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ABSTRACT

BATISTA, Evandro Lima da Silveira, D.Sc., Universidade Federal de Vigosa, December,
2016. Modeling the economic and environmental impacts of cattle ranching
intensification in Mato Grosso. Adviser: Britaldo Silveira Soares Filho. Co-Advisers:
Fabiano Alvim Barbosa and Aristides Ribeiro.

Cattle ranching occupy more land than any other production activity in Brazil and accounts
for 44% of greenhouse gas (GHG) emissions from the land use sector. In response, Brazil has
proposed a large-scale pasture restoration target as a mitigation measure for its Nationally
Determined Contribution (NDC). Pasture restoration is, however, only one option in a
portfolio of investments that could be brought to bear to encourage intensification in beef
production. To analyze the potential impacts, i.e. economic and overall GHG emissions, from
mixes of intensification strategies—from pasture restoration to improved health and
reptoductive management, pasture supplementation, and feedlot operations—, we developed a
simulation model of the cattle ranching system (SimPec) and applied it to Mato Grosso state.
Our results show that large-scale pasture restoration, instead of reducing GHG emissions,
threatens the success of Brazil’s NDC. Soil carbon fixation after pasture restoration does not
compensate marginal emissions due to higher stock densities; simply increasing beef
production will lead to an overall rise in GHG emissions from the cattle sector. Rather than
pasture restoration, investments in confinement operations along with complementary
improvements in production strategies are more likely to prompt better economic, productive,

and, in particular, environmental outlooks for the cattle sector in Brazil.
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RESUMO

BATISTA, Evandro Lima da Silveira, D.Sc., Universidade Federal de Vigcosa, dezembro de
2016. Modelagem dos impactos econdmicos e ambientais da intensificacdo da
bovinocultura de corte no Mato Grosso.Orientador: Britaldo Silveira Soares Filho.
Coorientadores: Fabiano Alvim Barbosa e Aristides Ribeiro.

A bovinocultura de corte ocupa mais terra que qualquer outra atividade produtiva no Brasil e

€ responséavel por 44% das emissdes de gases de efeito estufa (GHG) pelo setor de uso €
mudanca de uso do solo. Em resposta, o Brasil tem proposto a restauracdo de pastagens en
larga escala como uma iniciativa para sua Contribuicdo Nacionalmente Determinada (NDC).

A restauracdo das pastagens €, contudo, apenas uma das alternativas de investimento que
poderiam encorajar a intensificacdo da producédo de carne bovina. Para analisar os impactos
potenciais, i.e. na economia e nas emissdes totais de GHG, de diferentes arranjos de
estratégias de intensificacdodesde a restauracdo das pastagens a melhorias no manejo
reprodutivo e sanitario, suplementacdo alimentar e terminacdo em confinameri®
desenvolvemos um modelo de simulacdo de sistemas de producdo de bovinos de corte
(SimPec) e realizamos um estudo para o estado do Mato Grosso. Nossos resultados indicam
que a restauracao das pastagens em larga escala, ao invés de reduzir as emissdes de GHC
pode ameacar o sucesso da NDC brasileira. A fixacdo de carbono no solo apés a restauracao
das pastagens ndo compensa as emissdes marginais por conta das altas densidades de lotag:
animal. Apenas aumentar a producdo de carne bovina levard a um aumento nas emissfes
totais da pecuaria de corte bovina. Ao invés da restauracdo massiva das pastagens,
investimentos em suplementacéo alimentar dos animais a pasto e o confinamento juntamente
com melhorias complementares nas estratégias de producdo sdo mais provaveis de
impulsionar melhorias econémicas, produtivas, e, em particular, perspectivas ambientais para

a bovinocultura de corte no Brasil.
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1 Introduction

Global demand for food, fiber and biofuels is growing rapidly and will require a
substantial increase in agriculture production in a near future (Tiletaal., 2011;
Alexandratos e Bruinsma, 2012). The current world cropland yield gap reveals the potential
owned by some areas to raise their agricultural outputs and hence assist stronger to achieving

future food security (Neumaretal., 2010).

In the tropics, where much of these areas are located, most of the increase in
agricultural production has coming from agricultural land expansion in natural ecosystems
(Gibbs et al., 2010). However, as climate change means a threat to their agricultural
productivity (Berget al., 2013; Pirest al., 2016), urge the necessity to mitigate greenhouse
gas (GHG) emissions, which will demand a more sustainable path for agricultural expansion
(Tilmanet al., 2011).

Brazil, one of the major world agricultural powerhouse, can play an essential role in
this aim. The country can support much of the future world demand since it can both expand
their croplands and improve their yields (Retyal., 2013). In addition, holds the greatest
tropical forest, which plays an impressive contribution on global climate regulation by the
huge amount of carbon that stocks (Saaéthal., 2011). These unmatched conditions can
ensure to Brazil the position of first major developing country to balance development with

conservation.

With a 67 percent decline in deforestation from the historical baseline and an
associated reduction of 2 billion tons of £@missions (Seeg, 2016), Brazil has recently
demonstrated its potential to evade this outcome. Notwithstanding, more than half of
Brazilian GHG emissions still comes from LULUCF (Land Use, Land Use Change and
Forestry) (Seeg, 2016) and conflicting development and conservation policies, as well as
increased demands for agricultural products from Brazil, threaten the permanence of this
success (Laurancet al., 2005). Thus, to reduce GHG emissions, as proposed by Brazilian
government in Copenhagen and later enlarged in Paris (Brasil, 2009; 2015), will demand a
national strategy that supports the agricultural expansion while reduces intensity emissions of

agricultural products and avoid new deforestation.

The cattle ranching industry is faced as a key component of any policy that seeks
reconcile rural development with conservation in Brazilian territory. The activity appropriates
1



more land than any other in Brazil. Approximately 220+20 million hectares are in pastureland
(70% of all agricultural land) of which 70 million are in the Amazon region (Soares-&ilho

al., 2014), where a sharp herd growth is underway (Barlebsa., 2015) despite low
economic returns (Bowmaet al., 2012). Even with a set of incentives that affect Amazon
deforestation (Laurancs al., 2005), cattle ranching is pointed as the major responsible since
it is closely associated with new deforestation (Soares-Fthal., 2010). Of particular
importance, Brazil’s cattle herd of about 215 million head (Ibge, 2016) accounts for 74% of
agricultural GHG emissions (Seeg, 2016), which amounts to 44% of GHG emissions from the
land use sector and this figure keeps increasing as Brazil further reduces deforestation rates in
the Amazon (Inpe, 2016) and demand for beef rises nationally and internationally (&lman
al., 2011; Mapa, 2016b).

Despite being the world second largest beef producer and beef exporter (Imea, 2016b;
Usda, 2016b), there are only a few producers advancing the economic and productive
potential of cattle ranching (Barbosh al., 2014) Brazil’s beef industry continues to be
dominated by lower productivity and lower value of production than those of its main
competitors (Anualpec, 2015; Mapa, 2016a; Usda, 2016a). While Brazil produced 9.2 million
tons of beef (Mapa, 2016a) from a herd of 215 million head in 2015 (Ibge, 2016), with a gross
product value of US$ 22 billion (Mapa, 2016a), the USA produced 10.8 million tons of beef
from a herd of 89 million and generated a product value of US$ 105 billion (Usda, 2016a).

Recently, intensification of cattle ranching has been suggested as a low cost option to
both mitigate GHG emissions and increase profits to ranchers in Brazil (De Getatlo
2010; Strassburet al., 2014; De Oliveira Silvat al., 2016). In addition to meeting rising
demand for beef (Mapa, 2016b), cattle intensification is proposed as means to reduce pressure
on forests, thereby sparing land for agriculture expansion and supporting conservation
outcomes (Bustamangt al., 2012; Strassburg al., 2014). More intensive systems also may
reduce GHGemissions per unit of beef produced by shortening steers’ average lifetime

compared with extensive systef@ardoscet al., 2016)

Land rent theory, however, alerts for the risk of more land conversion due to
intensification (Angelsen, 2010) as these type of systems demand large-scale of production
(Goulart et al., 2016). Regardless, ranchers in Brazil now face new environmental and
economic conditions and there is a growing concern in civil society, the productive sector and
government, about negative environmental impacts from cattle ranching with respect to the

use of large tracts of land, hence association with deforestation, inefficiency of natural
2



resource use, and GHG emissions (Tilnegal., 2001; Steinfeldet al., 2006; Bustamantet
al., 2012; Sattaret al., 2016).

In this light, Brazil has proposed to carry out a large-scale pasture restoration as one of
the cornerstone mitigation measure of its Nationally Determined Contribution (NDC) to the
Paris agreement (Brasil, 2015). This target includes the restoration of 15 Mha of pastures by
2030 in additional to 15 Mha already proposed by Brazil’s ABC (Low Carbon Agriculture
Plan) (Plano Abc, 2012). Importantly, this goal relies on the assumption that pasture
restoration holds a potential to sequester carbon in the soit(&la) 2006; Maieet al., 2009;

Brazet al., 2013), while improving roughage digestibility, thereby reducing enteric methane
emissions (Thornton e Herrero, 2010; Gewsiel ., 2013).

Pasture restoration is, however, only one option of a portfolio of investments aimed at
intensification. Alternative or complementary measures include, among others, supplemental
feeding, feedlot operations, and improvement in health and reproductive management,
enhanced genetics and fertility rates (Thornton e Herrero, 2010; Baebada 2015).
Previous studies have analyzed cattle ranching intensification with respect to individual
productive, economic or environmental choices separately (Bagbaka2014; Strassburg
al., 2014; Cardoset al., 2016; De Oliveira Silvat al., 2016), but the effect of a mix of
strategies on the economics and environmental outcome of cattle intensification remains
unclear. One particular challenge is to determine the right dose of strategies that could meet
future demands for beef, meanwhile lowering GHG emissions as well as other environmental
impacts in a plausible scenario of increasing economic competition within the cattle sector
and from other meats. This analysis must also take into account that adoption of available
technologies and strategies that may vary across space, time, and landowner characteristics
(Gil et al., 2015). Details such as climate and terrain aptitude, property size, local
infrastructure, distance to markets, input, and output prices will define if and where
intensification modes will succeed (Bowmeral., 2012; Gilet al., 2015).

