensification in Brazilian agriculture

prcsc  Proportion of crom in the concentrate supplement
Prisatsc  Proportion of mineral salt in concentrate suppleimen
Prrureasc Proportion of urea in concentrate supplement

Selling price of steers finished under supplemeérnat

Plse concentrate

Ysc Carcass yield of concentrate supplemented steers
Usc Mortality rate of supplemented concentrate steers
ocs Finishing weight of Concentrate supplement steer

Supplementation protein coefficients
dmi Dry-matter intake of concentrate supplementatiosteér of
Misp k
P age cohorkp
Maintenance cost of supplemented protein steeg@ttahort
MSfkp
nfcsp Non feed costs of supplementation protein
) Forage dry matter intake of concentrate supplendesteers
pdmi,
of age cohort kp
pricsp  Proportion of crop in the protein ration
prrvacisp Proportion of NaCl in protein ration
Prisarsp  Proportion of mineral salt in protein ration

Prryrea,sp Proportion of urea in protein ration

Prsp Price of steer of age cohdip supplemented with protein
Ysp Carcass yield of protein supplemented steers

Lkp Mortality rate of supplemented protein steers &f eghortkp
Okp Weight of protein supplemented steer of age cokport

Nitrification inhibitors coefficients
CNIH Cost of nitrification inhibitors
cvnn2o  Conversion factor of N into 4D
PniH Nitrification inhibitors efficiency
Nitrification inhibitors application (proportion&b N
i application)
RL Proportion of N saved by using nitrification inHiiis
GHG emissions coefficients

Cén Total cattle emissions (in the baseline)

dimensionless
dimensionless

dimensionless
R$.head

dimensionless

dimensionless

kg

kg.head . mth*

R$.head.mth?
R$.head.mth?
kg.head .mth*

dimensionless
dimensionless
dimensionless
dimensionless
R$.head

dimensionless

dimensionless

kg

R$.kg"
dimensionless

dimensionless
dimensionless

dimensionless

Kg COe.mth?
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Cémn,sc
Cémn,sc
C§,
CVN—N20

de

€Gc

eh

€&s

fet

fer N

Total cattle emissions from concentrate supplentesiisers Kg COe.mth*

Total cattle emissions from protein supplementeeérst
Soil organic carbon stock under land pgeyeart
Conversion factor of N to JO

Total natural vegetation emissions

Emission factor of cow of age cohdtt

Emissions factor of calves

Emissions factor of feedlot steers

Emission factor of heifer of age cohétt

Emission factor of steer of age cohkst

Total N-based fertilizers emissions (without nit@tion
inhibitors)

Total N-based fertilizers emissions (with nitrifiican
inhibitors)

Carbon respiratory losses parameter

Amount of carbon sequestration under landjuseyeart
Carbon equilibrium stock under land yse

Natural vegetation above ground biomass

Natural vegetation below ground biomass

Kg COe.mth?
Mt C
dimensionless
Mt COe.yr?
Kg COse.head
! mth*

Kg COse.head
! mth?

Kg COse.head
! mth*

Kg COse.head
! mth?

Kg COse.head

! mtht

Mt COe.yr*

Mt CO.e.yr*

dimensionless
Mt C.yr*

t.ha

t C.ha'

t C.ha'

114



Modelling sustainable intensification in Brazilian agriculture

Max CASH,, (1)

St

LU, = A, Oj (2)

tj 0, j

LU, = LU g0 Z(LUCt,i,p - LUCt—l,p—a(t),i )~ RPA, @)
t>1pzC

LU, = LU, o+ 2L (LUC,, —LUC ,, 54)+ DA + EDA - RPA, @
t>1,p=C

Lum:ZLuqm, t>1  (5)

> LUC,,;+RPA <LU_  , t>1 (6)
i

YLUC, sLU.,,. , t>1 (7
j
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SSnks = ISmks + (1_:uks )S%—l,ks + z (1_:uks-i )3|Sm-3r ks-r -
r " ®)
_z |_| (1_luks+1-i )3|Sm—3rks—r+1 ! Dm ’kS< 9 » r D{l’z’}

ro1=1

SSye= X[ thes IS piscr 0 ks= 9, rO{L2.} (©)

ro1=1

IS, .= 0.B0C, + PS,., Om, ks=1 (10)
1S,c= PSyc~SSE, Om, ks=7 (11)

1S, .= PSye, Om, ks>1Cks#7 (12)

SHmkh =1IH mkh + (1_ Hin )SHm—lks + Z (1_ His-i )SIH m-3rks—r
rE (13)

_Z (1t )SIHm—3r,kh—r+1 , Om, kh<9, r D{l,2,..}

roi=

SHmkh = Z (1_lukh—i )3|Hm—3r,kh—r ’Dm’ kh: 9’ J D{l’z’} (14)

roi=

IH,,= 0.BMC,+ PH,,., Om, kh=1 (15)

IH,,,= PH,,,—~SHB,,0Om, kh=7 (16)
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H,,,= PH,,,0m, kh>1Ckh#7 (17)

SCW,., = (1~ tiey )SCW, 1 + IC,, ~1C,, 5 ,Om ke=1 (18)
SCWoke = (1= piew )2 IC- (150183 ) -0 Jke=12 (19)

SC\MKC =(1- Hew )SC\M—l,kc +(1- Hew )mord(kc) ICm—lBord(kC) -

9+18ord(kc) (20)
(1= pew) 1C -0+ 180rd(key) » M KCLI P = {4!7’10}

SCV%}(C =(1- Hew )SCVVn—ch +(1- Hew )%ls(ord(kcﬁ) ICm—(9+18(ord(kc)—1)) -

15+18(ord(kc}-1) _ (21)
~(1= ptew) 1C -1+ 18(orakey 1)) - M KCL L= {2’5’81]}

SCV%kc =(1- Hew )ch%—l,kc +(1- Hew )15F18<0rd(kc)—1) lCm—(15+18(ord(kc)—l) )

18+18(ord(kc)-1) (22)
_(1_ﬂcw ) ICm—(18+18(ord(kc)—1)) ,Um,kcON = {3,6,9}

IC, = PH_+SHB, ,Om (23)
3
NBGn= > ICm-(9+18) . 0m (24)

i=0

SCViy = (1~ ey )SCVin-1 + NBCy =(1- ey )°NBCp_g . 0M (25)
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WCr = (1~ ey )°NBCrg ,Om (26)
FSFn = (1- g )>SSFy-o ,Om (27)

SF, = (1- g, )SF,, + SSE -~ FSF, ,0m(28)

Z FSE, =y Z(SSn,g"' SH, o+ FSFE,+ SCW,,,) | ,0t (29)

e

(1+ &)( deiksssﬂks + deikhSHmkh +deLCSCVVnkc + dmi,, SCV,)+ TDM
ks kh ke
(30)

<0 , 1<msM

m=

<M !

prodeM(m)LU +(1—O'CM(m))TDM

t(m).p

Towm, LU, ~TDM <0, Om (31)
p

SCP,. = SCP,_;+ Prod ey (mLU e = PITcp dmiy SF, , Oc,Om  (32)
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Z(szsSSn,kszg + VHwHSHmkhzg + yca’cSCV%kczlz +yp 0g FSK, )= BD, , 0t (33)

m{m}:t
12
CIN ,, = prs,SS,,+ prhySH, o + pry FSF,, + prc,,SCW, ,,, Om (34)

8 8
COT, = fc) LU, + Y (tc+ prs,)PS, .+ D (tc+ prh, )PH, . + (tc+ prc,)PC, +
ks=1 kh=1

P
+ z mC%sSSnks + Z rnCI”<hSHmkh + z mQ(cSCV%ks + mCCVSCVn + (35)
ks kh ke

+ (nfCFL + Csalt prrsalt,FLdmiFL)(SFm + FSFm) + CinsSHBn + LI mzzcl,j LUC
i

i, M

CASH,=UC+CIN,,-COT,, m=1 (36)
UC<o0Ghx (37)
CASH,= CASH,_1+CIN,-COT,, ,m>1 (38)

CASH, = CASH,_; + CIN,, ~COT, —(1+ir)TUC+

8 8
+ a( D PrSesSSks* X, PrynSHmgn+ Pregey SCVVnkcj (39)

ks=1 kh=1 ke
m=M
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FSCy = (L~ fsc)*SSGo—p , Om  (40)

SG, = - Hs)SG,, + SSG, ~FSG, ,Om  (41)

PSG= > VscscFSG, , Ot (42)

mwg:t

CSCm = ((Curea prrurea,SC + Csalt prrsalt,SC)dmiSC + nfCSC + mCSC)SCm 4 am (43)

ISG;, = prscFSG, , Um  (44)

PFSG, =(1+¢) pdmicSG, , Im  (45)

RFSCp, ¢ = Prre scdmiscSCrpy, Oc,0Om  (46)

Sl?n,kp = (1_/Jkp)S|?n—],kp +SSP - (1_/Jkp)3SSR—3,kp7 kp=1,0m (47)
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kp-1

kp
SFr)n,kp = (1_lukp)SFr)n—l,kp + rl (1_ﬂr)3SSEn)—3(kp—1) - I_l (1_ﬂr)3SSR—3kp’ kp> 1,0m (48)

PSP= ) Ve, SR, -kp=6,0t (49)

m|h’ﬂ=t

CSF% = (Curea prrureaSP + Csalt prrsalt,SP + CNaCI prrNaCI,SP)Z drnISP,kpSF)m,kp +

kp
50
+> " (nfcg, + msp,)SP,,, OM (50)

kp

ISP, = pr,SP,,, .kp=6,0m (51)

kp

PFSP, =(1+ E)Z pdmi, Sk, . Om (52)
kp

RFSP,, = prT, s, > dmig, SR, ., Oc,0m  (53)
kp

CNIH,, =cyyay, @- RL)Z z NA LUC,,; LI, (54)
i
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Objective function

Eq. 1 corresponds to the maximization of cash/ireairthe last month of production (month
M), i.e., gross margirCASH, (M R$) represents cash at the very last molthdf
production. Eqg. 1 is equivalent to the expandedvedgent Eq. 39 .

Land use dynamics

Eq. 2 is responsible for allocating the initial damse of pastures typed 8,C,D,E,F and
crops {Corn(silage),Corn(grain),Soybeand U;; (M ha) accounts for the allocated area of
land use/pasture types yeart, Ao,j represents the initial allocation of each landpssture

types.

Eqg. 3 represents the pasture allocation, allowimglégradation, pasture restoration and land
use change decisions. As degradation was assunoeduo biannually, the binary parameter

vectord(t) is used as an index as follows:

o(t) = {1, if tisanoddnumber

0,if tiseven

The area of pastugein yeart (LU, ) is given by the area of pastyrén the previous yearl
(LUt.1,p) Or the area pastupel (LUw1p.9) if tis a year where degradation occurs, i.i,an

odd number, plus the area from other land uses/astpes to pasture in yeart (

z LUC,, , ), less the area converted from pasfute the other land uses/pasture types

> LUC, ,; ), subtracted from the area of pastpmemoved in year (RPA,).
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Eq. 4 is identical to Eq. 3 except for land expangendogenous and exogenous), which is
allocated to pastung=C (due to equivalence of natural vegetation proditgtivith pasture
level C. DA; represents the exogenous pasture expansioB@Adthe exogenous expansion

term, i.e., extra deforestation required to meetaled in yeat.

Eqg. 5 expresses the crop allocation, which is gndynamic than pasture: every year
crops need to be planted and harvested. Eq. Sisaysea of crop in yeart is equivalent to

the sum of converted (or re-planted in the casea)farea from all possible land uses to crop

c (X LUC,, ).

Eq. 6 and Eq. 7 are used to constrain the landhesege variables according to the available
area, respectively for pastures and crops. Eqy$tb@® area converted from pastprie
improved pastures (restoration) or to crops in yedirst term in the right-hand side (RHS)),
has to be no greater than the available area iprthgous yeat-1, i.e.,LUy1 p,—RPA,. Eq. 7

is similar to Eq. 6 but for crops (unlike pastutes assumed no crop area is removed ).
Grazing steer dynamics

Eq. 8 models the steer fattening until slaughtegiae- represented as the transfer from age
cohortsks-1, ks-2, ks-3,.to ks The number of steers (M heads) in the systenmia step
(month)m (SS\ k9 is given by the combination of 4 terms: (i) the rnenof steers that were
inserted in the system in that mont8.(x9; (ii) the number of steekssin the previous month
less the mortality rate (second term in the RHi8);tkie number of steers that are changing
from the previous age cohortske(third term in the RHS), and (iv) the number afest that
are changing fromksto the next cohoiits+1 (fourth term in the RHS). (i) and (ii) are
straightforward,; (iii) is given by the number oésts that were inserted in the system as age
cohortks-1three months before monthy plus the number inserted 6 months before as
categoryks-2and so forth (every 3 months steers change tagkeage cohort), i.elSm-3 ks-
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1+ 1Sn-6 k-2t 1Sm-0 ks-3* 1Sn-12ks-at ... = D IS, 4, » the term multiplyindSim-ar ks-r(
r

r
|_1| (1-u,,)?) accounts for accumulated transfer rate accortingortality rate for each
1=

element in the sum (cubed because the mortali¢éyised monthly value); (iv) is analogous to

(i)

Eq. 9 accounts for the number of finished steegs,age cohort 9. In that cohort there is no

monthly transfer from the same cohort, i.e, onstear reach age cohort 9, it is slaughtered.

Eq. 10 accounts for the number of steers of tts¢ dige cohort inserted into the system
(calves) in montim (ISy, ks=7)- An animal can be inserted into the grazing sysbg: (i)
breeding: i.e., a calf is born in the system (fiestn in the RHS) or (ii) by being purchased
(second variable on the RHS). \W(C,, be the number of newborn calves in momtand
PSnksthe number of calves purchased in that montls.dssumed half of the animals born

are males and half females; thW€,, is multiplied by 0.5.

Eq. 11 says the number of inserted steers of agertdas=7 is given by the number of

purchased steerB &, ks=7) less the number of steers allocated into feesjistems $Sk,).

Eq. 12 says that the number of inserted steergetahorks#7 equals the number of

purchased steers.
Grazing heifer dynamics

Heifers are finished under the grazing system aarsowith steers, or selected to become

cows, and thus generate calves in the system.
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Let SHy, knrepresents the number of heifer of age coklom monthm; IH, xnthe number of
heiferskhinserted in the system in month PHn, k» the number of heifers purchased in
monthm andSHB, the number of heifers selected for breeding in thanth. Then Eq. 13 -
17 are respectively analogous to Eq. 8 - 12, buhéifers. Heifers cannot be moved to
feedlot systems in the same way as steers, inbats of age cohokh=7 can be selected
for breeding process (varialHB, in Eq. 16) and then added to the cow-calf equation

dynamics (Eg. 23).

Breeding dynamics

Each cow generates one calf per cycle, a cyclengposed of three breeding stages: (i)
pregnant stage, (ii) lactation stage, and (ii) fartation stage. After four cycles, cows are
removed from breeding process and slaughteredcoul$). The cycles correspond to cow

transfer from breeding stage=1 up tokc=12

Breeding stages

Breeding stage Duration

(ko) Description (months)

1st pregnancy 9
1st lactation

1st non-lactation

2nd pregnancy

2nd lactation

3rd pregnancy

3rd lactation

© 00 N O O M W N P

6

3

9

6

2nd non-lactation 3
9

6

3rd non-lactation 3
9

[EY
o

4th pregnancy
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11 4th lactation 6
4th non-lactation (cull
12 cow) 1

As for the steer and heifer dynamics, the numbeowfs in the system (stocked cows) is

given by the transfer of previous categories (@ @ghorts).

Eq. 18 - 22 represent the transfer across the ingathges, starting front'pregnancy

(kc=1) until the last stagek¢=12) when cows are removed from the breeding system.

Eq. 18 says that the number of cows in the inlttreeding stagek¢=1) in monthm

(SCW k9 is given by the number of cows in stdgan m-1, less the mortality ragaw (first
term in the RHS), plus the cows that are insentéulthe breeding system in that month
(ICh), less the cows leaving stake=1, i.e., cows that entered the system 9 months éefor
(ICm-9).

Eq. 19 says the number of cows in the last breestiaage $CW k=12 is given by the

number of cows inserted in the system 4 cyclesrbefe, ICn.15+18+3) The first 3 cycles are
comprised of 9 months of pregnancy, 6 monthsahtson and 3 months resting, totaling 18
months, the last cycle does not include the restiage, i.e., pregnancy +lactation, totaling

15 months.

Eqg. 20 represents the dynamics of cows in the pregnbreeding stages (fkc>1), i.e for
kce P ={4,7,10}, whereP is the set of indexes of cows in the pregnanegting stage.
Here, the number of cows in momth(SCW, «J is given by the number in the previous
month less the mortality rate ( first term in thedR), plus the cows inserted in the system
one cycle before fdkc=4, two cycles before fdtc=7 and 3 cycles before fac=10, i.e.,

cows inserted in ord(kc)*18 months before momttiCun.1gord(c). The term(1- ucw) 2 *?is
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the accumulated mortality rate. Similarly, the n@embf cows moving from the pregnancy
stages to the lactation stages in mantis equivalent the number of cows that were inserte

as in the second term in the RHS, but 9 monthsreefq i.e.,|ICm-9+180rd(ke)

Eq. 21 and 22 follow the same logic of Eqg. 20 bepresent the number of cows in lactation (
kce L ={2,5,8,11} ), and the number cows in non-ldicta (or resting stagek€¢e N =
{3,9,6}), respectively.

Eq. 23 indicates the number of cows inserted inéohireeding process in month(ICy,) |
given by the number of purchasd®H,) plus the number of selected heifes$ig,).

EqQ. 24 accounts for the number of newborn calvesanthm. Let NBG;, be the number of
births in monthm, thenNBG,, is equivalent to the number of cows inserted thtobreeding
system am-9, (one cow generates one calf) plus the numbeowEdnsertean-18 (duration

3
of a cycle), and so forth, until it completes 4legci.e., > IC, q.1q) -
i=0

Eqg. 25 accounts for the number of calves in théesysLetSCV;, be the number of calves in
monthm, it is then given by the transfer fram-1 (first term in the RHS), plus births m
(NBGy), less the births ah-6 (NBGy.6), Since calves are fed by cows for 6 months, aith
terms multiplied by respective monthly transfermaiccumulated mortality rate, wherg,

represents the monthly mortality rate for calves.

Eq. 26 gives the number of weaned calWW&€() in monthm, i.e., calves born im-6,
multiplied by accumulated transfer with mortaligte, (1-ucv)°NBGn.s. The weaned calves
are then allocated half to steé&ss=1 and half to heiferkh=1, respectively to Eq. 10 and Eq.
15.
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Feedlot finishing

Eq. 27 accounts for the number of finished steateuthe feedlot system in month

(FSFy). Once a steer is selected for the feedlot (fksaY), it takes two months to slaughter.
FSFn is equivalent to the number of steers removed fyoazing systemSSk,), multiplied

by the two-months accumulated age cohorts tramafet1-ur )%, whereur, is the monthly

mortality rate of feedlot steers.

Eqg. 28 accounts for the number of steers in thélé¢€SF;) - before slaughteSFk; is given
by the transfer from the previous moriliur )SFn.1, plus steers inserted into the feedlot in
that month §Sk,), less the slaughtered steers in that moR8H).

Eq. 29 establishes the proportion of feedlot arsmat. the number of feedlot steers in year
has to be a proportionm of the total annual slaughtered cattle among gopgieers, feedlot
steers, grazing heifers and discarded c&& o andSH,, ¢ are the numbers of slaughtered
animals (last age cohort) respectively for steadsteeifers, SCW, 1, the number of cull

cows in monttm. The sum ovem such tha{l—n;—‘ =t (ceiling ofm=t) is used make the sum

over the months of the equivalent year, i.et=if then me {1,2,...12}, if t=2 thenme
{13,14,...,24} and so forth.

Forage budgeting

Eqg. 30 represents the feed budgeting of all grazattie, i.e., the balance of demanded dry
matter (terms in the left hand side (LHS)) and garavailability (terms in the RHS). Let
dmics, dmig, dmicc anddmicy be the dry matter intake (in kg-henth™) of respectively steers
of age cohorks heifer of age cohokh, cows in breeding stadge, and calves. The total
demanded dry matter is given by the total consuftietlsums over the cohorts indexes).
Because there is loss of dry matter due to animeadigg, a dimensionless parametgrig
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used to represent the dry matter losses propottiorthe total dry matter consumed,
therefore total consumption is multiplied by (@+ The model does not require that all
available dry matter has to be consumed in a ginenth, i.e., part of it can be transferred to
the next month by a variable representing the daten not consumed in month TDMp,
(slack variable). In the RHS of the inequality thailable dry matter in monthnis
represented.et prog, cmm)be the dry matter productivity (thanth?) of pasture type in

the calendar mont@M(m), thus the first term in the RHS represents thal tity matter
produced in montm. The available dry matter not consumed in manth is transferred to

monthm, less dry matter losses due to senescence priocdbe equivalent calendar month

(acmm)-

Eq. 31 The slack variabl[EDM, in Eq. 30 has to be greater than a minimum valeg,not

all the available dry matter (organic matter abgra@und) can be consumed by grazing cattle.
Instead, there is a lower bound M, i.e., a minimum of dry-matter per hectare tha ha
to be transferred from one month to another, reprtes! byrcmm)

Eq. 32 represents stocking of crops produced ofeatine. LetSCR,, c be the amount of crop
stocked in montim (M t), it is given by the stock from the previom®nth SCR,.1.9, plus
the amount of crop produced in montm (second term in the RHS), wheedc cymgm) is
the productivity of crom in the calendar montBM(m) (in t.ha"), less the amount of crap
that is consumed for ration formulation for feediattle (third term in the RHS), whedeni-_
is the ration dry matter intake (t/hanth?) of feedlot steers amuir. r. is a dimensionless
parameter representing the proportion of the intakéis obtained from craop i.e.,

proportion of crogc in the ration formulation.

Beef demand

Eq. 33 is the demand constraint. kgtyy, yc andyg_ represent the carcass yield of grazing
finished steers, heifers, cull cows and feedldshied steers, respectively; aing wn, oc

andwr the finishing weight of grazing steers, heiferd] cows and feedlot finished steers
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(kg.hd%), respectively. Total produced meat is equivalerthe product of carcass yield by

finished weight and number of finished animals iontth m of each category (then summed

over the equivalent months of each year using étieng operator|( —|), as in Eq.29).

Cash flow

Eq. 34 represents farm incomes from the sale aftfed animals. Le€IN, be the farm
incomes in montkm, prsy, prhy, pre. and pre; be the selling prices of finished grazing steers,
heifers, finished feedlot steers and cull cows K@$), respectively. Income is the product of
cattle selling prices times the number of finiskattle, i.e., finished steers in momth

(SSh.9), heifers 8H, o), feedlot steersiSF;) and culled cowsCW 1.

Eqg. 35 represents the costs of the farm in man(@OT,)), composed of: (i) fixed costs per

pasture area (first term in the RHS), whigres the cost per hectare, multiplied by the total

area in yeat (Z LU, , ); (i) cost of purchasing animals, i.e, price drahsactions costs
p

(second to fourth term in the RHS), whers,, prhq, andprcyc-1 are the purchasing price of
steers of age cohdks, heifers of age cohokh and cows in breeding stage=1, (R$.hd
Yrespectivelyic is a parameter representing the transaction @vdtgad. The summations
ranges from 1 to 8 becaulse=9 orkh=9 correspond to finished cattle; (iii) grazingtt=at
maintenance costs (from fifth to eighth term in RidS), wherancss, mch,, ma. andmcy
are the maintenance costs per head for steersriatbws and calves, respectively; (iv)
feedlot non-feed costs (ninth term in the RHS), iiméc- is the maintenance cost for
feedlot animals (R$.hY; csar is the cost of mineral salt used in ration formiote prrsa . is
a dimensionless parameter that represents the piapof salt in the feedlot ration
composition; (v) cost of inseminating heifers (fetérm in the RHS), wheig,s is the
insemination cost per head; (vi) land use changepasture restoration costs (last term in the
RHS), whereg;; is the cost to restore one hectare of pasttoemproved pasturg(or the
cost of changing one hectare from land iugg). The land use change/restoration cost is
always discounted in the first month for every yeausing a binary parameter,,, where

LI, = 1if m=January otherwisem=0.
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EqQ. 36 says the cas@ASH,-;) in the first production month consists of owndisapital

(UC) plus incomes, less costs.

Eq. 37 sets a constraint on used own capital aibilg whereocnaxis the available own

capital.

Eq. 38 says the subsequent monthly c&kSH,) (except the last month) is given by

disposable cash from the previous month, plus irEl®ss costs.

Eq. 39 represents the cash in the last mbh{kequivalent to gross margin). (39) is similar to
(38), but in the last month of production the mdags$ to pay for the used capit¥C, with a
discount rateif) accumulated forl years (fourth term in the RHS). The last term IR
represents the sale of the remaining animals isyeem; i.e., the animals that did not
achieve slaughter weight by the end of productionhis case, to avoid distortions in the
solution, a calibration parameters used, this was determined such that the stgadlate

kept approximately constant until the end of prdotunc(for fixed demand).

Concentrate supplementation

Egs. 40 to 46 describe the supplementation coratentneasure, i.e., steer dynamics, intake

and formulation of the supplement.

Egs. 40 and 41 are analogous to eq. 27 and 28boaoncentrate-supplemented steers,
whereFSG, accounts for the number of steers finished undeplementation concentrate in

monthm; uscis the mortality rate of steers supplemented withcentrateSSG, represents
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the number of steers selected for concentrate snpgsitation (from age cohd$=8); SG, is

the number of steers under concentrate supplenmmiatmonthm.

Eq. 42 accounts for the beef produced under coraterdupplementation during year
(PSQ): it is derived as the product of the number ekss$ times the finishing weight and
carcass yield. Whergcandwsc are the carcass yield and weight of steers fiisheler

concentrate supplementation, respectively.

Eqg. 43 represents the monthly costs of concengtgiplementationdSG,). The cost is
proportional to the number of supplemented steemanthm (SG;) and comprises the cost
of mineral salt and urea contained in the supplértterm multiplyingdmisc), wherecyrea
andcs, represent the cost per kg of urea and minerglresipectivelydmiscis the dry

matter supplement consumption (kg'tmth?); nfesc andmasc are non-feed costs and animal

maintenance costs from concentrate supplement@®md*.hd>.mth?).

Eqg. 44 expresses the income originating from comagnsupplemented steelS(,), where

prscis the selling price of concentrated steers.

Eq. 45 accounts for the forage intake of concemtsapplemented steers in month
(PFSG,), wherepdmicis the grass dry matter intake of concentrate lsmpgnted steers (in
t.hd*.mth?).

Eq. 46 accounts for all the dry matter consumenhfeach crop contained in the concentrate
supplement formulation in month (RFSG, ), whereprr. scis a dimensionless parameter
that represents the proportion of ciopontained in concentrate formulation ahdiscis the
concentrate dry matter intake (in thohth™).
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Protein supplementation
Eq. 47-54 describes the protein supplementatiomumhycs.

Eq. 47 represents the number of steers in theagstcohort of the category of protein
supplemented steers. The number of steergpfet in monthm (SR p=1) iS given by the
number inm-1(SPy.1,kp=1) less the mortality rate (first term in the RH®&herew,, is the
mortality rate for protein supplemented steersgef eohorkp, plus the animals selected to
be fed by protein supplementation in montliSSR,, selected fronks=1), less the steers

transferred to the next age cohort — after 3 mofithd term in the RHS).