To evaluate the possible outcomes of Brazil’s policy targets of beef production and
pasture restoration (Plano Abc, 2012; Brasil, 2015; Mapa, 2016b), we developed a simulation
model (SimPec) that integrates in a systemic way the impacts of a mix of intensification
strategies on the productivity and economics of the system along with resulting GHG
emissions. We then applied this model to Mato Grosso, as a case study.



2 Methods
2.1 General approach

The dynamics of cattle ranching, in a complete cycle of beef production, were simulated
by SimPec model at a municipality spatial unit. Although partial cycle systembere
individuals specialize on one component of the eyclare also common, the interaction
between these systems on a regional basis, such as a whole municipality, can be pictured as a
single cycle. SimPec calculates the costs and investments for improving pasture yields and
management, herd health and fertility, supplementary feeding, and steer finishing in feedlot
and in pasture with supplementation required to attain a pre-determined series of productive
indices. Each modeled management scenario consists thus of specific doses of these
investments, in other words, of a mix of intensification strategies. The model then assesses the
impact of a management scenario on herd growth and age distribution, beef volume and
productivity, net revenues, and associated GHG emissions. For each municipality, the model
simulates, monthly from 2012 to 2030, the dynamics of a representative ranching system for
the region taking into account the municipality’s initial 2012 herd size (Ibge, 2016) and
structure—i.e., weight, gender and age distribution (Anualpec, 284 5jasture arca (Soares-

Filho et al., 2016), and property size distribution (Ibge, 2016). For the intensification
potential, the model also considers the regional logistics and agricultural aptitude (Bhrbosa

al., 2015) along with additional underlying scenarios of land use change (Soarestkilho

2016) (Figure 1). Data base used in this study and their respective sources and assumptions

are described in Table 1.
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Table 1- Data source used to simulate the intensification scenarios

Data source Data Spatial unit ~ Assumptions
Brazilian Current herd Municipality ~ 2012’s herd
Institute of
Geography Only part of the pastureland and the herd \
and Property size Municipality undergo intensification. It was define
Statistics structure according to the proportion of properties lart
(Ibge, 2016) than 500 ha (Figure)6
Yearbook of Herd structure State Municipalities’ initial herd structure is the sam
Brazilian (Table 4) of that of Mato Grosso.
Livestock , . .
(Anualpec, Operational costs State We co_nS|der the impact of the scale
2015) (Table 5-6) production costs

Spatial distribution Macroregions

of fedlots in 2012

(Imea, 2010)

Mato (Imea, 2012)
Grosso’s . , Data used to calculate the costs of anil
Institute of gr?]r:aarzlglsgg)pnce ?I/Irﬁzgrgg?on)s feeding in feedlot and pasture supplementa
Agricultural ' ' (Table 6)
Economics

Beef sale price

(Imea, 2016a) ~Municipality

Prices of heifers and steers are for the har
(December-May) and non-hartesperiods
(June-November) (Table 7)

Soares-Filho Initial pasture area Municipality

etal. (2016) Future pasture are: Municipality




2.2 Mato Grosso State- a case study.

A quick glance at the biophysical characteristics and logistics (distance to markets and
the soy belt) would indicate that the state of Mato Grosso in Brazil is poised for cattle

intensification (Figure 2).

[:] State Boundary

Priority Areas for Intensification 20°s

- Maximum Priority
[ High Priority
[ middie Priority
- Low Priority
- Minimum Priority

Figure 2 - Priority areas for intensification in Brazil (adapted from Barbosa et al., 2015).

With 29 million head (Ibge, 2016) (13% of the country herd) Mato Grosso is the
national champion of beef production (Imea, 2016b). Recently, its beef production has
steadily improved (Anualpec, 2015), especially due to a marked rise in the number animals in
feedlot (Figure 3).
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Figure 3 - Beef production (Mton) and animals finished in feedlots (Mimdillion heads) in
the state of Mato Grosso (Ibge, 2006; Anualpec, 2015).

In 2014, about 1.17 million head were finished in feedlots, more than a quarter of the
Brazilian confined herd (Anualpec, 2015). Yet, despite the belief that cattle ranching and
deforestation have decoupled (Lap@aal., 2014; Nepstadt al., 2014) Mato Grosso’s
production continues to be largely driven by pastureland expansion where extensive ranching

with low stocking rates are the rule (Figure 4).
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Figure 4 - Herd size, pasture and crop area, deforestation and stocking rate in the state of
Mato GrossoNew pasture area is obtained by deducting croplands from the sum
of deforestation from PRODES (Prodes, 2016) and LAPIG (Lapig, 2002)
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2.3 Simpec model

The SimPec model, implemented using Dinamica EGO (Soares-&ilab, 2016),
simulates the dynamics of a complete cycle of beef production, which includes cow-calf, steer
raising, and fattening operations at a selected spatial unit, e.g. from a ranch to a jurisdictional
entity, i.e. a municipality The model uses as input the physical structure (herd, pasture area,
property infrastructure) of a ranching system, along with zootechnical and agronomics
coefficients, operational and investments costs, and sale prices under a specified management
strategy. It then ex ante evaluates the effects of management strategies on the herd
productivity, the system economics and resulting GHG emissions (Supplementary equations).
The model comes with Wizard interface, making it a friendly tool for managing and planning

investments in cattle ranching (Figure 5).
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2.4 Management scenarios

Four management scenarios are modeled. InHISEI scenario, historical trends in
cattle productivity increases between 1996 and 2012 (Anualpec, 2015; Berlabs@2015)
are linearly projected into the future to constitute a baseline scenario. To meet the expected
target of beef production for Mato Grosso of 1.65 Mt of carcass equivalent by 2030 (Barbosa
et al., 2015; Mapa, 2016b), and simulate market driven growth, we designed two scenarios of
intensification strategies. The first CAFO) prioritizes investments in feeding
supplementation (calves and steers in pasture) and feedlots for steer fattening; the second
(PASTRE) relies more heavily on pasture restoration. These strategies are complementary
one cannot work without the otherbut differ in terms of the balance between the two
scenarios (Table 2). As a common practice in Brazil, our scenarios adopt feedlot finishing for
steers over only the last 90 to 120 days of their lifetime, hence cattle raising continues to rely
largely on pasture. Lastly, tH&OV scenario tests the feasibility and impact of Brazil’s NDC
and ABC (Plano Abc, 2012; Brasil, 2015) target of restoring 30 Mha of pastureland by 2030.
This extent of pastureland to be restored by both ABC and NDC plans by 2030 for the entire
country was rated for the Mato Grosso stdiesed on Mato Grosso’s potential for
intensification in relation to entire country (Barbogaal., 2015) (Figure 2), and then
distributed across its municipalities taking into account the regional potential for
intensification based on average minimal monthly and annual precipitation as well as
logistics, including distances to markets and croplands. As a result, the share of pasture to b
restored in Mato Grosso municipalities totaled 6 Mha. Because this scenario also focuses on
pasture restoration, we assume the same ratio for feedlot steers over the total slaughtered
steers as well as productivity indices as the PASTRE scenario (Table 2). Productivity indices
to be attained as the system enters an intensification mode within a management scenario are
defined based on experts’ recommendations (Table 2). Our study did not consider integrated
systems where pasture is rotated with crops as another possible management scenario because
in this case, cattle ranching is typically a byproduct of intensive crop farming.



Table 2 -Technical coefficients of modeled management scenarios

Paramenter Unit Current HIST CAFO PASTRE GOV
Birth rate % 66 70 80 80 80
Mortality rate < 12 months % 5 4 3 3 3
Mortality rate > 12 months % 1 0.5 0.5 0.5 0.5
Replacement rate cows % 5 10 10 10 10
Cows age at first calving Months 47 36 36 36 36
Ratio bull/cow 1/25 1/30 1/40 1/40 1/40
Replacement rate bulls % 5 10 10 10 10
Weight at birth Kg 30 32 32 32 32
Weight at weaning male Kg 180 185 250 190 190
Weight at weaning female Kg 170 175 240 180 180
S Y
P reered St o w @ e wu
Ratio of slaughtered steers

finished in pasture with % 12 16 22 12 12
supplementation

Average weight of cows Kg 420
Average weight of bulls Kg 550
Age at weaning Months 7
Stocking rate restored pasture AU.hat 2.5

ADG extensive past. dry seasc kghead'day? 0.18 (Male); 0.11 (Female
ADG extensive past.wet seaso Kg headday?! 0.46 (Male); 0.34 (Female
ADG improved past.dry seasor kghead'day* 0.20 (Male); 0.15 (Female
ADG improved past.wet seasol kghead'day? 0.60 (Male); 0.40 (Female
ADG pasture supplementation kghead'day? 0.90
ADG feedlot kghead‘day* 1.60
SW pastures (extensive and kg 540 (Male); 390 (Female
improved)

SW feedlot & pasture Kg 570 (Male)

supplementation
Carcass yield pasture

Carcass yield pasture
supplementation

Carcass yield feedlot

%
%

%

52 (Male); 50 (Female
54 (Male)

56

AU — animal unit (1 AU= 450 kg live weight). ADG average daily gain. SWminimum slaughter live weight
Future pasture areas are simulated using OTIMIZAGRO model (SoareseFaho
2016). While theHIST scenario assumes that current deforestation rates will continue into the
future, the other scenarios assume lower rates of deforestation. In all scenarios, cropland
expands, compensating part of pasture expansion due to deforestation. Croplands by 2030 are
10



set to produce 24 and 34 Mt grains of corn and soy, respectively, in order to meet national and
international demands, including supplementary feeding needed for intensification in modeled

scenarios (Table 3).

Table 3 -Current and future land use in Mato Grosso under modeled scenarios (thousand ha).