Eq. 48 is similar to eq. 47 but accountskprl. The number of steers that are changing to
age cohorkp in monthm (second term in RHS) is given by the number ddrsteelected for
protein supplementation 3 months before, plus tbers selected 6 months before, 9 months

before and s0 0N - fup=1)>SSRh-3 + (1- stkp=1)*(1- ttkp=2) S SRu-6 + (1- ttkp=1) (L ptip=2)*(1-

kp-1

likp=3) "SSP0 = ” (1= #4,)°SSP_4 - The third term in RHS is analogous but accoant f

the number of steers that are changing fkprto the next age cohdkp+1.

Egs. 49-53 are analogous to eq. 42-46, respectivéierePSR is the meat produced from
finished protein supplemented steers;andwsp are the carcass yield and weight of finished
protein supplemented steers, respectiveRs; kpthe number of steers under that
supplementation in mont; CSR, the monthly total cost of supplementing steers wit
protein, Wheredrrrea sp PItsar spandprryacispare the proportion of urea, mineral salt and
NaCl contained in protein supplement formulati@spectivelydmisp pis the protein
supplementation consumed of steers age céfpdtthd’.mth?); nfcsp andmsp, are non-feed
and maintenance costs for supplemented steersafartkp (R$.hd".mth™); prip is selling
price of steers finished under protein supplementgnote thakp=6 is the finishing age

cohort); andpdmi, is the grass dry matter intake of steers age tddpor
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Nitrification inhibitors

Eq. 54 expresses the monthly costs of nitrificatidnbitors CNIH,) — proportional to
applied nitrogen. Letyiy be the cost of the kg nitrification inhibitagy a dimensionless
parameter representing application (kg of inhibyer kg of N);RL is the proportion of N
saved by using nitrification inhibitors (dimensiess$); andNA; is the amount of N applied to
convert one hectare of land uge land usg. Thus, the double summations ovand,|
account for all the applied N in yetalLl, (as in Eq. 35) is used to discount the costsen th

first month for every yeal (,, = 1 if m=January otherwisem=0).
GHG emissions accounting
Cattle emissions

The equations below account for direct GHG emissioom cattle by employing emissions

factors.

ce, = ; €56SShks * %: N SH i + ; €6 SCW, . *ecy SCV,, + € (SF, +FSF,), Om  (55)

Cem’SC = escscm, Om (56)

Censp= ZerSFr)n,kpa Om (57)
kp
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Eq. 55 accounts for the greenhouse gases emiq#noG&,e) for each cattle age cohort and
feedlot steers, wheims,, is the total cattle emissions in momth ess, eh, €Gc ander_ are
the emissions factors (in kg of G®©hd . mth?) for steers of age cohdts, heifers of age

cohortkh, cows in breeding stadge and feedlot steers, respectively.

Eg. 56 and eq. 57 account for concentrate andiprstgplemented steer emissions,
respectively, wheresc ande, are the emissions factors (kg of @hd'.mth") of steers

supplemented with concentrate and steers suppleaherith protein, age cohdkp.

Fertilization emissions

fe =298&vy, oD D NA,,LUC, ., (58)
i

fet,NIH = (1_ Pk )fet (59)
Eq. 58 accounts for the emissions from nitrogenl®&ed fertilizers in year(fe). The term
inside the sum gives the amount of N applied fblaald use and pasture restoration options.

The factorcw_.n20 corresponds to the proportion of N converted Mi®; and 298 is the
N»O equivalence in C£ - in global warming potential for 100 years (G\1/80).

Eq. 59 accounts for the emissions from N-basedifens when nitrogen inhibitors are used,

where inpyiy represents the efficiency of nitrification inhiwis .
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Deforestation emissions
de :%H(EDA +DA)  (60)

Eqg. 60 accounts for emissions from natural vegatatbnversion into pastures in yéde),
whereEDA; andDA; represent the endogenous and exogenous defoeesdEmissions are
given by the product of the deforested area migiipby biomass above ground coefficieht,

(in carbon per unit of area), converted to€®y multiplying by 11/3.
Pasture emissions and carbon sequestration

The equations below describe the pasture soil cadlgnamics.

_ CS.y; CS-1p-00) CS_1p-00)
Cst,p - Cst—l,p—s(t) + Z( LU LUCt,i,p - LUCt,p—(S(t),i - LU— RPA&p + (61)
t=1,i t=1,p—4(t) t,p—d(t)

+4cs, ,U;, pzC

_ C§-1, CS-1,p-40)
ACS, =Tl e, =| CSypsp t D MoLUC,, —— - LUC, i |~
i LUt—l,i L t-1,p-4(t)

CS-1,p-5) (62)
=170 ppa (LU
LU t,p—o(t) P jj *P

Ot pzC
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LU,y © (63)

i t=1,i t=1,p—o(t)

cS. CS 1y CSas
CS,p = CS-1p-s Z( o U Luc,  —_bemio LUC, -0, J _ U160 RPA, +

+ 0(EDA + DA )+ 4cs, ,0t, p=C

_ CS 4 CS 1 p-s09
4cs , = {% _{Cst—l,p—d(l) + Z[LU - ‘ LUC, , - LU = LUC, ;i |~

c
_ S0 LUC,, + o(EDA + DA )J LU, 9
LU om0

at,p=C

CSy CSy
cs.= ) ——LUC, +rle, - ) ——LUC,,. |[LU
Syc ZI: LU oy tic [SC ZI: LU i tic j tc (65)

Ut, Uc

Eqg. 61 describes the soil carbon accumulation &styres levels except pastpreC.

The amount of stocked carbon under pastureyeart (cs,p) (in tonnes of carbon) is given
by the carbon transferred from pastpr& (degradation) or the carbon transferred from
pasturep itself, if no degradation occurs (first term irtRHS), as in Eq. 3. The second term
in the RHS represents the transferred carbon fmamy other pasture or crops according to
the land use change decision variables. We assyrapartional transfer of carbon per area
of converted land use, e.g., if 100 ha of paskuierestored to pastufein yeart, then the

carbon inF has to be proportionally transferred&pi.e., the amount of carbon per unit of
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area inF in t-1(cs*;l*FJ multiplied byLUC;r A = 100 ha is transferred to pasté.erhe

t-1,F
second term inside the sum is analogous but acedonthe carbon that is transferred from
pasturep to other improved pasture or crops. The third tariRHS is responsible for
removing carbon when pasture arB#®A ) is removed from pasture levein yeart. The

last term on the RHS represents the carbon seqtiestrate.

Eq. 62 describes the carbon sequestration rate padeurep in yeart (4csp), it is

calculated as a function of the difference of thgent carbon stock from the carbon
equilibrium value of pastune (gp) (in t.ha') . The parametarrepresents the carbon losses by
plant respiration and determines the speed in wdaghlibrium is reached. For simplicity,

Eq. 62 can be written aks p = r(ep — ¢r,p)LUp, Where:

cs, CS.1p., CS 1.,
Do =CS1p-a0 T Z[ LU =-LUC,, _Ll—psm LUC, o0, } ‘Ll—psm RPA , (62b)

i t=1,i t-1,p-d(t) u t,p—d(t)

Eg. 62b represents the carbon stocks in pagturgeart just before carbon sequestration
occurs, i.e., the amount of carbon transferredagiyrep in yeart from pastureg in t-1 or

other land uses.

Eq. 63 and 64 are analogous to Eq. 61 and 62,cteply, but since fop=C there is area
converted from natural vegetatidBA+DA;), the carbon (assumed in equilibrium) from
natural vegetation has to be transferred to pastae well (fourth term in the RHS of Eq.
63), wheres represents the soil organic carbon in equilibrafmatural vegetation (t.F

Eq. 65 accounts for the soil organic carbon undgps€s ). As crops have to be planted
every year, the stocked carbon is given by thesteared carbon from the previous land use,
plus the sequestration rate. Analogous to the paseqguestration rate, it is calculated as the
difference between the current stock and equilibrigr), multiplied by the plant carbon

respiratory losses.
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Calculation of restoration and land use changescarstl model calibration

We assume the cost — and therefore inputs - negassehange fronX to Y,whereX andY
can be any element ltJ ={A, B, C, D, E, F, Corn(silage), Corn(grain), Sogns} is given
by:

Cost(X,Y) = Cost(F,Y) — Cost(F,X)

TheCost(F,Y) and the description and amount of inputs, foréinyLU is presented in
Table S3-S7.

In the case wherg =Y, “the cost to restore frond to X, represents the cost of maintaining
the DMP X, i.e., avoiding degradation. The amourihput and cost to keep any DMP level
is described in Table S4.

The inputs used for the pasture restoration anatgti@n of corn and soybeans followed
recommendations in Sousa and Lobato (2004) and TDomiér (1997). Machinery and
services were added following technical recommgaodsa established by Agronomists
(MSc. Paulo Roberto Albertini and Dr. Luis Gustdarioni, Personal Communication,
Campinas, 2013) and by Veterinary (Dr. Tiago ZaAé#iertini, Personal Communication,
Campinas, 2013), with expertise in livestock ar@pystems of production in tierrado
biome. Further, item prices were based on timesewllected from the Institute of
Agricultural Economics (IEA, 2012) and were defthte the 2012 value using IGP-DI
(FGV, 2012).
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Model calibration

This section describes the process used to otitaipasture Average Dry Matter
Productivity (ADMP) from 2006, as used in the constion of the baseline scenario (section
2.5). The land use changes dynamically as a fumctizime (composition of the total land
across the pastures types and crops), as weledsetid dynamic (composition of animals age
cohorts). However, after several years, the salugnds to reach equilibrium; i.e., land and
herd composition tends to present similar valuesuigihout the simulation. To obtain the
ADMP for 2006, we ran the model with the 2006 pest@rea and beef demand constant for
25 years of simulation. As the solution stabilize@, calculated the ADMP as a function of
the composition of pasture types for the stabiligeldition and the values of DMP in Table
3.1, obtaining the value of 10 t-DM hagr™.
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Supplementary Tables

Table S1: Animals categories, Dry Mater Intake (DMlerage shrunk body weight (Avg
SBW) and emissions factors*

Nellore Steer

Mortality 3 . 5 ] Maintenance

Age Age,  raté Avg DMI®,  CH,,  N,O°, Pricé Cosi
SBW, kg.day kg.head. kg.head.  (US$2012.head

cohort  months (%.mth N o1 1 L (US$2012.hedd

N kg .mth .mth ) R

) .mth)
1 [6,9) 0.42 189 5.18 3.35 0.013 337.1 0.9
2 [9,12) 0.42 222 5.84 3.78 0.015 353.9 1.0
3 [12,15) 0.2 255 6.48 4.19 0.017 410.7 1.1
4 [15,18) 0.2 289 7.12 4.6 0.018 467.6 1.2
5 [18,21) 0.2 322 7.72 4.99 0.020 534.7 1.3
6 [21,24) 0.2 355 8.30 5.37 0.021 592.7 14
7 [24,27) 0.03 388 8.88 5.74 0.023 650.6 1.6
8 [27,30) 0.03 421 9.44 6.1 0.024 722.2 1.7
9 33 0.03 454 9.99 6.46 0.026 781.3 1.8
Nellore Heifer
1 [6,9) 0.06 156 4.42 2.86 0.011 327.1 0.8
2 [9,12) 0.06 183 4.98 3.22 0.013 320.7 1.0
3 [12,15) 0.06 210 5.52 3.57 0.014 388.2 0.7
4 [15,18) 0.06 237 6.05 3.91 0.016 409.4 1.8
5 [18,21) 0.06 264 6.56 4.24 0.017 505.3 1.5
6 [21,24) 0.06 291 7.05 4.56 0.018 531.4 1.3
7 [24,27) 0.06 318 7.54 4.87 0.019 558.5 19
8 [27,30) 0.06 345 8.01 5.18 0.021 584.8 1.3
9 33 0.06 372 8.48 5.48 0.022 584.8 1.3
Nellore Cows and Cals
Lactatio
n [24,96] 0.06 450 10.85 7.02 0.027 522.5 1.9
Pregnant [24,96] 0.06 450 7.69 4.97 0.022 578.6 5.2
Non-
lactation [24,96] 0.06 400 6.48 4.19 0.020 522.5 9 1.
Calf [0,6) 0.49 36 1.03 0 0.000 - 0.8

Feedlot Nellore Steers
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FL [21,24] 0.03 441 1142 11.42 83.18 837.1 115

! According to Arruda and Corréa (1992)

2 As proposed by Costa et al. (2005)

3 According to NRC (1996)

4> Calculated following tier 2 methodology (Egglesttnal, 2006).

® Prices were based on time series collected fremrttitute of Agricultural Economics
(IEA, 2013) and were deflated to 2012 values u$-DI (FGV, 2012).

’ Provided by Agronomists (MSc. Paulo Roberto Alimednd Dr. Luis Gustavo Barioni,
Personal Communication, Campinas, 2013) and byrMety (Dr. Tiago Zanett Albertini,
Personal Communication, Campinas, 2013) with eigeem livestock and crop systems of
production in the Cerrado Biome.

" Note that for Avg SBW, DMI and emissions factagecific digestible dry matter values

are used.
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Table S2: Supplemented steers (age cohort), Dadkéntweight, and emissions factors

Death . 5 6 ; ) Maintenance
Avg DMI* DMI®>,  CH,, N0,  Pricé

Cosf
SBW? kg.day* kg.day® kg.head. kg.head. ($2012.head

. . ($2012.head
N (kg)  (supplement) (Pasture) *mth* ‘mth* 1) i)

Contentrate supplementation

Age Age, raté

cohort months (%.mth

SC [27,32] 0.03 457 3.0 12.9 5.8 0.037 837.1 2.3
SP Protein supplementation

1 [6,9 0.42 207 0.33 5.9 2.6 0.017 337.9 1.2
2 [9,12) 0.2 266 0.33 7.2 3.2 0.020 435.2 1.4
3 [12,15) 0.2 331 0.00 9.2 4.1 0.025 563.2 1.7
4 [15,18) 0.03 397 0.00 9.9 4.4 0.028 665.6 2.0
5 [18,21) 0.03 451  0.64 8.9 4.0 0.027 778.2 2.3
6 [21,24) 0.03 481  0.77 8.4 3.8 0.027 829.4 24

1 SC = concentrate supplementation; SP protein supgitation

2 According to Arruda and Corréa (1992)

3 As proposed by Costa et al. (2005)

45 According to NRC (2000)

®7 Calculated following tier 2 methodology (Egglestnal, 2006)

8 Prices were based on time series collected frenrt$titute of Agricultural Economics
(IEA, 2013) and were deflated to 2012 values u$iR-DI (FGV, 2012).

® Provided by Agronomists (MSc. Paulo Roberto Alimednd Dr. Luis Gustavo Barioni,
Personal Communication, Campinas, 2013) and byrMety (Dr. Tiago Zanett Albertini,
Personal Communication, Campinas, 2013) with eigeem livestock and crop systems of

production in the Cerrado Biome.
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Table S3:Amount of inputs and costs of pasturerason

Quantity (t.ha Unit cost Cost
inputs D) (US$2012.1) (US$2012.h3)
Dolomic limestone 3.50 26.94 94.30
Calcium carbonate 1.00 21.76 21.76
Fertilizer, Single Phosphate, N.P.K.

00.18.00 0.31 467.15 144.82
Fertilizer, Potassium chloride, KCI

00.00.60 GR ST S 0.07 688.64 48.20
Urea 0.29 688.64 199.71
Micronutrients, FTE BR 12 0.03 563.20 16.90
Seeds (Brachiaria brizantha cv. Marand)01 4608.00 46.08

Quantity Unit cost Cost
Machinary/Services (hourha) (US$2012.hout)  (US$2012.hd)
Calcium carbonate distribution 0.50 56.32 28.16
Calcium carbonate distribution 1.81 28.16 50.97
Limestone distribution 1.00 28.16 28.16
Mower drag operation, discs: 26 to 28" 0.80 35.84 8.62
Heavy harrow disc operation, discs: 32 to
36" 0.60 35.84 21.50
Heavy harrow disc operation, discs: 22"  0.80 25.60 20.48
Fertilization and pasture planting 0.30 12.29 3.69
Urea distribution 0.30 23.04 6.91

~
@]
L Mechanical pasture mowing 0.12 12.80 1.54
S
o Internal transport 0.30 17.41 5.22
LL

Total cost (US$2012.Ha 767.07

Quantity (t.ha Unit cost Cost
inputs D) (US$2012.1) (US$2012.h3)
Dolomic limestone 3.50 26.94 94.30
Calcium carbonate 1.00 21.76 21.76
Fertilizer, Single Phosphate, N.P.K.

" 00.18.00 0.31 467.15 144.82
@]
L Urea 0.15 688.64 103.30
S
o Micronutrients, FTE BR 12 0.03 563.20 16.90
LL
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Seeds (Brachiaria brizantha cv. Marand)01 4608.00 46.08
Quantity Unit cost Cost
Machinary/Services (hourha) (US$2012.hout)  (US$2012.hd)
Calcium carbonate distribution 0.50 56.32 28.16
Calcium carbonate distribution 0.50 28.16 14.08
Limestone distribution 1.00 28.16 28.16
Mower drag operation, discs: 26 to 28"  0.80 35.84 8.62
Heavy harrow disc operation, discs: 32 to
36" 0.60 35.84 21.50
Heavy harrow disc operation, discs: 22"  0.80 25.60 20.48
Fertilizer distribution and pasture
planting 0.36 12.29 4.42
Urea distribution 1.62 23.04 37.32
Mechanical pasture mowing 0.14 12.80 1.79
Internal transport 0.30 17.41 5.22
Total cost (US$2012.1a 616.97
Quantity (t.ha Unit cost Cost
inputs D) (US$2012.1) (US$2012.hd)
Dolomic limestone 3.50 26.94 94.30
Fertilizer, Single Phosphate, N.P.K.
00.18.00 0.17 467.15 77.55
Seeds (Brachiaria brizantha cv. Marand)01 4608.00 46.08
Quantity Unit cost Cost
Machinary/Services (hourha®) (US$2012.hout)  (US$2012.h3)
Calcium carbonate distribution 0.50 56.32 28.16
Limestone distribution 1.00 28.16 28.16
Mower drag operation, discs: 26 to 28" 0.80 35.84 8.62
Heavy harrow disc operation, discs: 32 to
36" 0.60 35.84 21.50
Heavy harrow disc operation, discs: 22"  0.80 25.60 20.48
Fertilizer distribution and pasture
planting 0.30 12.29 3.69
o Urea distribution 0.36 23.04 8.36
,_‘% Mechanical pasture mowing 0.43 12.80 5.50
§ Internal transport 0.30 17.41 5.22
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Total cost (US$2012.ha-1)

367.68

Quantity (t.ha Unit cost

Cost

inputs D) (US$2012.1) (US$2012.h3)
Dolomic limestone 3.77 26.94 101.57
Fertilizer, Single Phosphate, N.P.K.
00.18.00 0.00 467.15 1.87
Quantity Unit cost Cost
Machinary/Services (hourha®) (US$2012.hout)  (US$2012.h3)
0 Limestone distribution 1.00 28.16 28.16
@]
n Internal transport 0.30 17.41 5.22
S
o Fertilizer distribution 0.07 23.04 1.50
-
Mechanical pasture mowing 0.22 12.80 2.82
Total cost (US$2012.Ha 103.44
Quantity Unit cost Cost

Machinary/Services

(hourha) (US$2012.hout)

(US$2012.h3)

Limestone distribution

FromFto E

Total cost (US$2012.H2

Mechanical pasture mowing

1.20 28.16

0.68 12.80

33.79
8.64

42.43
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Table S4:Amount of inputs and costs of pasture teaance

) ) Cost
Quantity  Unit cost
N (US$2012.ha
(t.ha') (US$20121) N
inputs
Fertilizer, Single Phosphate, N.P.K.
0.01 467.15 4.67
00.18.00
Fertilizer, Potassium chloride, KCI
0.01 688.64 6.89
00.00.60 GR ST S
Urea 0.10 688.64 66.28
] Unit cost Cost
A Quantity ] ]
. (US$2012.hour (US$2012.ha
) _ (hourha”) | N
Machinary/Services ) )
Urea distribution 1.24 23.04 28.52
Fertilizer distribution 0.12 23.04 2.86
. . 0.13 25.60 3.20
Mechanical pasture mowing
Total cost
112.4
(US$2012.h4)
Quantity
inputs (tha®)
Fertilizer, Single Phosphate, N.P.K.
0.01 467.15 4.67
00.18.00
Fertilizer, Potassium chloride, KCI
0.00 688.64 0.00
00.00.60 GR ST S
0.05 688.64 33.14
Urea
) Unit cost Cost
B Quantity
. (US$2012.hour (US$2012.ha
) _ (hourha”) | N
Machinary/Services ) )
Urea distribution 131 23.04 30.24
Fertilizer distribution 0.06 23.04 1.44
. . 0.13 25.60 3.20
Mechanical pasture mowing
Total cost (US$2012.H 72.7
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Cost

Quantity  Unit cost ]
N (US$2012.ha
) (t.ha?) (Uss2012.t-1)
inputs )
Fertilizer, Single Phosphate, N.P.K.
0.01 467.15 2.34
00.18.00
) Unit cost Cost
Quantity
.hour .ha
«  (US$2012.hour (US$2012.h:
C ) _ (hourha”) | N
Machinary/Services ) )
Urea distribution 0.06 23.04 1.44
Mechanical pasture mowing 0.22 2560 5.60
Total cost (US$2012.H 9.4
Cost
Quantity  Unit cost
L (US$2012.ha
_ (t.ha®) (Uss20121t) |
inputs )
Fertilizer, Single Phosphate, N.P.K.
0.01 467.15 2.34
00.18.00
] Unit cost Cost
Quantity
n  (US$2012.hour (US$2012.ha
D ] . (hourha®) | N
Machinary/Services ) )
Urea distribution 0.06 23.04 1.44
Mechanical pasture mowing 0.22 2560 5.60
Total cost (US$.h3 9.4
] Unit cost Cost
Quantity
n  (US$2012.hour (US$2012.ha
E i . (hourha®) | N
Machinary/Services ) )
Mechanical pasture mowing 0.22 2560 5.60
Total cost (US$2012.Ha 5.6
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Table S5: Inputs and costs of plantation of comrsflage production

Cost
Unit cost (US$2012.ha

A. Inputs Quantity (t.Hd  (US$2012.t) >
Dolomic limestone 3.50 26.94 94.30
Calcium carbonate 2.00 40.96 81.92
Fertilizer, Single Phosphate,
N.P.K. 00.18.00 0.30 467.15 140.15
Fertilizer, Potassium chloride, KCI
00.00.60 GR ST S 0.06 830.97 49.86
Micronutrients, FTE BR 12 0.03 345.60 10.37
Fertilizer, N.P.K. 8-30-16 + Zn,
0,5% de Zn 0.30 522.24 156.67
Fertilizer, N.P.K. 25-00-25 0.15 455.68 68.35
Fertilizer, N.P.K. 25-00-25 0.15 455.68 68.35
Desiccant, Nicosulfuron 0.00 12800.00 6.40
Herbicide, Primestra Gold, pre-
emergent 0.00 15659.85 62.64
Inseticide, LORSBAN 480 corn 0.00 18254.39 7.30
Physilogycal inseticide, MATCH
CE 0.00 51642.69 15.49
Fungicide, OPERA 0.00 72377.19 14.48
Inseticide, Blitz 0.00 3916.80 3.92
Corn seed 0.00 102400.00 102.40
Inseticide, SEMEVIN 0.00 60416.00 12.08

Cost

Quantity (hour.ha Unit cost

B. Machinary/Services S

(US$2012.hout)

(US$2012.ha
Y
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B.1. Soil management 0.00 0.00

Physical and chemical soil analysisO0 15.36 15.36

Mower drag operation, discs: 26 to

28" 2.00 35.84 71.68

Limestone distribution 2.00 40.96 81.92

Heavy harrow disc operation,

discs: 32 to 36" 2.00 35.84 71.68

Calcium carbonate distribution 0.50 40.96 20.48

Heavy harrow disc operation,

discs: 22" 2.00 25.60 51.20

Fertilizer distribution 1.00 12.29 12.29

Calcium carbonate distribution 0.50 56.32 28.16

Heavy harrow disc operation,

discs: 22" 0.80 25.60 20.48

Internal transport 0.25 17.41 4.35
Cost

B.2. Corn planting and
management

Corn planting and fertilizer
management

Herbicide pulverization
Herbicidepulverization, pre-
emergent

Inseticide and fungicide
pulverization

Desiccant pulverization
Fertilizer distribution

Internal transport

C. Corn harvest for silage
production
Corn harvest

Internal transport

Quantity (hour.ha Unit cost

(US$2012.ha

D) (US$2012.hout) %
0.48 12.29 5.90
11.78 0.00
2.00 11.78 23.55
2.00 12.29 24.58
1.00 12.29 12.29
0.30 10.24 3.07
0.50 17.41 8.70
Cost

Quantity (hour.ha Unit cost

(US$2012.ha

D) (US$2012.hout) %
6.25 17.20 107.52
6.25 17.41 108.80
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Silage compaction 7.50 10.24 76.80
Silage, lock final procedure 2.00 2.56 5.12
Cost
Quantity (hour.ha Unit cost (US$2012.ha
D. Silage removal and distributiort) (US$2012.hout) 1)
Silage removal and lading 67.00 2.56 171.52
Silage transport 11.00 10.24 112.64
Silage distribution 11.00 2.56 28.16
Cost
Quantity (hour.ha Unit cost (US$2012.ha
E. Silo D) (US$2012.hout) %
Annual silo costs 1.00 164.30 164.30
Total cost (US$2012.Ha 0.00 2125.23

Table S6: Inputs and costs of plantation of corrgfain production

Cost

Unit Price (US$2012.ha
A. Inputs Quantity (t.Hd) (US$20121¢) 1
Dolomic limestone 3.50 26.94 94.30
Calcium carbonate 2.00 40.96 81.92
Fertilizer, Single Phosphate, N.P.K.
00.18.00 0.30 467.15 140.15
Fertilizer, Potassium chloride, KCI
00.00.60 GR ST S 0.06 830.97 49.86
Micronutrients, FTE BR 12 0.03 345.60 10.37
Fertilizer, N.P.K. 8-30-16 + Zn, 0,5%
de Zn 0.30 522.24 156.67
Fertilizer, N.P.K. 25-00-25 0.15 455.68 68.35
Fertilizer, N.P.K. 25-00-25 0.15 455.68 68.35
Desiccant, Nicosulfuron 0.00 12800.00 6.40
Herbicide, Primestra Gold, pre- 0.00 15659.85 62.64
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emergent
Inseticide, LORSBAN 480 corn 0.00 18254.39 7.30
Physilogycal inseticide, MATCH CE  0.00 51642.69 415.
Fungicide, OPERA 0.00 72377.19 14.48
Inseticide, Blitz 0.00 3916.80 3.92
Corn seed 0.00 102400.00 102.40
Inseticide, SEMEVIN 0.00 60416.00 12.08
B. Machinary/Services
Unit Price Cost
Quantity (US$2012.hour (US$2012.ha
B.1. Soil management (hour.hd) D) D)
Mower drag operation, discs: 26 to 2&.00 35.84 71.68
Limestone distribution 1.00 40.96 40.96
Heavy harrow disc operation, discs: 32
to 36" 1.00 35.84 35.84
Calcium carbonate distribution 0.50 40.96 20.48
Heavy harrow disc operation, discs:
22" 2.00 25.60 51.20
Fertilizer distribution 1.00 12.29 12.29
Calcium carbonate distribution 0.50 56.32 28.16
Heavy harrow disc operation, discs:
22" 0.80 25.60 20.48
Internal transport 0.25 17.41 4.35
Unit Price Cost
Quantity (US$2012.hour (US$2012.ha
B.2. Crop Planting (hour.hd) D) D)
Corn planting and fertilizer
management 0.48 12.29 5.90
Herbicidepulverization, pre-emergent 2.00 11.78 523.
Inseticide and fungicide pulverization 2.00 12.29 4.58
Desiccant pulverization 1.00 12.29 12.29
Fertilizer distribution 0.30 10.24 3.07
Internal transport 0.50 17.41 8.70
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Unit Price Cost
Quantity (US$2012.hour (US$2012.ha