2030
Current S—
Historical PASTRE, CAFO, GOV
Restored Forest Code debt 0 1,426 3,544
Planted forest 60 63 66
Soy 6,265 9,841 11,016
Corn 1,923 3,476 3,930
Sugarcane 228 230 231
Pastureland 24,763 28,089 24,079

2.5 Intensification module

Simpec begins by stratifying each municipal herd into categories of gender, age, and
weight according to the state distribution (Table 4).

Table 4 - Herd’s structure in the state of Mato Grosso in 2012 (Anualpec, 2015).

Number of animals Average live  Proportion in

(thousands) weight (kg) the herd (%)

Cows 8,142 420 30.3
Bulls 236 550 0.9
Heifers from 25 to 36 months 2,370 360 8.8
Heifers from 13 to 24 months 3,346 260 12.5
Female calves up 12 months 3,480 140 13.0
Male calves up to 12 months 3,776 140 14.1
Steers from 13 to 24 months 2,985 349 11.1
Steers from 25 to 36 months 1,859 418 6.9
Steers from 37 to 48 months 526 499 2.0
Steers above 48 months 126 521 0.5

The herd dynamics, or development trajectory, is then modeled as a function of a set
of productive indices (Table 2) through supplementary equations S1-S7 (herd module). Initial
and future pasture areas for each municipality come from the results of the OTIMIZAGRO
model (Soares-Filhat al., 2016), which forecasts land use. All pastures were initially
included in the extensive category but with varying stock density according to current
municipality data (Barbosat al., 2015). Initial feedlot capacityF¢) (Anualpec, 2015) is

disaggregated per municipalities using regional data. Under each scenario, the model expands
11



and restores pastures in fixed annual rates and incrdabesates according to the
municipality’s proximity to croplands.

The model then computes investments, operational costs and revenues from beef sales
to calculate net returns (Supplementary equations S8-&kbnomic module). Investments
costs include both pasture restoration and feedlot installation (Table 5). Operational costs vary
as a function of property size, management system (Anualpec, 2015) and local grain prices
(Imea, 2016a) (Table 56

Table 5- Operational and investments costs (US$*) used in the economic module (Anualpec,

2015).
Extensive Improved
systems systems
Source
small - large large scale
scale scale
Operational costs
Labor US$.ha.yrt 40.0 174 24.8 Anualpec (2015)
Mlne_ral and protein US$.AULYrt 229 229 26.3 Anualpec (2015)
feeding
Creep feeding** US$.read*.day?* - - 0.3
Feedlot and pasture Varies spatially (Table 6) IMEA (2016a)
supplementation
Sanitation managemen US$.AULyr?! 2.6 4.8 5.6 Anualpec (2015)
Other inputs US$.AULyr! 5.8 6.0 6.2 Anualpec (2015)
Ext_enswe pasture US$.hat.yrt 3.2 43 43 Anualpec (2015)
maintenance
Improved pasture US$.hat.yrt i ) 2370 Barboseaet al. (2014)
maintenance
Infr_astructure US$.AULyr 173 10.3 10.2 Anualpec (2015)
maintenance
Machinery maintenance US$.AULyr? 24.3 6.9 8.9 Anualpec (2015)
Machinery depreciation US$.AULyr? 6.6 2.0 2.5 Anualpec (2015)
Administrative costs US$.hat.yrt 15.7 14.0 19.1 Anualpec (2015)
and taxes
I nvestments
Pasture restoration US$.ha 1,019.0 Barbosaet al. (2014)
Feedlot installation US$. additional confined head 170.0 Barbosaet al. (2014)

*US$= R$ 2.35 (Average value for 2014).
** Creep feeding was used only in CAFO’ scenario. It increases thaveight at weaning of both male and female
calves in this scenario. The cost was calculated to an average consumecotreded feed of 0.5 kg/head/day.
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Table 6 - Costs of animal feeding in feedlot and pasture supplementation regime (US$
animat! day?). These costs were calculated using 2014 prices for corn and soy
(Imea, 2016a).

Macroregions Pasture supplementation (Steers) Feedlot
Northwest 0.81 2.00
North 0.77 1.91
Northeast 0.85 2.04
Middle north 0.81 1.96
West 0.81 2.00
South center 0.81 2.00
Southeast 0.89 2.17

Revenues depend on beef production, carcass yield, and price locally paid during the
harvest and non-harvest periods (Table 7) (Imea, 2016a) (Supplementary equation S8). Rents
are provided as net present value (NPV) using an annual discount rate of 8.5% over the 18
years of the simulation period (Supplementary equation S11). Different from Bowman et al.
(2012) our model treats ranching as a closed system in which there is no entry and exit of
ranchers. Hence, we do not consider investments in setting up the ranch, such as land

acquisition and other infrastructure, nor in selling out the herd and land to go out of business.

Table 7 - Average municipality’s beef sale price (US$ arrobd) of heifers and steers for the
harvest and non-harvest periods in Mato Grosso (Imea, 2016a). Values in
parentheses represent the standard deviation.

Hervest Non-harvest
Heifers 42.6 (£1.1) 46.0 (x1.1)
Steers 46.4 (£1.0) 49.6 (£1.0)

Given that intensification needs scale of production and it is influenced by the rancher
business background, intensification in our model takes place only in properties equal or
larger than 500 ha. We assume that 80% of the current herd and pasturelands in these
properties would be available for intensification under the premises of each management
scenario. This is equivalent to 15 Mha or 62% of Mato Grosso’s pasturelands (Figure 6) that
currently house roughly 17 Mhd. Nonetheless, all pasturelands and outputs within a
municipality are considered for computing total production and average productivity under

each scenario.
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Figure 6 - Proportion of pasture area to be intensified in Mato Grosso state according to the
property sizes (Ibge, 2016).

2.6 GHG bookkeeping module

GHG emissions include CHrom enteric fermentation and manureCNfrom manure
and fertilizer utilization as well as GCOrom urea and lime application (Supplementary
Equations S12 through S44GHG module). Herd emission and fertilizer coefficients uses
IPCC tier 2 and 1 (Ipcc, 2006), respectively (Table 8-9). To converta@ti NO to CQe we
use the global warming potential for methane ap@,\28 and 265 respectively.

We assume that restored pasture increases carbon content over a period of 20 years. The
coefficient for carbon fixation in soil comes from Maia et al. (2009). These authors analyzed
the effect of pasture management on soil organic carbon (SOC) in the states of Mato Grosso
and Rondonia. In this study, the authors analyzed the SOC dynamic for the transitions 1)
native vegetation (NV) to degraded pasture (DP) and 2) native vegetation to improved pasture
(IP). While the transition NV-DP loses SOC at 0.28 ton &yrd, NV-IP increases SOC at
0.61 ton C.ha.yrl. To be conservative, we assume that the degraded pastures to be restored
are in equilibrium, thus without further loss of carbon. When restored these pastures have the
potential to regain carbon (0.28 ton Ctharl) through the transition NV-DP and additionally
through the transition NV-IP (0.61 ton Char?). Hence, we assume 0.89 (0.28+0.61) ton
C.hal.yr?! as the total gain in carbon soil.
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Table 8- Parameters for calculating GHG emissions

Symbol Description units Value  source
MK Milk production kg.day* 3.7
MF Milk fat content % 3.5
CPM Milk protein content % 3.2
Maximum CH-producing capacity of the m® CH,.kg of volatile (Ipcc,
Bmax . 0.1
manure solid excreted 2006)
MCE Methane conversion factor for manure % 0015 (Ipcc,
management 2006)
. fraction of gross (Ipcc,
UE Urinary energy energy intake 0.04 2006)
fraction of dry matter (Ipcc,
ASH Ash content of manure feed intake 0.08 2006)
Nfert N fertilizer kg.ha! 100
. . .._ kg N volatilized. kg of (Alves,
FR fvoll Fraction N fertilizer (urea) that volatilize N applied® 0.3 2014)
Fraction of N fertilizer (other sources) kg N volatilized. kg of (Ipcc,
FR_fvol2 that volatilizes N appliedt 0.1 2006)
FR movol Fraction of N (urine and dung) deposite kg N volatilized. kg of 0.2 (Ipcc,
~mp by grazing animals that volatilizes N deposited ' 2006)
FR_mcvol Fraction of N (urine and dung) deposite kg N volatilized. kg of 03 (Ipcc,
by confined animals that volatilizes N deposited ' 2006)
FR Ich Fraction of all N added to soils that is lo kg N. kg of N 03 (Ipcc,
- through leaching and runoff additionst ' 2006)
EF_Ich Factor for NO emissions from N kg N;O_N .kg N 00075 (pcc,
leaching and runoff leaching/ runoff ' 2006)
Factor for NO emissions from
. o . kg N2O_N kg NH_N (Ipcc,
EF_vol atmospheric depaosition of N on soils an + NOx_N volatilized! 0.010 2006)
water surfaces
EFfertd Direct NbO emissions for N additions kg NoO_N. kg N 01 (Ipcc,
from fertilizers applied ' 2006)
EFd Factor for direct NO emissions from kg N2O_N. kg N 0.01 (Alves,
manure deposited in pasture as dung  excreted ' 2014)
EFL Factor for direct MO emissions from kg NoO_N. kg N 0.02 (Alves,
manure deposited in pasture as urine  excreted ' 2014)
Factor for direct MO emissions from 1 (Ipcc,
EFm manure management kg N-O-N. kg N 0.02 2006)
EFCO.u Factor for CQ emission from urea kg C. kg ured 0.20 gggg)
C_Im Lime added to soil kg hat 2000
— . — kg C. kg limestone or (Ipcc,
EF_Im Emission factor of lime application dolomite 0.125 2006)
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Table 9- Propertiesf different animal feeding regimes

Unit  Extensive Improved Pasture Feedlot
pasture pasture supplementation
- . o
Protein contentindry % g 11° 12 14
matter
: - 0
Digestibility of dry %% 55 59 72 79
matter
i 0,
?gi;hane conversion % 6.5 6.0 4.0 3.0

%(Euclideset al., 2009)

b(De Andrade Gimene& al., 2011)
‘(Cotaet al., 2014)

d(lpcc, 2006)

Increasing pasture yields raises biomass of grass forages. Nevertheless, we did not
consider this gain because pasture restoration also entails biomass losses from eradicated
regrowth that often populates the @dled “degraded pasturelands”, outdoing in many cases

biomass gain in grass forages (Wandelli e Fearnside, 2015).