C. Harvest and storage (hour.ha’) D) D)

Corn harvest 1.00 33.35 33.35
Internal and external transport (from

farm to warehouse) 3.49 8.70 30.39
Warehouse cost (allocation, drying

and grain cleaning) 58.20 0.87 50.66
Total cost (US$2012.Ha 0.00 1372.61
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Table S7: Inputs and costs of plantation of soybgmaduction

Quantity (t.ha Unit cost

Cost
(US$2012.ha

A. Inputs D) (US$20121) D)
Dolomic limestone 3.50 26.94 94.30
calcium carbonate 2.00 40.96 81.92
Herbicide, Glyphosate 0.00 13633.86 54.54
N.P.K. 0-20-10 ¢/ micros 0.40 435.20 174.08
Fertilizer, Potassium chloride, KCI
00.00.60 GR ST S 0.10 830.97 83.10
Micronutrients, FTE BR 12 0.06 345.60 20.74
Fungicide, seeds treatment, Vitavax
Thiram 0.00 10240.00 5.12
Inseticide, Standak 0.00 196231.17 3.92
Microbial inoculant 0.00 1792.00 3.58
Herbicide, Trifuralina, Milenia 0.00 16687.89 33.38
Inseticide, Dimilin 0.00 47816.87 1.43
Inseticide, LORSBAN 480 0.00 18254.39 4.56
Inseticide, Nomolt 0.00 40960.00 2.05
Inseticide, Acefato 0.00 18513.67 5.55
Inseticide, Engeo Pleno 0.00 69405.57 13.88
Inseticide, Thiodam EC 0.00 14516.53 3.63
Fungicide, Opera 0.00 72377.19 72.38
Fungicide, Priori Xtra 0.00 74898.58 22.47
Fungicide, Derozal Plus 0.00 23738.45 11.87
Mineral oil, Assist 0.01 2560.00 23.04
Trangenic soybean seed, Syngenta
9070 or Potencia 0.07 1152.00 74.88
B. Machinary/Services
Cost

Quantity Unit cost (US$2012.ha
B.1. Soil management (hour.ha) (US$2012.hout) 1)
Mower drag operation, discs: 26 to 2.00 35.84 71.68
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28"
Limestone distribution 1.00 40.96 40.96
Heavy harrow disc operation, discs: 32
to 36" 1.00 35.84 35.84
Calcium carbonate distribution 0.50 40.96 20.48
Heavy harrow disc operation, discs:
22" 2.00 25.60 51.20
Fertilization operation 1.00 12.29 12.29
Solil terrace operation 0.50 56.32 28.16
Fertilization and seed planting 0.48 12.29 5.90
Desiccant pulverization 1.00 12.29 12.29
Herbicide operation 1.00 11.78 11.78
Herbicide operation 1.00 11.78 11.78
Inseticide and fungicide operation 9.00 12.29 190.5
Crop fertilization 1.00 10.24 10.24
Cost
Quantity Unit cost (US$2012.ha
C. Harvest and storage (hour.h&) (US$2012.hout) 1)
Harvest, grains, machine costs 1.00 33.35 33.35
Transportation (from farm to
warehouse) 2.04 8.70 17.73
Warehouse cost (allocation, drying
and grain cleaning) 33.95 0.87 29.55
Total cost (US$2012.Ha 1294.22

Table S8: Farm annual maintenance costs

Price (US$2012.hayr

Variable D)

Working animals, horse
Depreciation 0.08
Interest 0.03
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Machinery and equipment 0.00
Depreciation 6.91
Interest 2.34

Veterinary equipements 0.00
Depreciation 0.11

Telephone device 0.00
Depreciation 0.03

Farmer minimum living expenses 0.49

Maintenance of machinery and equipment 5.70

Services and labor 6.63
Fuel and lubricant 2.06

Taxes and fees 0.62
Total farm costs 24.99

! Costs as proposed by Costa et al. (2005) costtstau
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Table S9: List of LCA values according to inputplgation and machinery operations.

LCA factor (kg of CQ-e.(kg of

Inputs

input)?)
Calcium carbonate 2.12E-03
Corn seed 1.93E+00
Dolomitic limestone 2.12E-03

Fertilizer, N.P.K. 25-00-25 (substituted by urea) .3CE+00
Fertilizer, N.P.K. 8-30-16 + Zn, 0,5% de Zn

(substituted by SSP) 2.62E+00
Fertilizer, Potassium chloride, KCI 00.00.60 GR ST

S 4.97E-01
Fertilizer, Single Phosphate, N.P.K. 00.18.00 2:68%F
Fungicide, Derozal Plus 1.06E+01
Fungicide, Opera 1.06E+01
Fungicide, Priori Xtra 1.06E+01
Herbicide, Primestra Gold, pre-emergent 1.02E+01
Herbicide, Trifuralina, Milenia 1.02E+01
Insecticide, Dimilin 1.66E+01
Insecticide, Nomolt 1.66E+01
Insecticide, Standak 1.66E+01
Insecticide, Thiodam EC 1.66E+01
Insecticide, Acefato 1.66E+01
Insecticide, Blitz 1.66E+01
Insecticide, Engeo Pleno 1.66E+01
Insecticide, LORSBAN 480 1.66E+01
Insecticide, SEMEVIN 1.66E+01
Microbial inoculant NA
Micronutrients, FTE BR 12 NA
Physilogycal Insecticide, MATCH CE 16.6
Seeds (Brachiaria brizantha cv. Marandu) 1.90E+00
Transgenic soybean seed, Syngenta 9070 or

Potencia 9.60E-01
Urea 1.52E+00
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LCA factor (kg of CQ-e.(ha of

Machinery operations with area-proportional LCAservice)")

Calcium carbonate distribution
Corn harvest for silage
Desiccant pulverization
Desiccant, Nicosulfuron
Fertilization and pasture planting
Fertilization and seed planting
Harvest, grains, machine costs

Heavy harrow disc operation, discs: 22"

Heavy harrow disc operation, discs: 32 to 36"

Herbicide pulverization (ppi or "pre")
Insecticide and fungicide pulverization
Limestone distribution

Mechanical pasture mowing

Mineral oil, Assist

Mower drag operation, discs: 26 to 28"
Silage compaction

Silage, lock final procedure

Soil terrace

Urea distribution

2.53E+01
3.25E+02
1.10E+01
1.02E+01
2.27E+01
9.83E+01
3.25E+02
2.47E+01
6:A38E
1.10E+01
1.10E+01
2.53E+01
2.33E+01
1.73E+00
2.47E+01
NA
NA

1.18E+02

2.53E+01

Machinery operations with weight and distance- LCA factor kg of CO2-e.(tkm of

proportional LCA service)t
Internal transport 4.84E-01
Silage transport and distribution 4.84E-01

Machinery operations with volume-proportional

LCA

LCA factor (kg of CO2-e.(rhof

service))

Silage removal and lading

6.24E-01

1 Not available

2 tkm = tonnes times kilometres
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Table S10: Pasture area scenarios and associdtedsiation.

Baseline projection (&) and altered projections sAu-30% and Asau+3os generated as a

function of the demand scenarioga-zos and Dsau+3o% assuming that every 1% variation
in demand causes a variation of 0.4% in pastuie &re 0.4).

Total area (M ha) Deforested area* (M ha)
Year Aepu Asausow  Asau+zow  Asau Asausow  ABAU+30%
2015 68.9 65.8 72.0 0.0 0.0 2.5
2020 69.2 644 74.1 0.4 0.0 5.0
2025 69.8 63.1 76.4 0.9 0.0 7.9
2030 70.4 62.0 78.8 15 0.0 10.9

* Accumulated from 2006
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Table S11:Protein content, relative equivalencé Wwéef and carbon footprint for Brazilian

broiler meat.
_ Beef C footprint (kg

Protein )

Meat Equivalence CO,-e/kg of
content _

protein product)
Beef 0.17 1.00 -
Broiler 0.19 0.89 5.84

! http://www.fao.org/ag/ags/post-harvest-managemesdt-meat-products/background-and-
meat-consumption/composition-of-meat/en/

(MacLeod et al., 2013Note for part of the analysis unpublished Brazieific emission
factors from the same study were used.
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Supplementary Figures

25
E A
.2 20 ¥F—e . ES
= e
§ I5 :\» C
E - e
E 10 D
g N e F
g s "8 _
a
O &
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time (Years)

Figure S1: Discrete representation of pasture diegi@n of Brachiaria Brizantha.
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Figure S2:Comparison between beef production astipaarea using Brazilian agricultural
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Brazil is one of the first major developing countries to commit to a national greenhouse gas (GHG) emissions
target that requires a reduction of between 36.1% and 38.9% relative to baseline emissions by 2020. The country
intends to submit agricultural emissions reductions as part of this target, with livestock production identified as
offering significant abatement potential. Focusing on the Cerrado core (central Brazilian savannah), this paper
investigates the cost-effectiveness of this potential, which involves some consideration of both the private and
social costs and benefits (e.g. including avoided deforestation) arising from specific mitigation measures that
may form part of Brazil's definition of Nationally Appropriate Mitigation Measures (NAMAs). The analysis used
an optimisation model to define abatement costs. A baseline projection suggests that beef production in the
region will emit 2.6 Gt CO,e (CO; equivalent) from 2010 to 2030, corresponding to 9% of national emissions
(including energy, transport, waste, livestock and agriculture). By implementing negative-cost measures identi-
fied in a marginal abatement cost curve (MACC) by 2030, the 2.6 Gt CO.e could be reduced by around 24%, Pas-
ture restoration, involving avoided deforestation, offers the largest contribution to these results. As the Brazilian
Cerrado is seen as a model for transforming other global savannahs, the results offer a significant contribution by
identifying alternatives for increasing productivity while minimizing national and global external costs.
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1. Introduction

Global demand for livestock products is projected to grow by 70% by
2050 (Gerber et al., 2013). This is expected to generate significant addi-
tional pressure on producers and on natural resources. Sustainable
management (or intensification ) will require increasing yields and effi-
ciency in existing ruminant production systems, minimizing competi-
tion of land used for food and feed, while maximizing ecosystem
services, including mitigation of greenhouse gas (GHG) emissions
(Gerber et al., 2013; Soussana et al., 2013; Thornton and Herrero, 2010).

Tropical regions are implicated as potentially offering major oppor-
tunities to increase beef productivity and emissions mitigation, as
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Mains Road, Edinburgh EH9 3]G, Scotland, United Kingdom.
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dominic.Moran@sruc.ac.uk (D. Moran).
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0308-521X/© 2015 Elsevier Ltd. All rights reserved.

current productivity levels are still relatively low and emission intensi-
ties correspondingly high (Opio et al., 2013; Gerber et al,, 2013).

More productive pastures can increase soil carbon stocks, providing
one of the largest terrestrial carbon sinks (Follett and Reed, 2010; Neely
etal, 2009), in a pool that is a more stable form than the aerial compo-
nents of forests (Soussana et al,, 2010). But potential carbon sequestra-
tion in soils under grasslands far from offsets the loss of above ground
vegetation in the majority of tropical areas, and therefore natural vege-
tation should be preserved.

Brazil is the world's second largest beef producer — 9.3 Mt yr
(14.7% of the world's total), and the largest exporter in 2012-13 (FAO,
2014). Production is predominantly pasture-based in a grassland area
of approximately 170 Mha (IBGE, 2014), mostly in a humid or sub-
humid tropical climate.

But beef production can entail significant trade-offs, that must be
managed to minimize external costs. These include the controlled ex-
pansion of agricultural area, associated deforestation, cost-effective
greenhouse gas mitigation, and land competition between food and
biofuels.
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Analysis of historical data (Martha et al,, 2012) and scenario studies
conducted by the World Bank (de Gouvello et al.,2011) suggest that im-
proving beef productivity has the highest potential to buffer the expan-
sion of other agricultural activities, avoiding further deforestation.
Increasing pasture productivity can also boost soil carbon sequestration,
particularly when carried out in currently degraded grasslands (Braz
et al., 2013; Ruviaro et al,, 2014). In addition, increasing productivity
through feed supplementation may significantly reduce direct methane
emissions (Berndt and Tomkins, 2013; Ruviaro et al., 2014).

In this context and based on its previous National Plan on Climate
Change, at the Conference of the Parties 15 (COP 15), Brazil has pro-
posed Nationally Appropriate Mitigation Actions (NAMAs) as part
of its commitment to the United Nations Framework Convention on Cli-
mate Change (http://www.mmechanisms.org/e/namainfo/index.html).
Over the period 2010-2020, the NAMAs establish targets for the reduc-
tion of Amazon deforestation by 80% and by 40% in the Cerrado
(Brazilian savannah), through the adoption of pasture recovery
(15 Mha), and from integrated crop-livestock-forestry systems
(4 Mha). With these cattle-related measures, Brazil expects to reduce
net emissions by between 101 and 126 Mt CO,e, by 2020, which ac-
count for 61-73% of all mitigation in agricultural practises by the
NAMA route. The NAMA proposal is enacted as part of the ambitious
ABC (Agricultura de Baixo Carbono — Low Carbon Agriculture) pro-
gramme, which offers low interest credit lines to farmers adopting
mitigation technologies (Mozzer, 2011).

This paper investigates the cost-effectiveness of key livestock
mitigation measures applicable in the Cerrado core (central Brazilian
savannah); a region that contains around 35% of the Brazilian herd
(Anualpec, 2010). The region is considered as central in Brazil's
ascendance in global production (The Economist, 2010; The New York
Times, 2007) and is still regarded as the most important region for
expanding beef production in Brazil (Ferraz and Felicio, 2010). It is
seen as a potential model for transforming other savannahs (Morris
etal., 2012).