2.7 Sensitivity analysis

2.7.1 Economic uncertainty

To estimate uncertainty bounds for our economic estimates, we examined the model
response to variation in prices of beef, fertilizers, and grains at the farm gate. We assumed a *
10% variation in costs of pasture restoration and maintenance alongside feeding confined and
semi-confined animals and a variation of + 9.2 in beef sale prices following the deviation
from 1997 to 2016 (Table 10; Figure 7).

Table 10 - Sensitivity of Net Present Value (%) to changes in feeding and pasture
maintenance costs along with beef sale prices.

Variations in inputs cost Output Net Present Value (%)
and prices (%) Historical PASTRE CAFO GOV

Feeding 10 1.6 1.6 2.7 +2.0
Pasture maintenance +10 1.4 2.5 1.2 4.9
Beef sale price 9.2 324 +26.7 +31.2 +37.8
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Figure 7 - Beef price for producers. Values are deflated by IGP-DI index (FGV, 2016).
Beef sale price is the variable that most affected the profitability of ranching (Table 10).
Thus, we used this variation as the uncertainty bounds for the model economic outputs (Table

12-13.

2.7.2 GHG emissions uncertainty

To develop an envelope of confidence for the model output emissions, we compared
different sources for GHG coefficients for carbon fixation in soil. We consider the rate of
SOC in improved pastures to be within the lower and upper bounds of 0.27 and 1.12 ton C.ha

Lyrl, respectively, according to Lal. et al. 2006.
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3 Results
3.1 Productivity

Under theHIST scenario, the herd will grow at mean annual rate of 1.6%, reaching a
total of 37 Mhd (Figure 8) and with a stock density of 0.94 AU/ha (0.9% yearly growth),
covering 28 Mha of pasturelands by 2030. Even under the historical assumptions, at least 1.7
Mha of pastures will need to be renovated to accommodate this herd (Table 11). Steers
finished in feedlots will total 20% of slaughtered animals, 18% more than in 2012 (Figure 9),
and pasture plus supplementation, following the historical trend, will comprise 8% of the
slaughtered animals. Although, productivity will increase by 34%, on average, beef
production of 1.5 Mt will be below the target expected for Mato Grosso (Basbcaa
2015).

18, < e g e e e e e el e e e ey
%, o, ~t., 4., 0, "0 0505 50 G O, "0 0 <05 U5 0 90
%900@, Gp "y > Ty s DD % < e %

——HIST —+CAFO —%PASTRE GOV

Figure 8 - Herd’s historical evolution (from 1996 to 2012) and under modeled scenarios

To meet the future planned production of 1.6 Mtons by 2030 (Badb@ta 2015), a

policy scenario focused on pasture restoratiBASTRE) would need to promote the
renovation of 3.3 Mha of pasturelands, considering the contraction of these areas due to
cropland expansion to 24 Mha by 2030. UndeRASTRE scenario, stock density will grow

at a mean annual rate of 2.1%, reaching 1.14 AU/ha by 2030. The number of animals in
confinement and semi-confinement operations will steadily increase alongside the reduction
of slaughter age (Figure 9-10). These improvements will enable pasture productivity (arroba
hal) (1 arroba= 15 kg of carcass) to increase by 70%. As a result, the herd will grow to 39
Mhd (Figure §.
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Table 11 -Herd module outputs.

Model Results Unit Current 2030

HIST CAFO PASTRE GOV
Herd
Number of animals Mhd 28.74 37.40 34.30 39.10 48.90
Number of slaughtered animal: Mhd 5.48 7.44 8.22 8.25 9.87
Steers finished in feedlot Mhd 0.91 1.46 2.66 145 181

Steers finished in pasture with Mhd
supplementation

Average age at slaughtering  Months
(Steers and heifers)

0.33 0.61 0.90 0.52 0.64

41.10 35.20 29.30 34.90 34.70

Productivity arroba.ha 3.20 4.30 5.53 553 6.64
Productivity arroba. AU 3.80  4.60 5.30 480 4.70
Meat production Mt carcass 1.10 1.50 1.60 1.60 2.00
Pasture

Total pasture area Mha 24.80 28.10 24.10 24.10 24.10
Improved pasture area Mha - 1.90 1.80 3.20 6.00
Average stocking rate AU.hat 0.80 0.94 1.04 1.15 142

Mhd
»
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Figure 9 - Modeled trajectories of animals finished in feedlot in Mato Grosso.

Conversely, in th€ AFO management scenario, this same level of production would
be met with a herd of only 34 Mhd on 24 Mha of pasturelands, of which 1.8 Mha will need to
be renovated (45% less than thatRESTRE). Larger shares of animals terminated earlier
than 30 months in feedlots (32% of slaughtered animals) and semi-confinement (11% of
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slaughtered animals) alongside greater beef productivity per animal (5.3 arrdipavilbe
responsible for this larger production from a smaller herd.

On the other hand, if Brazil implements its pasture restoration target (GOV scenario),
the herd will be compelled to grow to 49 Mhd by 2030 resulting higher stock density of 1.4
AU.ha? (3.4% yearly growth) needed to pay back investments in pasture restoration. Under
the productivity set by GOV, this size of herd will produce 2.0 Mt carcass weight by 2030,

exceeding projected demand by 25 percent.
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Figure 10- Modeled trajectories of animals finished pasture supplementation in the state of
Mato Grosso.

3.2 Investments and economic returns

Pasture restoration accounts for the largest share of investments in any of the
scenarios. It follows then that the highest absolute value of investment will occur in the GOV
scenario, which has the most area under reformation, followed by PASTRE, CAFO and HIST
(Table 12). However, the lower resulting productivity in HIST, where there is the least
intensification effort, will result in higher marginal investment. In CAFO, the overall
investments are 43% lower than PASTRE for the same productivity per hectare. As the
system intensifies, operational costs also increase due to supplemental feeding and pasture
maintenance. The larger share of grains in animal feeding, higher the operational cost per

animal, as in CAFO. Nevertheless, increased productivity more than compensates for greater
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operational costs (Table 12) (Figure 11). In the scenarios that favor pasture restoration, cost
per head is lower. However, larger number of animals and cost of pasture maintenance
increases total production costs, and thus costs per hectare, pushing it 7% higher than that of
CAFO. In all scenarios, the return on investments is positive for most municipalities. In sum,
the most economically viable scenario is the CAFO with a NPV 27% greater than that of the
PASTRE (Table 1B

Table 12 -Economic module outputs. Values in parenthesis are the uncertainties bounds of
estimates.

2030
HIST CAFO PASTRE GOV

Model Results Unit Current

Economic indices
Investment - pasture

- USS$ billion - 1.86 1.82 3.32 6.10
restoration
Investment - feediot g pijion i 007 019 010 016
installation*
Operational costs**  US$.ha! 108.00 171.00 212.00 236.00 328.00
Operational costs**  US$.head 111.00 128.00 142.00 130.00 133.00
Profit margin** US$.ha 50.77 °8.73  101.79 83.44 86.26

(+18) (£25) (£24)  (£29)

*Values accumulated over studied period
** Average values for Mato Grosso in the last year of the simulation.

Table 13 -Net Present Value (US$ fpfor modeled management scenarios. Values in
parenthesis are the uncertainties bounds of estimates.

Net Present Value (US$ g

HIST 466.80 (+32%)
CAFO 767.61 (227%)
PASTRE 605.22 (+31%)
GOV 528.58 (+38%)
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Figure 11 -Current and modeled stock densities (AU/ha) and Profit Margin (US$/ha/yr) by
2030 across Mato Grosso.
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3.3 GHG emissions
3.3.1 Enteric emissions

Livestock’s major GHG source is methane from enteric emissions. As of 2012, Mato

Grosso herd emitted 49 MtGO(Figure 12).

Current HIST CAFO PASTRE GOV
100 - 5
12
80 - 3
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Enteric Manure Fertilizers m Soil fixation

Figure 12 - GHG balance per source under modeled scenarios currently and by 2030.

This number is poised to rise as the herd grows, hence the largest emissions will occur
under theGOV due to its biggest herd. ConverséBAFO will produce the same amount of
beef as that oPASTRE with 10% lower enteric emissions (Table 14). This lowersCH
enteric emission in thEAFO scenario is due to not only to a smaller herd but also to higher
beef productivity and hence earlier slaughtering (Figure 13) that compensates larger emission
per head, as supplementing grains to animals has higher energetic efficiency than feeding with
grass. As a result, each kg of beef producedAFO emits 11% to 16% less methane

compared to those 6fASTRE andHIST, respectively (Table 14).
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Table 14 -GHG module outputs. Values in parenthesis are the uncertainties bounds of

estimates.
) 2030
Model Results Unit Current
HIST CAFO PASTRE GOV
GHG emissions
EntericCH, MtCO.e 49.1 63.4 58.9 65.8 81.3
Manure CH MtCOqe 1.0 1.3 1.2 1.4 1.7
Manure NO MtCOqe 4.2 7.1 6.8 7.9 10.0
Fertilizers NO MtCO.e - 1.0 1.1 1.9 3.6
Fertilizers C@** MtCO.e - 0.4 0.4 0.8 1.4
Sequestration CO MtCO.e - 5.7 5.8 10.6 195
MtCO.e 67.8 62.6 67.2
GHG budget 54.3 78.5 (£9)
(x3) (x3) (x5)
Relative GHG emissions
_ kg CQe.kg 451 427 36.0 40.1 413
Enteric CH carcass
kg CQe.head 1,819.0 1,708.0 1,719.0 1,683.0 1,661.0
NzO__(manure and kg COee.kg 43 55 48 6.1 70
fertilizers) carcass
kg COe.kg 45.7 38.2 41.0 39.9
GHG budget carcass 498 4117) @17 @81 @47
45 1 - 43
& 43 - - 40
§ - 37
41 £
eo =
3, 342
© 39
< - 31
-
37 Y
35 - T T 25
Current HIST CAFO PASTRE GOV

mmm Enteric emissions ~ —#— Age at slaughtering

Figure 13 -Methane enteric emissions versus age at slaughtering of animals currently and by
2030 in the modeled scenarios.
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3.3.2 Manure emissions

Emissions from manure is virtually proportional to the herd size, although
supplementary feeding with higher protein content both in CAFOs and improved pasture
increases the ratio between manure/enteric from the current 8% to 11-12% by 2030 in
modeled scenarios. In turn,® participation in manure emissions rises from 80% to 85% in

all scenarios (Table 14).

3.3.3 Emissions from fertilizers

Pasture renovation and subsequent maintenance over time will require a substantial
use of fertilizers, increasing as a result GHG emissions in intensified systems. Total emissions
by 2030 will therefore be proportionally to the area of pastured renovated. In this respect, in
the GOV scenario, emissions from fertilizer utilization will amount to 3.6 Mi€@ar! by
2030, tantamount to 4.5% of total emissions, of whichp @@issions from lime and urea
represents 30% with the remainder coming froa© Nemissions. In turn, emissions from
fertilizers in thePASTRE andCAFO scenarios will account for 2.8% and 1.8% of their total

emissions, respectively (Table 14).

3.3.4 Soil sequestration

We estimate that the reformation of 6 Mha of pastures ilGth¥ scenario will fix a
total 19+9 MtCQe in the soils by 2030. Even so, in b@BV andPASTRE, only 0.45 units
of COe will be mitigated for each additional unit emitted from 2012, while G&+O
scenario, this ratio will be 0.42 and only 0.29 for #i8T scenario (Table 14).

3.3.5 GHG budget

Increase in beef production any of the modeled scenarios will raise GHG emissions
(Table 14, Figure 14). ThéOV scenario, despite large sequestration of carbon in the saill,
typifies the worst-case. On the opposite, net emission will be lowest ICAR®. This
scenario will produce the same amount of beef of thaPRB8TRE with net emissions 7%
lower than those of the latter scenario thanks to lower emissions coefficient per unit of beef

produced,i.e. 38.2 kg CQe per kg of beef versus 41.0 kg €&Oper kg carcass of the
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PASTRE. In this respect, thellST scenario stands as the worst-case. By 2030, each kg of
beef produced within this scenario will emit 45.6 kg2€Ca reduction of only 8% in relation
to 2012.
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Figure 14 -Net GHG emissions under modeled scenarios. Shadow areas depict uncertainty
bounds in CAFO, PASTRE and GOV scenarios.
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4 Discussion and conclusion

Because a nutritional strategy based solely on pasture management faces natural
constraints in the dry season when grass production is low, supplementary grain feeding both
in semi-confinement and confinement operations is key to maintain animal weight, thereby
decreasing slaughter age. In addition to the economic advantage of pasture supplementation
and feedlot operations (Table 12-13; Figure, Idedlots’ higher energy efficiency is central
to reduce GHG emissions from cattle both by diminishing the herd lifespan, hence emission
lifecycle, as well as the herd size. Other environmental or social externalities apart éW\erth
al., 2014), feedlot also allows additional emission reductions by adequate reutilizing manure
(Gerberet al., 2013; Herreraet al., 2016) to generate bioenergy (Palermo e Freitas, 2014) or
in place of synthetic fertilizers (Gerbetral., 2013).

Although improved tropical pasturelands are sinks of carbon (Maih, 2009; Braz
et al., 2013; Gerbeet al., 2013), our results belie that these sinks could compensate marginal
emissions due to higher stock densities (Barebral., 2016). Our results suggest that only
45% of marginal emissions were mitigated by carbon fixation in soil in the scenarios of large
pasture restoration,e. PASTRE and GOV. Here, we considered a fixed rate of carbon
accumulation over the simulated time-period. However, there are many uncertainties
regarding a wide array of factors that influence the rate of carbon accumulation in soils, such
as climate, soil type, and management systems (8aila, 2009; Smith, 2014). In addition,
carbon accumulation in soils asymptotically tends to a threshold equilibrium within 20 years
after pasture restoration (Ipcc, 2006; Smith, 2014), beyond which net will emissions will rise
more steeply due to the continued growth of the herd. Still, carbon fixation will be effective as
long as pastures remain productive. This implies, however, the continued utilization of
fertilizers, bringing into question the impacts from high demands for N, P and other nutrients
on the limited world reserves (Cordell e Neset, 2014; Sattati, 2016) as well as associated
GHG emissions (Tilmast al., 2011).

Economic gains from cattle intensification naturally depend on beef prices along with
local costs of corn and soy inputs. The latter are the lowest in Mato Grosso, since it is the
largest national producer of grains (Cepea, 2016; Imea, 2016b). Regarding beef prices, our
sensitivity analyses indicate that net revenues may fluctuate as much as 38% asma dincti
9% variation in beef prices. Aside from the recent spike in beef prices (Figure 7), historically
prices have declined from the seventies (De Zen e Barros, 2005), not to mentioning rising

production costs. Nowadays, ranchers face increasing competition not only within the sector
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but also from other meat producers. By escalating production, intensification, instead of
ensuing higher rents to ranchers, may exacerbate such a competition, perversely shrinking
profit margins at the farm gate (Leonard, 2014), particularly in a scenario that production
exceeds demand, such as the GOV. Therefore, regardless whether consumption of beef is
approaching a global peek (Vrankenal., 2014), large-scale pasture restoration appears to
incur in greater economic risk given the high investment costs of this undertaking and the new

volatility in both input and output prices (Table 12-13).

Contrary to results from previous studies (De Oliveira Sdval., 2016), increasing
beef production will lead to an overall rise in GHG emissions from the cattle sector within a
foreseeable future. Only a smaller and more productive herd could avert such an outcome.
Rather than pasture restoration, investments in feedlots along with complementary strategies
are more likely to prompt better economic, productive, and, in particular, environmental
outlooks for the cattle sector in Brazil. If we are to continue to base our diet on beef, we
should contemplate that grass-fed beef poses a tremendous impact to environment. In view of
our results, Brazil’s should review its climate mitigation policy, since large-scale pasture
restoration, instead of reducing GHG emissions, threatens the success of Brazil’s Nationally

Determined Contribution.
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5 Supplementary equations

The dependence between the equations for simulating the herd dynamics, economics

of ranching and GHG emissions are depicted in Figure 15.
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Figure 15 - SimPec equation flowchart. A - Herd module, B - Economic module and C -
GHG emissions modules.
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5.1 Herd dynamic module

The herd’s dynamic is a function of zootechnical coefficients and the system carrying

capacity (SSc), as follow:
SScyme = [SRS’m’t X (Pas,m’t-Pa_refsm t)] + [SR_imp x Pa_ref t] + Fdg ¢ (eq. S1)

where s is the management scenanomunicipality, t time (month).SS is the system
carrying capacity (AU)SR refers to extensive pasture stocking rate (AQ)hRa is the total
pasture area (hala_ref refers to restored pasture area (I88);imp is the improved pasture
stocking rate (AU hd); Fd is the average number of confined animals (AS%: is updated
every 12 months.

The number of animals in the herd is updated monthly according to (eq. S2

Qs,m,t = Z (Qc,s,m,t-l + Ns,m,t - Ms,m,t - Vc,s,m,t) (eq SZ)

C

where s is the management scenarianunicipality,t time (month) anat animal categories
(1 = cows, 2 = bulls, 3 = male calves, 4 = female calves, 5 = steers on extensive pasture, 6 =
heifers on extensive pasture, 7 = steers on improved pasture, 8 = heifers on improved pasture,
9 = steers supplemented in pasture and 10 = steers in fe&lljers to the number of
animals in the herd\ is the number of animal births (eq. S¥);is the number of animal

deaths (eq. S5) andis the number of animals sold.

Every 12 months, the herd size is adjusted as a functiB8cdiy altering the number
of cows (eq. S3).

450

Qe tsme = o ome + [((ij SScqmt ¥ Wa - Q.. l,s,m,t) x eat] (eq. S3)
wheres is the management scenanm,municipality,t time (month) ana animal category.
For c=1, Q is the number of cows in the hef$tc is the system carrying capacity (AU) (eq.
S1); Cw refers to average perceptual of the herd composed by cows (here we used in average,
33%) Wu refers to the average weight of cows (kg) (Table 2)@ni$ the cow adjustment
constant §a= 1 for the month when the model updates the number of cowsawn@ for
others). To increase the number of cows, the model allocates heifers able to enter in
reproductive phase according to pre-defined age (Table 2). The model also replaces senile
cows every 12 months according to the replacement rate of cows (Table 2). The number of

bulls is given by bull/cow ratio (Table 2) and the replacement of bulls is set according to
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replacement rate of bulls at every 12 months (Table 2). The discarded animals are thus
slaughtered.

Every 12 months, new animals enter the herd by (eg. S4

TN
Ns,m,t = Qc: 1,s,m,t X=X ebt (eq 84)

wheres is the management scenamomunicipality,t time (month) and animal categoryN

is the number of animal births. For ¢ =Q,is the number of cows in the herd; refers to

birth rate (%) (Table 2) anéb is the birth constan®9p= 1 for the month when birth takes
place and’b= 0 for others). We assume that animals are born in august, of which 50% is male
and 50% female.