The analytical focus is significant because there is currently little re-
search clearly demonstrating that mitigation through livestock manage-
ment can be delivered at relatively low cost. The paper offers the first
bottom-up cost-effectiveness analysis using an optimisation model for
Brazilian beef production. The measures evaluated are pasture restora-
tion, feedlot finishing, supplement concentrates and protein and nitrifi-
cation inhibitors. The analysis uses the outputs of a multi-period linear
programming model to develop a bottom-up or engineering marginal
abatement cost curve (MACC), to represent the relative cost-
effectiveness of measures and their cumulative abatement potential
above a baseline of business as usual (Moran et al., 2010). The analysis
examines the direct emissions reductions attributable to measures
enacted within the notional farm gate rather than wider life cycle im-
pacts (ie., post farm gate), and accounts for both the private and social
costs and benefits (e.g. including avoided deforestation).

The paper offers new insights for regional policy and is structured as
follows. Section 2 outlines the modelling structure and relevant optimi-
sation assumptions underlying the cost-effectiveness analysis. Section 3
describes the MACC calculation, while Section 4 sets out results.
Sections 5 and 6 offer a discussion and conclusions.

2. Modelling methods for mitigation cost-effectiveness
2.1. Model overview

Abatement potential and cost-effectiveness of measures were de-
rived using a multi-period linear programming model (see Appendix:
Supplementary material for detailed mathematical description) that
simulates a whole cycle (cow-calf, stocking and finishing) beef produc-
tion farm, accounting for: (i) herd dynamics, (ii) financial resources, (iii)
feed budgeting, (iv) land use: pasture recovery dynamics and crops, and
(v) soil carbon stock dynamics.

The model optimises the use of the farm resources (capital, cattle,
land) while meeting demand projections and maximizing profit. In
this context the model is used to simulate beef production treating the
Cerrado region as a single farm. The farm activities (i-iii) are modelled
using monthly time steps, while (iv & v) are modelled using annual
time steps. The model represents animals in age cohorts k; a steer of
age cohort k = 1, is a calf aged 6 months, and 189 kg of live weight
(LW). After 3 months in the system, age cohort k is transferred to age
cohort k + 1, now with 222 kg of LW. The final weight is 454 kg, corre-
sponding to k = 9 (33 months), when the animal is sold and removed
from the system.

The same cohorts apply to heifers, although these can also accom-
modate breeding rates, where a heifer generates 1 calf per 18 month
cycle, comprising 9 months of pregnancy, 6 months of lactation
(Millen et al, 2011), plus 3 months of non-lactation and non-
pregnancy. Half of the calves born are allocated to steers and the other
half are allocated to heifers, both of age cohort k = 1. After 4 cycles,
the cows are removed from the system and slaughtered, i.e., used to
meet demand.

The model also simulates feedlot finishing, and thus allows the
reduction of the finishing time. It can remove a proportion of steers
from exclusive grazing, inserting the animals into feedlot systems; gen-
erally only males are confined in Brazil (Millen et al., 2009; Costa Junior
et al, 2013). For all cattle categories, i.e., male, female, male in feedlot
and breeding females, the corresponding age cohort is associated with
specific parameters: weight, mortality rate, dry matter (DM) intake,
selling and purchase prices, emissions factors for CH,4 from enteric fer-
mentation and emissions factors for N,O from excreta. The associated
coefficient values are detailed in Tables S1 and S2 (Appendix: Supple-
mentary tables).

The gross margin of the Cerrado single region farm is maximized and
calculated as the difference between the income and expenses. Income
derives exclusively from the sale of finished cattle, 454 kg of LW for
steers and 372 kg of LW for heifers. Farm expenses are composed of in-
vestment and maintenance costs. Maintenance costs are (i) farm main-
tenance and (ii) animal non-feed maintenance. Costs for (i) include
waorking animals, machinery and equipment, veterinary equipment,
telephone device, fuel, taxes and fees, totalling US$ 25.00 ha™ 'yr~!
(see Appendix; Supplementary Table S8 for details). Costs for (ii) were
calculated for each age cohort and it is composed of cost of mineral
salt and expenses with health (vaccines), and animal identification (Ap-
pendix: Supplementary Table S1).

2.2. Land use dynamics

The model simulates land use dynamics by allocating the total area
across pastures or crops; the latter being used for grain and silage pro-
duction to be used for the formulation of ration for feedlot and supple-
mentation for grazing cattle. The model allocates land into pasture,
soybean and corn. In the case of pasture, the model allocates land into
different productivity levels. Pasture degradation and restoration rates
are key model processes that have a bearing on overall system produc-
tivity and hence emissions intensity of production.

2.2.1. Grassland degradation

Pasture degradation can be defined as the loss of vigour and produc-
tivity of forage. To represent the degradation process, we define six
levels of dry matter productivity (DMP): A, B, C, D, E and F (Table 1),
where level A is the pasture of highest productivity, and level F is fully
degraded. If no action is taken to maintain or improve productivity
of a fraction of the area in a given level, it is relocated to a lower produc-
tivity level. So, after a period of time (assumed as two years herein) level
A degrades to level B, B degrades to C, and so on, until pasture F, thus
completing a 10 years full degradation (with no management
interventions).
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Table 1
Annual dry matter productivity and equilibrium C stock values in function of land use.

Land use DM? (tha 'yr ") Soil carbon stock equilibrium® (t ha 1)
Pasture A 19.6 843
Pasture B 176 827
Pasture C 126 623
Pasture D 87 452
Pasture E 58 324
Pasture F 38 26.1
Corn (silage) 9.0 45.0
Corn (grain) 38 400
Soybean 25 450

@ Estimated using the model published by Tonato et al. (2010).
b According to Parton et al. (1987).

The DMP of the pastures levels were calculated exogenously using a
model that estimates seasonal pasture growth according to soil, species
and climate conditions (Tonato et al., 2010). Each pasture level of
DMP is associated with a carbon equilibrium value that is used to
estimate changes in soil organic carbon due to pasture management
(see Section 2.3 for details).

2.2.2. Land use change and pasture restoration

To offset the degradation process the model can allow for grassland
restoration through improved forage quality by direct restoration (by
chemical and mechanical treatment) or indirect restoration (by rotating
with crops). For example, in a given year a pasture A will degrade to B,
the optimal solution might be letting half of pasture A to degrade, and
half be maintained to level A. Furthermore, the model works simulta-
neously with a composition of pasture DMP levels; e.g., in a given year
t, the composition can be 4% of A, 10% of B, 85% of C, and 1% of soybean.
Then, at year t + 1, the composition can change by any combination
among the pasture DMP levels and crops.

For each type of land use change or restoration, there is an associated
cost (Table 2). Costs were calculated accounting for the amount of
inputs and farm operations (e.g., nitrogen, limestone, micronutrients,
forage seeds, internal transport) needed to maintain or increase the
DMP level in the target pasture DMP level. For details of applied inputs,
see Tables S3-S7 in Appendix: Supplementary tables.

Land use change (including deforestation), degrading or restoring
pasture will affect the soil carbon (C) stocks. These changes are calculat-
ed by estimating the annual C stock under pasture and crops for each
land use. The total accumulated C under soils is given by the sum of
the C stock of each pasture DMP levels, soybean and corn.

2.3. Carbon sequestration through pasture management

Depending on the DMP, the C flux may change significantly. The
model works with equilibrium values of the C stock for each type of

Table 2

pasture and crops, The higher the pasture productivity, the higher the
C equilibrium value (Table 1). The equilibrium values were calculated
exogenously, using simulations from the CENTURY model (Parton
et al,, 1987) applied to Cerrado biophysical characteristics and using
the annual DMP calculated for each pasture category.

The model accounts for the annual carbon stocks per each land use
in column 1, Table 1. The model transfers the accumulated carbon
from year t — 1 to year t and calculates the variation of soil Cin year t.

Letting Cy be the soil carbon stock (tonnes) under the land use lu,
where lu €{A, B, C, D, E, F, soybean, corn (silage), corn (grain)}. Then
Ce.u can be expressed by:

Con = @(t, u) + ACy (M
and
AC = f (8 Comr)- (2)

Eq. (1) is composed of the carbon transference term, ¢(t,lu), and the
C sequestration term, AC;y,. The term @(t,lu) accounts the transference
of C from other uses to land use lu in year t; e.g., if lu is equal pasture
B, and one hectare of soybean is converted in year t into one hectare
of pasture level B, the carbon previously stocked under soybean has to
be transferred to pasture B. Similarly, if some hectares are converted
from pasture B to pasture A, or degraded to C, then part of the C stock
from B has to be proportionally transferred from B to these other uses.
The sequestration term, AC,, is written as a function of the difference
between the previous C stock C;_ . and the C stock equilibrium
value, &, Hence the further the previous stock is from the equilibrium
value, the more C will be up taken. Conversely, if due to the land
use change, or degradation, the C stock becomes greater than the equi-
librium value, there will be negative C sequestration, i.e,, a loss of C
stock. These modelling approaches follow the concepts suggested by
Eggleston et al. (2006) and Vuichard et al. (2007). The extended version
of Egs. (1) and (2) are presented in Appendix: Supplementary material.

2.4, Deforestation due to cattle ranching

For pasture area we use the projections published by de Gouvello
et al. (2011) combined with an endogenous deforestation term. Let
LU, be the total area at year t; a, the exogenous projections; and D; the
endogenous term that represents further area expansion. Then for
every year:

LU; = a; + Dy. (3)

The deforested area will cause a loss of carbon stocks in natural veg-
etation and influence soil C; and directly influences the transference
term in Eq. (1), i.e., loss of soil organic matter (SOM). Both vegetation

Costs of pasture restoration practises and crops planting. The table can be read as “the cost to restore one hectare of pasture X’ to an improved pasture 'Y, or in some cases, “the cost to

move one hectare from land use X’ to land use'Y™", where “X” and *Y” are any element in the column “Pasture/crop”. The case of X = Y (table diagonal), rep the cost of mai a
given pasture at the current DMP level (i.e., cost of avoiding degradation) or the cost of replant a crop in the same area.
Land use Costs of pasture restoration practises/land use change” (US$ 2012 ha—')
Pasture A Pasture B Pasture C Pasture D Pasture E Pasture F Corn (silage) Corn (grain) Soybean
Pasture A 1124 0.0 0.0 0.0 00 00 13526 600.0 3454
Pasture B 1499 727 0.0 0.0 0.0 0.0 1502.5 7499 495.3
Pasture C 3993 2494 15.0 0.0 0.0 0.0 1751.9 999.3 744.7
Pasture D 630.0 480.0 2307 94 0.0 0.0 1982.6 12299 9753
Pasture E 7246 5746 3252 946 56 00 2077.2 13245 1069.9
Pasture F 767.0 617.1 367.7 137.1 425 56 21196 1367.0 11124
Corn (silage) 2698 2009 1251 125.1 125.1 125.1 1630.7 1060.6 971.8
Corn (grain) 2698 2009 1251 1254 125.1 1251 17364 981.9 9926
Soybean 269.8 2009 1251 125.1 1251 125.1 1736.4 981.9 1017.7

2 See Appendix: Supplementary material for calculation details.
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carbon stocks and SOM are accounted to represent the emissions
associated with deforestation.

There is limited quantitative research accounting for the dynamics of
pasture productivity following deforestation. In accordance with the
best available information, the model allocates new converted areas
into the system in pasture category C (the highest without nitrogen
fertilization), as soil carbon also can increase or decrease values after
deforestation (Maia et al., 2009) and pasture productivity is relatively
high after conversion due to higher soil organic matter mineralization
(Martha et al,, 2007). In this analysis, we assumed the cost of opening
new areas is zero because the cost of conversion the Cerrado into pas-
tures can be offset by timber sales and land value appreciation
(Bowman et al., 2012).

Another assumption is that the model cannot discard land endoge-
nously, neither does it allow fallow in any year of the planning period.
This assumption is based on the fact that cattle ranchers are not allowed
to let their properties be unproductive; otherwise the land can be con-
fiscated by the government for agrarian reform (Federal Law 8.629 —
www.planalto.gov.br/ccivil_03/leis/I8629.htm).

2.5. Baseline construction

Land use change scenarios need to be mapped onto a plausible base-
line for land use activity. The baseline scenario is based on national fore-
casts of beef demand and grassland area for Brazil, from 2006 to 2030
(de Gouvello et al., 2011). The assumption is that the attributable
Cerrado pasture area and beef demand share are a fixed proportion of
the national projections. In 2006, the Cerrado pasture area represented
34% of the national total (IBGE, 2014). The model then assumes that
Cerrado pasture area corresponds to 34% of Brazil's pasture area, and
this proportion is constant during the studied period (2006-2030). Sim-
ilarly, as there is no data for regional demand, we assumed demand to
be proportional to area, i.e., demand for Cerrado is also equivalent to
34% of national demand, this percentage is very close to the 35% figure
estimated by Anualpec (2010).

In the model, increased productivity occurs by means of investments
in technologies, e.g., pasture restoration, supplementation and feedlot
animals. The baseline scenario has limited adoption of these measures,
implying constant productivity. We assumed that pasture restoration
is allowed in the baseline only to avoid degradation, but it is constrained
to maintain productivity at 2006 levels (10 t DM ha™ " yr~', as calculat-
ed in Appendix: Supplementary material). Combining this constraint
with projected increased demand pushes the model to open new
areas if it is necessary to meet the growing demand for beef,

The current adoption rate of feedlot finishing in Brazil is around 10%
of the total herd (Anualpec, 2010). We assumed this proportion to be
constant in the baseline, a rate that is in counterpoint to a higher level
of penetration of this measure in a mitigation counterfactual.

2.6. GHG emissions sources

The model calculates GHG emissions using emissions factors for
activities within the farm gate, GHG emissions associated with the farm
activities are: (a) CH, from cattle enteric fermentation (CH,4 from excreta
is not accounted); (b) N,O from cattle excreta; (c) N,O direct emissions
from N fertilization; (d) CO, from deforestation; and (e) CO, from pasture
degradation and land use change from pasture to crops. [tems (a) and
(b) depend on herd composition: each age cohort of males and females
(heifer or cow) has an associated emission factor of CH, and N,O calculat-
ed using Tier 2 methodology (Eggleston et al., 2006), see Table S1 and
Table S2 (Appendix: Supplementary tables). Due to the lack of studies
in Brazilian conditions, for (c), we used the Tier 1 IPCC default factor of
1% (Eggleston et al,, 2006). The emissions from (d) are calculated using
coefficient of loss of natural vegetation per deforested area. The average
carbon loss of natural vegetation due to deforestation was estimated as
34.6 tonnes of C per hectare, in accordance to Eggleston et al. (2006)

and Bustamante et al. (2012). For (e), the emissions are calculated accord-
ing to Eqs. (1) and (2).