Every month the number of animals that die is calculated as follow:
Im_
Ms mt— (Qsmt—l>< 100/12 (eq 85)
wheres is the management scenario, municipality, t time (month).M is the number of

animal deathsQ is the number of animals ame denotes the mortality rate (%) (Table 2

The individual weight of animals/) is updated monthly according to daily weight
gain (eq. SY. Forc = 1 (cows) and = 2 (bulls), WhenV is equal to the average weight of
cows and bulls, respectively (Table 2DG is 0. For ¢ = 3 (male calves) and ¢ = 4 (female
calves),ADG is calculated according to (eq. S6) and for others animal cate§ofy, is
defined in Table 2.

M) (eq. S6)

= Wb +
ADG. = Wb ( Aw30

wheres is the management scenario ananimal categoryADG denotes average daily gain
(kg.animatt.day?); Wb andWw denotes the weight of animals at birth and at weaning (kg)
respectively, whileAw refers to the age at weaning (months) (Table 2).

Wc,s,m,t = Wc,s,m, t-1 +30 x ADGc,s,t (eq 87)

wheres is the management scenamomunicipality,t time (month) and animal categoryW
refers to the live weight of animals (kgdDG denotes average daily gain (kg.anithdhy?)
(Table 2 (eq. S6). Sales of animals occM) (vhen the weight reaches the minimum value for
slaughter (Table 2).
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5.2 Economic module

To estimate the economic performance, the model computes the operational costs and

investments. When animals are sold, the model records revenues, as follow:
RVs,m,t = Z(Vc,s,m,t X Wc,s,m,t X Cyc X Pc,m,t) (eq S8)
C

wheres is the management scenanm municipality,t time (month) andt animal category.
Rv refers to revenue (US$Y, is the number of animals sol®/ refers to the live weight of
animals (kg) (eq. S7); Cy carcass yield (%) (Table 2)Riisl the price of beef (US$.Ky
(Table 7).

In that way, the cash flow is updated monthly according to (€g. S9
Cfs,m,t = RVs,t B Ocs,m,t B IVs,t (eq 89)

wheres is the management scenamomunicipality,t time (month) Cf denotes the cash flow
(US9); Rv refers to revenue (US$) (eq. S8 are the operational costs (US$) (Table)5-6
andlv is the investment costs (pasture restoration and feedlot installation costs) (US$).

Pms,m,t = RVs,m,t - OCs,m,t (eq SlO)

where s is the management scenari, municipality, t time (month).Pm refers to profit
margin (US$)Rv refers to revenue (US$ENdOc is the operational costs (US$) (Table)5-6

n

(Rv-Iv-Oc)_ .
NPVS,mzz —————m (eq. S11)
S\ (1+15)
wheres is the management scenamo municipality,t time (month), anadh is the number of
months of simulationNPV is the net present value (USHy refers to revenue (US$) (eq.
S8); Oc is the operational costs (US$) (Table 54&)is the investment (pasture restoration
and feedlot installation costs) (US$) anid the rate of return (%6).

5.3 GHG module

5.3.1 CHaemissions from enteric fermentation

The enteric emissions of methane are calculated according to IPCC’s tier 212, as

follow:

NEM g e =0.322 % We g " x Q (eq. S12)

¢,s,m,t
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wheres is the management scenanmm municipality,t time (month) anct animal category.
NEm is the net energy required for maintenance animal (MJ)dsyrefers to the live weight

of animals (kg) (eq. S7R refers to the number of animals (eq).S2

NEac,s,m,t: Cc X Vvvc,s,m,to'75>< Q (eq 813)

c,s,m,t

wheres is the management scenanm municipality,t time (month) anat animal category.
NEa denotes the net energy for animal activity (MJYag corresponds to animal’s feeding
coefficient C= 0.37 for animals on extensive pastu@ 0.17 for animals on improved
pastures an@= 0 for animals in feedlot and in pasture supplementatidrgfers to the live

weight of animals (kg) (eq. S refers to the number of animals in the herd (eg. S2

NEl i, = MK x (1.47 +0.40 x MF) x Q_, . * 0, (eq. S14)

wheres is the management scenanm,municipality,t time (month) and animal category.
NEI is the net energy for lactation (MJ dayMK is the amount of milk produced (kg.animal
! dayl) (Table 8);MF refers fat content of milk (%) (Table 8). For 1, Q is the number of
cows in the herd (eq. S3)J is the lactation constan®/& 1 for the months when cows are
lactating and/= O for others).

NEpS,m,t - QC=1,S,I‘Il,t X 0'75 X NEmC = l,s,m,t X ept (eq 815)

wheres is the management scenan municipality,t time (month) anat animal category.
Nep is the net energy required for pregnancy (MJialforc= 1, Q is the number of cows in
the herd (eq. S3); Fa= 1, NEm is the net energy required for cows maintenance (eq. S12).
Op is the pregnant constaripE 1 for the months when cows are pregnant @l O for

others).

4.18x[(0.035 x Wegm " ¥ Wegme ) + ADGC’S,t]} (eq. S16)

NEgc,S,m,t_ { X Q
c,s,m,t

wheres is the management scenanm,municipality,t time (month) andt animal category.
NEg refers to net energy needed for growth (MJYaw refers to the live weight of animals
(kg) (eq. ST, ADG denotes average daily gain (kg.anithday?'); (Table 2, (eq. S6) ar@ is

the number of animals in the herd (eq).S2

REM, = 0.298 + 0.00335 x DE, (eq. S17)
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where c is the animal categoryREM is the ratio of net energy available in a diet for
maintenance to digestible energy consumed (dimensionB&sflenotes digestible energy

expressed as a percentage of gross energy (% GE) (Jable 9
REG, =-0.036 + 0.00535 x DE, (eq. S18)

wherec is the animal categorREG is the ratio of net energy available for growth in a diet to
digestible energy consumed (dimensionless); DE denotes digestible energy expressed as a
percentage of gross energy (% GE) (Table 9

c,s,m,t

REG, (eq. S19)

NEmc,s,m,t+ NEac,s,m,t + NElm,t + NEpS m. t) NEg
— |+

GEc,s,m,t = < REM,
100
* ~"/pE, *30

wheres is the management scenanm,municipality,t time (month) and animal category.

GE is the gross energy (MJ djy NEm is the net energy required by the animal for
maintenance (MJ day (eq. S12);NEa is the net energy for animal activity (MJ dayeq.
S13);NEl is the net energy for lactation (MJ dayeq. S14)Nep is the net energy required

for pregnancy (MJ da3) (eq. S15);NEg refers to net energy needed for growth (MJJay

(eq. S16)REM is the ratio of net energy available in a maintenance diet for digestible energy
consumed (dimensionless) (eq. SIHEG is the ratio of net energy available for growth in a

diet to digestible energy consumed (dimensionless) (eq. S18); DE denotes digestible energy
expressed as a percentage of gross energy (% GE) (Table 9). The factor 30 switches daily
time steps to monthly time steps.

Ym, 1
CHient = ) (GEesm* T35 ) 5565 (eq. S20)

C

wheres is the management scenan municipality,t time (month) anat animal category.
CHaent is the methane enteric emissions (KgIE denotes the gross energy (MJ anitndéy
1 (eq. S19);Ym refers to methane conversion factor (%) (TableT@g factor 55.65 is the
methane energy content (MJ.kg £

5.3.2 CHa emissions from manure

Methane emissions from manure are calculated according IPCC’s tier 2 (Ipcc, 2006)

as follow:

DE, 1 - ASH (eg. S21)
- - + '
VS smyt [GEc,s,m,t x (1 100) (UE X GEC’S’m’t)] 8 [( 18.45 )]
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where s is the management scenariopunicipality,t time (month) ana animal categorys

is the daily volatile solid excreted (kg dry matter anitnddy'); GE denotes the gross energy
(MJ animaf* day?) (eq. S19)DE is the digestible energy expressed as a percentage of gross
energy (% GE) (Table 9YJE is urinary energy expressed as fraction of GE (Table 8); ASH is
the ash content of manure calculated as a fraction of the dry matter feed intake .Table 8

MCF
Efmang g, = VS¢ g my X Bmax x 0.67 x T 30 (eq. S22)

00

wheres is the management scenanm municipality,t time (month) andc animal category.
Efman is the methane emission factor of manure (kgi.&Mmai'); Vs is the daily volatile
solid excreted (kg dry matter anirfatiay?) (eq. S21);Bmax refers to maximum methane
producing capacity for manure 1@H. kg of VS excreted) (Table 8).The factor 0.67 is used
to convert M CHs to kg CH;; MCF is methane conversion factors for manure management
system (%) (Table)8

CH4mans,m,t:z EfmanC,S,m,t % Qc,s,m,t (eq 823)
c

wheres is the management scenan municipality,t time (month) ana animal category.
CHsman refers to methane emissions from herd manure (&)an denotes the methane
emission factor of manure (kg Gldnimat®) (eq. S22) and) refers to the number of animals
in the herd.

5.3.3 N20 emissions from manure

Nitrous oxide emissions from manure are calculated according IPCC’s tier 2 (Ipcc,
2006), as follow:

DE
NEma, =REM, x 18.45 x 5 5 (eq. S24)

wherec animal categoryNEma is the net energy concentrate of diet (MjtkgDE denotes
digestible energy expressed as a percentage of gross energy (% GE).

For animals in growth stagPMI is calculated as follow:

0.2444 x NEma, - 0.0111 x NEma,” - 0.472
DMIC,s,m,t = ( . NEma c ) XWC,S’m’tOJS (eq 825)
C
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wheres is the management scenanmm municipality,t time (month) anct animal category.
DMI is the dry matter intake (kgW refers to the live weight of animals (kg) (eq. ;SVEmMa
is the net energy concentrate of diet (Mj'k¢eq. S24).

Forc= 1 (cows) ana= 2 (bulls),DMI is calculated by (eq. Sp6

2
075 ,, [(0.0119 x NEma,” +0.1938)

eq. S26
NEma, (eq )

DMIC,S,m,t = Wc,s,m,t

wheres is the management scenamomunicipality,t time (month) anad animal categoryW
refers to the live weight of animals (kg) (eq. SMEEmMa is the net energy concentrate of diet
(Mj.kg™) (eq. S24).

CP, |

NIc,s,m,t :DMIc,s,m,t X W X E X

Q.o my X 30 (eq. S27)

wheres is the management scenan municipality,t time (month) ana animal category.
DMI is the dry matter intake (kg) ((eq. S260q. S26)); CP is the protein content in diet of

animals (%) (Table 9)Q refers to the number of animals in the herd (eg. S2

CPM
NeXegme = Nlg gy - (Q(c_1 sm X MK x — )-0.025 x ADG,, (eq. S28)

wheres is the management scenano municipality,t time (month) anat animal category.
Nex is the total N excretion from manure (ké¢Jt denotes the total N intake (kg) (eq. S27)
CPM is the protein content in milk (%) (Table 8); For 1, Q is the number of cows in the
herd (eq. S3)MK is the amount of milk produced (kg.animalay?) (Table 8);:ADG denotes
average daily gain (kg.animatiay?) (Table 2 (eq. S6). The ratio of N excreted in urine and
dung were calculated by eq. S29 according Scholefield et al.(1991).

Nexc,s,m,t

CP,

Nex_dc ——
((1+1.2725)>< —) -1.09

(eq. S29)
6.25

wheres is the management scenanm,municipality,t time (month) andt animal category.
Nex_d refers to N excretion in dung of animals (kiyEx is the total N excretion from manure
(kg) (eq. S28); CP is the protein content in animal diet (%) (Table 9). The factor 6.25 converts

amount of protein to amount of N.

Nex_uc,s,m,t = NeX¢smy - Nex_dcys,m,t (eq. S30)
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wheres is the management scenanm,municipality,t time (month) and animal category.
Nex_u refers to N excretion in urine of animals (kiygx is the total N excretion from manure
(kg) (eq. S28)Nex_d refers to N excretion in dung of animals (kg) (eq. S29).
B 44
NzOmp_ds’m’t—z (Nex_dc’s’m,t x EFd + Nex_uc,s,m’t x EF, x %> (eq. S31)

C

wheres is the management scenanmmmunicipality,t time (month) anct animal category.
N2Omp_d is the direct MO emissions from the manure of animals on pasture (#&y;d
refers to N excretion in dung of animals (kg) (eq. SR&X u is to N excretion in urine of
animals (kg) (eq. S3PEFd is the emission factor for direct28 emissions from dung (kg
N2O_N.kg N excreted) (Table 8) ancEFu is the emission factor for directz® emissions
from urine (kg NO_N.kg N excreted) (Table 8); The factor 44/28 converts® N to NO

emissions.

(Nexc,S,m,t x FR_mpvol x EF_V01)+

eq. S32
(NeXgm¢ ¥ FR_Ich x EF_Ichx 44/,0) (eq. S32)

N, Omp_is,m, = Z

Cc

wheres is the management scenanm,municipality,t time (month) and animal category.
N2-Omp_i is the indirect MO emissions from the manure of animals on pasture lax)is the
total N excretion from manure (kg) (eq. S2ZBR_mpvol denotes the fraction of N excreted on
pastures that volatilizes (NHN + NO—N. kg N Excreted) (Table 8);FR Ich is the fraction
of N excreted that leaches (kg BHM + NO—N. kg N Excreted) (Table 8).EF vol is the
emission factor of BD from volatized N (kg BO-N (kg NHs-N + NOx-N volatilized)?)
(Table 8);EF_lIch is the emission factor for & emissions from N leaching and runoff, kg
N2O-N (kg N leached and runoff)(Table 8). The factor 44/28 convertsON N to NO

emissions.

N,Omp,_ =N,Omp_d  +N,Omp_i. (eq. S33)

s,m,t
wheres is the management scenanm,municipality, t time (month).N.Omp is the nitrous
oxide emissions from manure of the animals on pasture regimeNKgp_d is the direct

N2O emissions from the manure of animals on pasture (kg) (eq. S3IN-@map i is the
indirect O emissions from the manure of animals on pasture (kg) 8. S

44
N,Ome_d = NeXc-jo5me % Q. _ g g < EFm * > (eq. S34)
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wheres is the management scenanmm municipality,t time (month) anct animal category.
N-Omc_d is the direct nitrous oxide emissions from manure of the animals under feedlot (kg);
For c= 10,Nex is the total N excretion from manure of animals under feedlot (kg) (eq. S28).
For c= 10, Q is the number of animals under feedlBEm is the direct NO emission factor

for manure management (Kg®-N kg N?1) (Table 8); The factor 44/28 converts® N to

N20O emissions.

. NeXc =10,s,m,t X QC =10,s,m,t X
N,Ome 1. = 44 (eq. S35)
st~ | (FR_mevol x EF_vol + FR_Ich x EF_lch)x 44/,

wheres is the management scenamomunicipality,t time (month)N.Omc i is the indirect
nitrous oxide emissions from manure of the animals under feedlot (kg¥=Fdr, Nex is the
total N excretion from manure of animals under feedlot (kg) (eq. S28)x=Fa0, Q is the
number of animals under feedlddR_mcvol denotes the fraction of N from manure that
volatilizes as NH and NOx (kg NH-N + NO—N. kg N Excreted) (Table 8);EF_vol is the
emission factor for BO from N that volatilize (kg BO-N (kg NHs—N + NOx—N volatilized)

1y (Table 8);FR Ich denotes the fraction of N from manure that leaches (@ N. kg N
excreted) (Table 8).EF _Ich denotes the emission factor fopfrom N that leaches (kg
N2O-N (kg N leaching/runoff}) (Table 8). The factor 44/28 converts frolmONN to NO

emissions.
N,Omcg 1, ¢ = NZOmc_dS,m,t + N20mc_is’m’t (eq. S36)

wheres is the management scenanmmo,municipality, t time (month).NoOmc is the nitrous
oxide emissions from manure of the animals under feedlot Kk@nc_d is the direct nitrous
oxide emissions from manure of the animals under feedlot (kg) (eq. S38p@nd i is the
indirect nitrous oxide emissions from manure of the animals under feedlot (kg) (eq. S35).

N,Omang ,, =N, Omps’m’ TNLOmeg ¢ (eq. S37)

wheres is the management scenarm, municipality, t time (month).N-Oman is the total
nitrous oxide emissions from manure of the herd (Kgmp is the nitrous oxide emissions
from manure of the animals on pasture regime (kg) (eq. S33)#mc is the nitrous oxide

emissions from manure of the animals under feedlot (kg) (eq. S36).
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5.3.4 N20 emissions from fertilizer

Nitrous oxide emissions from synthetic fertilizer are calculated as proposed by IPCC’s
tier 2 (Ipcc, 2006). In Brazil, urea is the main source of N fertilizer (Alves, 2014), which
presents larger losses of N due to volatilization, especially when applied onto soil surface. We
consider the adaptation proposed by Alves (Alves, 2014), wherein be=iission factor
from N fertilizer applied as urea is 0.30, while for N fertilizer applied as other sources is 0.1

(Ipcc, 2006). Here we assume that 50% of N fertilizer comes from urea.
= 4 S38
NZOf—ds,m,t = Pa_refs’m,t xNfert , ; X EFfertd x 7 (eq. )

wheres is the management scenamomunicipality,t time (month) N>Of_d is the direct NO
emission from synthetic fertilizer applied in soil (k¢a_ref refers to pasture area restored
(ha); Nfert is the amount of N synthetic fertilizer applied in the soil (kg)héTable 8);
EFfertd refers to direct BO emission factor from N synthetic fertilizer applied in soil (kg
N2O_N kg N?) (Table 8). The factor 44/28 convertsON N to NO emissions.

(FR_fV011+FR_fV012

5 ) XEFVOI]} « 44/28 (eq. S39)
+FR Ich x EF Ich

Nzof_is’ = Pa_refs,m,t ><I\Iferts,m,t><

m,t

wheres is the management scenamomunicipality,t time (month). );N2Of i is the indirect

N2O emission from synthetic fertilizer applied in soil (k@a ref refers to pasture area
restored (ha)Nfert is the amount of N synthetic fertilizer applied in soil (kghhérable 8);

FR _fvoll denotes the fraction of N synthetic applied in soil as fertilizer in urea that volatilize
(kg NHz-N + NON. kg N applied) (Table 8);FR fvol2 denotes the fraction of N synthetic
applied in soil as fertilizer in other sources that volatilize (kgNN+H NO—N. kg N applied

1y (Table §. EF_val is the emission factor of & from volatized N (kg BMO-N (kg NHs-N +
NOx—N volatilized)'). FR_Ich denotes the fraction of N synthetic applied in soil as fertilizer
that leaches (kg X0_N. kg N applied) (Table 8).EF_Ich denotes the emission factor for
N2O from N that leaches (kg28-N (kg N leaching/runoff}) (Table 8). The factor 44/28

converts NO_N to NO emissions.
NyOfert = (N,OF d |+ N2OF i) O, (eq. S40)

wheres is the management scenanmo,municipality, t time (month).N>Ofert refers to total
N2O emissions from synthetic fertilizer (kgN.Of d is the direct NO emission from
synthetic fertilizer applied in soil (kg) (eq. S380f i is the indirect MO emission from
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synthetic fertilizer applied in soil (kg) (eq. S39¥f is the fertilizer constant¥(= 1 for the
month when fertilizer application take place (it happens once every 12 monthgranhdor

others).

5.3.5 CO2 emissions from fertilizer

The CQ emissions from limestone and urea applied in soil is calculated as proposed
by IPCC’s Tier 1 (Ipcc, 2006) as follow:

Nfert 44
COzu, , =Pa_ref, | x —— == XEFCOux — (eg. S41)

wheres is the management scenario,municipality, t time (month). CQu refers to CQ
emissions from N synthetic fertilizer applied in soil as urea (Ra)ref refers to pasture area
restored (ha)Nfert is the amount of N synthetic fertilizer applied in soil (kghhéTable 8);
EFCOuu is the CQ emission factor for urea applied as N fertilizer (kgC.kg tyé¢@able 8).
The factor 44/12 converts from GCQC to CQ emissions.