2.7. Minigation measures

The selection of GHG mitigation measures was based on literature
review and expert opinion regarding the relevance and applicability
of the technologies to Brazilian livestock production and conditions.
The measures evaluated are: concentrate supplementation, protein sup-
plementation, pasture restoration, nitrification inhibitors and feedlot
finishing. Although the latter is already in the baseline, we investigated
a higher adoption rate of this technology.

Modelling assumptions for these measures related to the effects the
measures have upon the gross margin and emissions are detailed in
Table 3.

2.7.1. Concentrate and protein supplementation

Both measures involve supplementing the feed of grazing steers;
e.g., feed is composed of forage and supplements. It is expected that
these measures reduce emissions since animals gain weight faster and
take less time to be finished.

Biological coefficients, e.g., mortality rate, weight, DM intake, and emis-
sions factor for steers fed with supplementations can be found in Table S2
in Appendix: Supplementary tables.

2.7.2. Pasture restoration

This measure worls in the model by avoiding deforestation and be-
cause restoration boosts carbon soil uptake. Details of the modelling and
costs are explained in Section 2.2.2. In contrast to the baseline scenario,
to evaluate this measure, the fixed DMP baseline constraint was removed,

2.7.3. Nitrification inhibitors

The measure works by avoiding a proportion of the N in fertilizer or
manure being converted into N»0, i.e. nitrification and denitrification
process (Abbasi and Adams, 2000). To date there have been no studies
detailing the reduction in N2O emissions for Brazilian pastures when
nitrogen inhibitors are applied. A 50% reduction of direct N,O emissions
is assumed in this paper — as found by Giltrap et al. (2011) for a New
Zealand study. We assumed that this measure is applicable only over
the N used for pasture and crops fertilization. The reason is that most
of the Brazilian herd is based on a grazing system where it is unfeasible
to apply inhibitors to animal excreta.

2.74. Feedlot finishing

Like supplementation, this measure works by reducing the cattle
finishing time since feedlot animals are fed only by ration (with the for-
mulation described in Table 4). Only steers can be selected to model in
the feedlot system. The adoption rate was arbitrarily assumed to be
15% of the total finished herd, since in the baseline the adoption rate
is 10% of the total finished herd, the measure can be stated as: increasing
by 50% over the baseline adoption rate,

3. Marginal abatement cost curve

A MACC can be used to represent the relative cost-effectiveness of
different abatement options and the total amount of GHG that can be
abated by applying mitigation measures over and above a baseline
scenario. The aim is to identify the most economically efficient manner
to achieve emissions reduction targets, where the cheapest units of
greenhouse gas should be abated first (Moran et al., 2010).

MACC analysis can be derived by means of a top-down analysis —
which usually makes use of a general equilibrium model and emissions
are calculated endogenously, or by a bottom-up or engineering analysis
(MacLeod et al., 2010). This paper takes a bottom-up approach, where
the individual abatement potential of measures and their costs are
individually modelled.
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In relative terms, enteric fermentation makes the biggest contribu-
tion to the total: 66% of emissions, followed by deforestation, with
26%. The results also show that pasture degradation is a considerable
source of emissions, accounting for an average of 8.35 Mt COze yr !
(an average of 0.06 t COze ha~'yr~!), the equivalent to 4% of emissions
or the same proportion as animal waste (Fig. 2).

de Gouvello et al. (2011) suggests that total national GHG emissions
from energy, transport, waste, livestock and agriculture, will be around
1.70 Gt CO,e by 2030. The results presented here suggest that beef pro-
duction in the Cerrado will be responsible for about 152 Mt COze in
2030, corresponding to 9% of total national GHG emissions,

In the baseline scenario, without increasing productivity, an average
deforestation rate of 246.1 x 10% hayr~ ! would be required to meet the
beef demand projections.

Emissions attributed to the use of fertilizers were not significant,
accounting for an average of 0.2 Mt COe yr—'. This was expected,
since small amounts of N are used to fertilize Cerrado pasture soils
(Martha et al., 2007; Cederberg et al.,, 2009).

4.2, Cost-effectiveness analysis

For policy purposes it is important to detail the relative cost of
emissions mitigation measures. Three of the five mitigation measures
simulated — concentrate supplementation, protein supplementation,
and pasture restoration — have negative cost-effectiveness: US$
—8.01tC0ze ', US$ —2.88tCO.e " and US$ —0.05t CO,e !, respec-
tively (Fig. 3). Adopting these measures implies cost savings while re-
ducing emissions. These measures work by balancing the loss of DM
production during the dry months. The Cerrado biome is predominantly
seasonal tropical, meaning dry winters and rainy summers, with lower
pasture productivity during the dry months. If cattle are supplemented
with concentrates or protein they can be finished earlier, thereby reduc-
ing emissions.

Due to the large applicable area (approximately 60 Mha), and given
the current low productivity of 10 t DM ha~' yr™', pasture restoration
provides the biggest opportunity for reducing emissions in the region.

The abatement potential (AP) for pasture restoration is
26.9 Mt CO,e yr~', comprising of two components: C sequestration
and avoided deforestation, the latter accounting for 96% of this AP,
Despite improved pasture productivity, less area is used to meet the

Pasture Nitrogen
degradation fertilizers
Animal waste . 4% 0%

(N20)
4%

Fig. 2. Share of the main GHG emissions sources from beef production in the Brazilian
Cerrado. The values relates to the proportion of each source in relation to the accumulated
emissions for the period 2010-2030.
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Fig. 3. Marginal abatement cost schedule of key mitigation measures applicable to beef
production in the Cerrado. The abatement potential (x-axis) and cost effectiveness
(y-axis) of each measure was calculated as the average values obtained by adopting the
measure over the 2006-2030 period. The figures are average values for the period of
2006-2030. * Not in scale.

same demand relative to the baseline, what means forage availability
optimally matches that required for demand. In a scenario of increased
forage productivity and higher beef demand, methane emissions would
rise as result of increased animal numbers. Pasture restoration
would improve the Cerrado average productivity from 10 to
11.2 t DM ha~ ! yr™!, an increase of 12% relative to the baseline.
This increase would lead to an average C sequestration rate of
0.32 tCO-e ha™ ' yr~!. This is a low C uptake potential when compared
to values found by Maia et al. (2009), which showed that C sequestra-
tion rates of 2.24 t CO,e ha~' yr™ ' can be achieved in well-managed
pastures in Cerrado. The carbon sequestration rate however, reflect the
2006-2030 period, after which, and in the long term, as pastures are
intensified it will eventually reach equilibrium and therefore no more
carbon is likely to be sequestered.

The AP of feedlot finishing is 440 kt CO-e yr~ ', but the measure cost-
effectiveness US$ 31.32 t CO,e ™ ! is high relative to supplementation.

Nitrification inhibitors are the least cost-effective measure consid-
ered. But this analysis only considered the application to N used for
pasture and crops fertilization and excluded the application to animal
excreta.

The results indicate that restoring degraded lands is the biggest op-
portunity for reducing emissions in the Cerrado. The AP of this measure
is about 20 times greater than all the other measures combined.

An important assumption underpinning the MACC relates to the
assumed measure adoption rates (Table 5). With exception of feedlot
finishing, the adoption rates are optimised, meaning the rates that max-
imizes the gross margin in the model.

Table 5

Mitigation measures adoption rate.
Mitigation measure Adoption rate Unit
Supplementation: concentrate 12 %
Supplementation: protein 22 %
Pasture restoration 314.7 10°hayr !
Feedlot finishing 15 %
Nitrification inhibitors 1278 gha lyr!

¢ Adoption rates for feedlot, protein and concentrate supplementation are calculated as
the percentage of the total finished animals. The adoption rate of pasture restoration is the
annual average area of restored pasture.
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5. Discussion

Tomeet increasing domestic and export demand, the government of
Brazil recognizes the need to foster sustainable agricultural intensifica-
tion, which implies increased resource productivity while minimizing
significant domestic and global external costs implicit in GHG emissions
and deforestation. The results presented here suggest that a significant
contribution to this objective can be made by targeting specific mea-
sures to improve yield. Specifically, pasture restoration, supplements
and feedlot measures could reduce sector emissions by 24.1% by 2030.
Moreover, by adopting only negative-cost measures (Fig. 3), it is possi-
ble to abate about 23.7% of baseline livestock emissions in the Cerrado,
up to 2030. According to our results the restoration of degraded pas-
tures offers the greatest abatement potential, involving the restoration
of an average of 314.7 x 10° ha yr~ ' in Cerrado grasslands.

Currently, it has been estimated that 50% to 80% of pastures in the
Amazon and Cerrado are degraded (Macedo et al., 2014; Peron and
Evangelista, 2004 ). Achieving a higher rate is likely to entail some initial
investment costs to promote modified production practises and this is
the purpose of the government's ABC programme. ABC is an ambitious
plan created to stimulate farmers and ranchers to adopt mitigation mea-
sures including restoration of degraded pastures, helping the country to
meet the reduction targets presented at COP 15. ABC is the biggest sus-
tainable agriculture fund running in Brazil, with a key objective of dis-
bursing subsidized credit to the agricultural sector. The plan currently
targets the recovery of 15 Mha in 10 years, which will lead to reductions
up to 104 Mt CO.e, roughly 64% of the programme total mitigation
potential. But it does not include other relevant measures such as feed
supplementation measures, which would normally be considered as
privately profitable anyway.

The outcome of the ABC plan remains to be evaluated, but initial in-
dications suggest that uptake of credit has been slower than anticipated
(Claudio, 2012). Recent evidence from the Amazon Environmental
Research Institute suggests that several institutional barriers have re-
tarded the programme, including a lack of publicity and infermation
about the aims and the benefits of the programme, difficulties in com-
plying with programme requirements, a lack of technical assistance,
and producer scepticism about the private economic benefits of mea-
sures that are predominantly designed to address global external costs
(Stabile et al., 2012).

Producers also perceive transaction costs in programme compliance
and a lack of basic infrastructure (Rada, 2013) that is needed to support
increased productivity. In short, the ABC plan is confronting similar be-
havioural barriers in relation to non-adoption, identified in other miti-
gation studies, e.g. Moran et al. (2013), which need to be addressed
before wider measure adoption can be expected.

6. Conclusion

This paper highlights how resource efficiency measures can be
enacted (notionally within farm gate) in the Cerrado biome to help
reconcile competing objectives of private yield improvements and the
reduction of external costs. The analysis responds to the need to demon-
strate the possibilities for sustainable intensification, allowing Brazil to
meet economic growth ambitions for the sector.

The key finding from the use of the economic optimisation model is
the representation of the cost-effectiveness of key mitigation measures.
Specifically, that pasture restoration is the most promising mitigation
measure in terms of abatement potential volume and that it offers a
cost saving for the livestock sector. By adopting these measures —
pasture restoration, concentrate and protein supplementations - the
Cerrado could reduce 23.7% of its emissions by 2030, while the total
abatement potential of adopting all measures is 24.1%.

The analysis presented here has a number of caveats that potentially
warrant further research. These include a more detailed representation
of the biophysical heterogeneity of the Cerrado biome, more detailed

treatment of the deforestation (and hence land sparing) processes and
relaxation of the assumed equilibrium supply and demand conditions
in the optimisation model.

Nevertheless by highlighting cost-effective policy options, this paper
contributes to our understanding of sustainable intensification process-
es as relevant to Brazilian livestock production.
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Increasing beef production could lower
greenhouse gas emissions in Brazil if
decoupled from deforestation

R. de Oliveira Silva'?*, L. G. Barioni?, J. A. J. Hall', M. Folegatti Matsuura®, T. Zanett Albertini®,

F. A. Fernandes® and D. Moran?

Recent debate about agricultural greenhouse gas emissions
mitigation highlights trade-offs inherent in the way we produce
and consume food, with increasing scrutiny on emissions-
intensive livestock products™*. Although most research has
focused on mitigation through improved productivity®®, sys-
temic interactions resulting from reduced beef production at
the regional level are still unexplored. A detailed optimization
model of beef production encompassing pasture degradation
and recovery processes, animal and deforestation emissions,
soil organic carbon (SOC) dynamics and upstream life-cycle
inventory was developed and parameterized for the Brazil-
ian Cerrado. Economic return was maximized considering
two alternative scenarios: decoupled livestock-deforestation
(DLD), assuming baseline deforestation rates controlled by
effective policy; and coupled livestock-deforestation (CLD),
where shifting beef demand alters deforestation rates. In
DLD, reduced consumption actually leads to less productive
beef systems, associated with higher emissions intensities
and total emissions, whereas increased production leads to
more efficient systems with boosted SOC stocks, reducing
both per kilogram and total emissions. Under CLD, increased
production leads to 60% higher emissions than in DLD. The
results indicate the extent to which deforestation control
contributes to sustainable intensification in Cerrado beef
systems, and how alternative life-cycle analytical approaches
result in significantly different emission estimates.

Rising global population combined with shifting dietary
preferences in emerging economies is leading to a significant
increase in the demand for livestock products, which is expected
to double by 2050 (ref. 2). This shift is happening in the context of
global climate change and associated resource scarcities, leading
to calls for sustainable agricultural intensification (SAI; refs 3,5,6).
Although a contested concept, the SAI debate highlights elements
of resource use efficiency in production, combined with the
management of demand or consumption™®. Although persuasive,
the SAI literature is limited in its illustration of the environmental
and economic trade-offs that can emerge when implementing SAI
measures in globally significant production systems.

Ruminant livestock is specifically implicated as a major cause
of agricultural externalities in terms of greenhouse gas (GHG)
emissions (CH, and N,O) and appropriation of land that otherwise

provisions other valuable ecosystem services’. A counter-argument
suggests that grass-fed beef systems have significantly lower
emissions when accounting for atmospheric carbon dioxide (CO,)
uptake by deep-root grasses promoting greater soil carbon (C)
storage. Such systems could play a significant role in stabilizing
GHGs (ref. 9). Moreover, this sequestration in specific systems may
offset direct livestock emissions”.

Brazilian livestock production accounts for 8.3% of global
consumption'” and the sector aims to capitalize on growing demand.
However, related emissions are significant in the national GHG
total including those related to deforestation. If both beef demand
and target deforestation rates are to be met, while also reaching
ambitious GHG mitigation targets, further productivity growth will
be required. Alternatively, product demand or consumption may
need to be managed™”’.

This study focuses on the central savannah (Cerrado) core
(Fig. 1), an area accounting for approximately 34% of Brazilian beef
production''. Considered part of the Brazilian agricultural frontier,
the Cerrado is credited as the driver of the country’s ascendance
in global agricultural commodity markets'>". Around 90% of
Brazilian livestock are solely grass-fed (mainly tropical grasses of
the genus Brachiaria). Several studies show that improving tropical
grasses productivity results in increased soil carbon stocks™®, with
net atmospheric CO, removals of almost 1 MgCha " yr ' (ref. 14)
when comparing degraded and improved pastures under a standard
Intergovernmental Panel on Climate Change method".

The analysis quantifies the relationship between beef demand,
production intensification, deforestation and soil carbon dynamics,
indicating how deforestation rates influence emission intensities.
We employed a linear programming model (Methods and
Supplementary Methods) representing Cerrado beef production
subject to market demand and pasture area scenarios. The model
combines economic and bioeconomic variables to optimize farm
resource allocation, including the adjustment of intensification
levels through the representation of pasture degradation and
restoration processes. It estimates GHG emissions—including
direct animal emissions (Supplementary Table 1), changes in
SOC, plus loss of biomass through deforestation, and life-cycle
assessment (LCA) data covering inputs and farm operations used
to maintain and recover pasture, and crop production, the latter
used to formulate animal feedlot rations (Supplementary Table 2).
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Figure 1| Brazilian central Cerrado (shaded).

As there are no published biome-specific beef demand projec-
tions in Brazil, baseline demand (Dg,y) is assumed to be propor-
tional to the whole-country projected demand, that is, exports plus
domestic consumption'”.

We compared the accumulated emissions 2006-2030 under two
land use scenarios: the decoupled livestock-deforestation (DLD)
scenario, where the same baseline pasture area projection (Ap,y)
associated with the baseline demand is used for all demand
scenarios (that is, the same deforestation projections irrespective
of consumption levels); and the coupled livestock-deforestation
(CLD) scenario, in which deforestation projections are sensitive
to variations in demand. In both scenarios, intensification occurs
only by pasture restoration promoting improvements in forage
productivity through mechanical and chemical treatment of the soil
(Supplementary Methods).

The varied demand scenarios are: Dgau-son, Dpav-e and
Dyjsu-s0v, Tepresenting decreasing demand/consumption scenarios
relative to baseline demand by 2030, and conversely increasing
demand scenarios Dyay 10> Diav 20 and Dyay 0w (Fig. 2a).

Deforestation is assumed exogenous, avoiding the need to model
competition between livestock and agricultural land use explicitly.
To explore the link between beef demand and deforestation we use
a parameter (k) to represent the percentage variation of pasture area
in relation to changes in demand. Based on empirical evidence'®"!,
estimated k values decreased from more than 0.4 in the early
1970s to zero in the latest available data period (1995-2006; see
Supplementary Information). In the CLD scenario we assume the
worst case k= 0.4, that is, for every 1% variation in demand, pasture
area changes by 0.4%, which would generate a deforested area of
10.9 Mha by 2030 relative to 1.5 Mha for the baseline projections
(Supplementary Table 3).

In the scenario of controlled deforestation (DLD), the analysis
shows that lower than projected beef demand may increase
emissions in the Cerrado grazing system as a result of comparatively
less efficient systems with higher emission intensities. Lower
demand and smaller herds require less grass production, reducing
the incentive to maintain or increase productivity; pastures then
degrade, losing organic matter and soil carbon stocks. Higher
demand combined with effective deforestation control policies leads
to more efficient systems with lower emissions intensity due to

Modelling sustainable intensification in Brazilian agriculture
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significant increases in carbon uptake by deep-rooted grasses in
improved pastures.

Under DLD, emissions increase by 3%, 5% and 9%, respectively
for the consumption reduction scenarios Dy o, Dpau sos and
Dyau-ax. Whereas in Dyawiion, Dpavizosn and Dyaison, emissions
decrease by 3%, 7% and 10%, respectively relative to Dy, (Fig. 2b).
Increased cattle emissions in these scenarios are offset by increased
grassland carbon sequestration rates. Higher annual demand leads
the model to increase productivity by restoring degraded pastures,
and more productive pasture is associated with a higher carbon
equilibrium value (Supplementary Table 4). Accumulated emissions
(2006-2030) range from 1.9 Gt to 2.3 Gt of COse, respectively for
Dyauaow and Dy sox-

This result is undermined by altering the deforestation scenarios.
Under CLD and assuming that pasture expansion responds to
changes in demand as in the 1970s, accumulated emissions
(2006-2030) from beef production would range from 2.1Gt to
3.0Gt of COse, respectively for Dyuy s and Dyay,son; that is,
emissions would be 60% higher than in DLD for the same demand
scenario Dyay, sow. The analysis shows that under both Dy, 4 and
Dpau-a0w» emissions decrease by 6%. Under the Dyyy_ss Scenario
emissions are reduced by 2%, relative to Dgay. Under Dpayyions
Diay 20 and Dyay,0n, €missions increase 12, 28 and 44%, relative
to Dy, (Fig. 2¢). The changes are mainly due to direct animal
emissions and deforestation. Note that the increasing demand
scenarios drive proportional increases in deforestation, but under
decreasing demand scenarios deforestation cannot be less than zero.
In fact, for Dyyy_sons Prav-a0s and Dgayiow, deforestation rates are
insignificant in relation to baseline figures, making GHG reductions
more modest for these scenarios relative to the increases driven by
deforestation under increasing demand scenarios.

Sensitivity analysis helps to identity the value of k representing
the mid-way between CLD and DLD scenarios; that is, the value
where increases in deforestation and cattle emissions would be
offset by gains from increased SOC uptake (Fig. 2d). The analysis
suggests that this offsetting occurs approximately when k=0.1; that
is, only 10% of production increases are due to pasture expansion
and therefore 90% are due to productivity gains.

Emissions mitigation by demand-driven intensification in the
DLD scenario is space and time dependent. The results depend
on specific geographical data and system characteristics of Cerrado
production, and SOC is unlikely to be accumulated indefinitely™. To
estimate the longevity of the inverse demand-emissions relationship
(when SOC stocks approach equilibrium content and no longer
offset increased animal emissions), we conducted long-term analysis
for 125 years. We assumed fixed demand from 2030 to 2130 and
observe: the annual net emissions and the changes in accumulated
emissions in 10 year periods from 2010 for each demand scenario
under DLD. As demand projections increase up to 2030, the
assumption of constant demand and area from 2030 leads to
stabilized land productivity from 2030 to 2130.

Under the DLD scenario, increases in demand would lead to
decreases in annual emissions up to 2057, when the situation inverts
(Fig. 3a). However, Fig. 3b shows that in terms of accumulated
emissions, reducing beef consumption would lead to decreased
emissions around 2120.

Although SOC equilibrium has not been reached by 2057, the
average sequestration rate of 0.08t of Cha™' yr™" (under Dyay.s0)
no longer offsets emissions from increased animal numbers, By 2057
SOC stocks reach 60% of the difference between initial stocks and
equilibrium values (Supplementary Table 6), that is, 27 years after
land productivity is stabilized, which is consistent with experimental
evidence'”™. (Field experiments in temperate climates suggest a
period of 25 years for SOC to reach 50% of the difference between
initial and equilibrium values'®. Experiments in the Amazon report
a period of 27 years to reach 60% (Nova vida site™).)
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Our results implicitly show significant changes in emissions
intensity depending on demand scenarios and deforestation. The
lowest value (18.1 kg of CO.e per kg of carcass weight equivalent

(CWE)) is observed under DLD and Dy, 49, which uses the least
area to produce most beef (Fig. 4a). Under the CLD scenario, the
lowest value is found in the baseline demand (22.2kg of CO,e
per kg of CWE), but emissions intensity could reach 31.0kg of
CO;e per kg of CWE under Dyy. 30w, around 40% of this being due
to deforestation (Fig. 4b).

The analysis contributes to the SAI debate by highlighting
the potentially inverse relationship between consumption and
emissions that may be found in a globally significant beef
production system.

A key factor in the results is how deforestation responds to
changes in beef demand (parameter k). In the increasingly likely
scenarios of controlled deforestation, the analysis shows that lower
than projected beef demand may increase emissions in the Cerrado
grazing system owing to comparatively higher emission intensities.

Empirical evidence supports the DLD scenario by showing a
calibrated value of k=0 (see Supplementary File). Since 2005, data
show an apparent decoupling of cattle herd sizes and deforestation
in Amazonia and Cerrado, replacing a historic correlation over
the period 1975-2005; a trend attributed to a combination of
supply and demand side factors including intensification in large-
scale commodity-oriented farming, market regulation (for example,
moratoria on beef and soy grown in recently opened areas), product
certification, and more effective law enforcement* .

Recent studies indicate that current global trends in livestock
productivity will not accommodate future projected global
demand’. This result adds to evidence that Brazil in particular has
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a, Emissions intensity as a function of demand scenario for the decoupled livestock-deforestation scenario.

b, Emissions intensity as a function of demand scenario for the coupled livestock-deforestation scenario. Carbon footprint calculated as the average value
from 2010 to 2025, showing the sum of farm emissions: animals and pasture (emissions by degradation or carbon sequestration and nitrogen fertilizers
nitrification; white), deforestation emissions (grey) and LCA emissions from inputs and farm operations used to restore pastures and changed land use (for

example, fertilizers, seeds and machinery operations; black).
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Methods

EAGGLE model. The analysis employed the EAGGLE (Economic Analysis of
Greenhouse Gases for Livestock Emissions) model (Supplementary Methods), a
bottom-up multi-period linear programming model that simulates beef production
systems in Brazil subject to demand and pasture area. The model maximizes farm
profit by optimally allocating resources, including the adjustment of pasture
intensification levels according to bioeconomic parameters, and estimates the
GHGs—including changes in soil carbon stocks—for a production period.

GHG emissions sources. EAGGLE estimates GHGs using emissions factors for
direct emissions and life-cycle t (LCA). GHG d with
farm activities are: (a) CH, from cattle enteric fermentation (CH, from excreta is
not accounted); (b) N,O from cattle excreta; (c) N,O from N fertilization
conversion; (d) CO, from Cerrado deforestation (due to loss of natural vegetation);
(e) CO, from pasture degradation and land use change from pasture to crops; and
(f) LCA factors for inputs and farm operations applied in land use change and
restoration practices (Supplementary Table 2). Items (a) and (b) depend on herd
composition: each age cohort of males and females (heifer or cow) has an
associated emission factor of CH, and N, O calculated using Tier 2 methodology'®
(see values in Supplementary Table 1). Owing to the lack of studies for Brazilian
conditions, for (¢) we used the Tier 1 Intergovernmental Panel on Climate Change
default factor of 1% (ref. 16). The emissions from (d) are calculated using a
coefficient of loss of natural vegetation per hectare of deforested area, estimated as
34.6 tons of C per hectare™, For (e), the emissions are calculated according to the
section Soil organic carbon dynamics (Supplementary Methods).

Soil carbon stocks. Depending on the dry matter productivity level, the

C flux may change significantly. The EAGGLE model works with equilibrium
values of the C stock for each type of pasture and crop. The higher the pasture
productivity, the higher the C equilibrium value (see Supplementary Table 4).
Equilibrium values and the time to reach equilibrium were calculated exogenously,
using simulations from the CENTURY model® applied to Cerrado biophysical
characteristics and using the annual dry matter productivity calculated for each
pasture category.

Demand and pasture area data. Projections from The World Bank'” were used for
both pasture area and beef demand. The projections correspond to the period
2006-2030. Historical data from 2006-2013 were used to validate the employed
demand projections (Supplementary File). For pasture area projections, the last
observational data were in 2006 (last agricultural census).

© 2016 Macmillan Publishers

We assume Cerrado pasture area and beef demand share are a fixed proportion
of the national projections—because there are no biome-specific predictions in the
literature. The Cerrado pasture area represented around 34% of the national total in
2006 (when the last agricultural census' was undertaken). We therefore assume
that Cerrado pasture area corresponds to 34% of Brazil’s pasture area projections,
and that this proportion is constant during the study period (2006-2030). Similarly,
we assume beef demand to be proportional to area; thus, demand for Cerrado
output is also equivalent to 34% of national demand. The model is partial with
comparative static equilibrium adjustment between demand and supply; that is,
each year, production equals demand and prices remain constant for the
whole period.

Scenario construction and deforestation. In both coupled livestock-deforestation
and decoupled livestock-deforestation scenarios, pasture area and therefore
deforestation is exogenous to the optimization model.

The analysis employs baseline pasture area projections from a World Bank
study'”. For the CLD scenario, we estimate changes in deforestation as a function of
changes in beef demand by assuming that every change in annual demand in
relation to baseline projections would cause a proportional change in annual
pasture area:

AM‘.'{X‘.!.T 'ABAL'.I = k DB:\L'-X"IJ e DBAU
Apaug Dy
= [1 +k (_
where Aguu, vy, represents the altered pasture area projections in relation to
baseline projections Agay, s Dgayy vy represents the altered demand projection
where X is in [—30, —20, —10, 10, 20, 30] and represents the change by 2030; Dy,
is the baseline demand; k is the proportional change in pasture area due to changes
in demand projections.

For the DLD scenario, the same area projection is used regardless level of
consumption (demand scenarios).

= A s
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