COsLm,_ - C_Lmsmt>< (Pa_refs,m,t—Pa_refs,m,t_1) xEF Lm (eq. S42)

0, « 44 /12 x Oc,

where s is the management scenamanunicipality,t time (month).CO.Lm refers to CQ
emission from limestone applied in soil (k@);Lmis the amount of limestone applied in soil
(kg ha?) (Table §; Pa_ref refers to pasture area restored (IE); Lm denotes the limestone
emission factor (kg C.kg de limestohe(Table 8). The factor 44/12 converts m £O to
CO, emissionséc is the limestone constarticE 1 for the month when limestone is applied (it

happens once every 12 months) &od O for others).

5.3.6 CO:2 fixation

The CQ fixation in organic carbon in soil of improved pasture is calculated as follow:

(eq. S43)

CO. soil Pa rof SOCr 44
= X X —_—
27801 sm.t a re s,m,t 2 2

wheres is the management scenamomunicipality,t time (month).CO-_soil corresponds to

carbon fixation by improved pastures (kB#_ref refers to pasture area restored (8Cr is
the rate of C sequestration (kg Cth&Supplementary Methods).
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5.3.7 GHG budget

(CHent+CHyman); , *GWP+(N,Oman+N,Ofert) , ;

€O~ XGWP+CO, LN, gy, +COU, g - CO_50il g (eq. S44)

wheres is the management scenamomunicipality,t time (month) COze is the GHG budget
(kg COe); CHaent is the methane enteric emissions (kg) (eq. S28)man refers to methane
emissions from herd manure (kg) (eq. S2ABQman is the total nitrous oxide emissions from
manure of the herd (kg) (eq. S3N:Ofert refers to total MO emissions from synthetic
fertilizer (kg) (eq. S40)CO.Lm refers to CQ emission from limestone applied in soil (kg)
(eq. S42)COqu refers to CQemissions from N synthetic fertilizer applied in soil as urea (kg)
(eq. S41)CO,_sail is the carbon fixation by improved pastures (kg) (eq. S38P1 e GWP2

is the global warming potential for methane an€®®N28 and 265 respectively (Myheeal.,
2013).

41



6 References

ALEXANDRATOS, N.; BRUINSMA, J.World agriculture towards 2030/2050: the 2012
revision. ESA Working paper Rome, FAO. 2012

ALVES, B. J. R. Emissdes de Oxido nitroso de solos agricolas e de manejo de dejetos.
Ministério da Ciéncia, Tecnologia e Inovagao., 2014.

ANGELSEN, A. Policies for reduced deforestation and their impact on agricultural
production.Proceedings of the National Academy of Scienceg, 107, n. 46, p. 19639-
19644, November 16, 2010 2010. Disponivel em: <
http://www.pnas.org/content/107/46/19639.abstract >.

ANUALPEC. Anuério da pecuéria brasileira 208&0 Paulo: MAXI Grafica, 2015.

BARBOSA, F. A. et allndicadores de sustentabilidade na pecuéria bovina de corte -
projeto pecuaria integrada de baixo carbono VI Simpésio nacional sobre producédo e
gerenciamento da pecudria de corte. FABIANO ALVIM BARBOSA, D. S. G., LiVIO
RIBEIRO MOLINA, VENICIO JOSE DE ANDRADE, FABRICIO TEIXEIRA DA
ROCHA, GERALDO HELBER BATISTA MAIA FILHO, JILIANA MERGH LEAO,
PATRICIA CAIRES MOLINA. Belo Horizonte - Minas Gerai&25 p. 2014.

BARBOSA, F. A. et al.Cenérios para a pecuaria de corte amazobnica. 2015.
http://csr.ufmg.br/pecuaria/wp-
content/uploads/2015/03/relatorio_cenarios_para_pecuaria_corte_amazonica.pdf?2db21
1.2015

BARIONI, L. G.; OLIVEIRA SILVA, R.; MORAN, D. Reducing beef consumption might
not reduce emissions: response to Phalan et al.(2Gid})al Change Biology 2016. ISSN
1365-2486.

BERG, A. et al. Projections of climate change impacts on potential C4 crop productivity over
tropical regions.Agricultural and Forest Meteorology, v. 170, p. 89-102, 2013. ISSN
0168-1923.

BOWMAN, M. S. et al. Persistence of cattle ranching in the Brazilian Amazon: A spatial
analysis of the rationale for beef productidiland Use Policy,v. 29, n. 3, p. 558-568, 7//
2012. ISSN 0264-8377. Disponivel em: <
http://www.sciencedirect.com/science/article/pii/S0264837711001037 >.

BRASIL. Lei n. 12.187, de 29 de dezembro de 2009. Institui a Politica Nacional sobre
Mudanca do Clima - PNMC e da outras providéncias
(www.planalto.gov.br/ccivil_03/_Ato2007-2010/2009/Lei/L12187.htm). 2009.

INDC - Intended Nationally Determined Contribution (Brazil);
http://www4.unfccc.int/submissions/INDC/Published%20Documents/Brazil/1/BRAZIL
%20iNDC%20english%20FINAL.pdf. 2015

BRAZ, S. P. et al. Soil carbon stocks under productive and degraded pastures in the Brazilian
Cerrado.Soil Science Society of America Journaly. 77, n. 3, p. 914-928, 2013. ISSN
0361-5995.

42



BUSTAMANTE, M. M. C. et al. Estimating greenhouse gas emissions from cattle raising in
Brazil. Climatic Change,v. 115, n. 3, p. 559-577, 2012. ISSN 1573-1480. Disponivel em: <
http://dx.doi.org/10.1007/s10584-012-0443-3 >.

CARDOSO, A. S. et al. Impact of the intensification of beef production in Brazil on
greenhouse gas emissions and land Agecultural Systems, v. 143, p. 86-96, 3// 2016.
ISSN 0308-521X. Disponivel em: <
http://www.sciencedirect.com/science/article/pii/S0308521X15300652 >.

CEPEA. Centro de Estudos Avancados em Economia Aplicada - Esalg/USP.
(http://www.cepea.esalqg.usp.br/). 2016.

CORDELL, D.; NESET, T.-S. Phosphorus vulnerability: a qualitative framework for
assessing the vulnerability of national and regional food systems to the multi-dimensional
stressors of phosphorus scarciBlobal Environmental Change,v. 24, p. 108-122, 2014.
ISSN 0959-3780.

COTA, O. L. et al. Methane emission by Nellore cattle subjected to different nutritional
plans.Tropical animal health and production, v. 46, n. 7, p. 1229-1234, 2014. ISSN 0049-
4747.

DE ANDRADE GIMENES, F. M. et al. Ganho de peso e produtividade animal em
capimmarandu sob pastejo rotativo e adubacao nitrogeada. agropec. bras., Brasilia,
v.46,n.7,p. 751-759, 2011.

DE GOUVELO, C. et al. Brazil Low-Carbon Country Case Study. The World Bank Group,
Washington, DC, 253pp., 2010.

DE OLIVEIRA SILVA, R. et al. Increasing beef production could lower greenhouse gas
emissions in Brazil if decoupled from deforestatiNature Clim. Change,v. 6, n. 5, p. 493-
497, 05//print 2016. ISSN 1758-678X. Disponivel em: <
http://dx.doi.org/10.1038/nclimate2916 >.

DE ZEN, S.; BARROS, G. Formacao de precos do boi, uma perspectiva histsi@a.
Agricola. Piracicaba n. 3, p. 120-122, 2005.

EUCLIDES, V. P. B. et al. Valor nutritivo da forragem e producédo animal em pastagens de
Brachiaria brizanthePesquisa Agropecuaria Brasileiray. 44, n. 1, p. 98-106, 2009.

GERBER, P. J.; HENDERSON, B.; MAKKAR, H. RMitigation of greenhouse gas
emissions in livestock production. A review of technical options for non-CO2 emissions
FAO, 2013. ISBN 9251076588.

GIBBS, H. K. et al. Tropical forests were the primary sources of new agricultural land in the
1980s and 1990%roceedings of the National Academy of Scienceg, 107, n. 38, p.
16732-16737, 2010. ISSN 0027-8424.

GIL, J.; SIEBOLD, M.; BERGER, T. Adoption and development of integrated—crop
livestock-forestry systems in Mato Grosso, BraziAgriculture, Ecosystems &
Environment, v. 199, p. 394-406, 2015. ISSN 0167-8809.

43



GOULART, F. F.; CARVALHO-RIBEIRO, S.; SOARES-FILHO, B. Farming-Biodiversity
Segregation or Integration? Revisiting Land Sparing versus Land Sharing Dieletel of
Environmental Protection, v. 7, n. 07, p. 1016, 2016.

HERRERO, M. et al. Greenhouse gas mitigation potentials in the livestock d¢atore
Climate Change 2016. ISSN 1758-678X.

IBGE - Instituto Brasileiro de Geografia e Estatitisca (Brazilian Institute of Geography and
Statistics). Censo Agropecuario 2006 (2006 Agricultural Census). Available at:
http://www.sidra.ibge.gov.br/bda/acervo/acervo2.asp; Accessed 5 october 2016. 2016

IMEA. Instituto Matogrossense de Economia Agropecuaria. Available at:
http://www.imea.com.br/upload/publicacoes/arquivos/justificativamapa.pdf. Accessed 1 june
2015., 2010.

IMEA - Instituto Matogrossense de Economia Agropecuaria. Levantamentos das intencdes de
confinamento em 2012. Available at:
http://www.imea.com.br/upload/pdf/arquivos/2012_08 14 Confinamento_julho_2012.pdf.
Accessed 1 jun 2015., 2012.

IMEA - Instituto Matogrossense de Economia Agropecuaria
(http://www.imea.com.br/site/principal.php). 2016a.

IMEA - Instituto Matogrossense de Economia Agropecuaria. Available at:
http://www.imea.com.br/upload/pdf/arquivos/R405_Apresentacao_MT_Portugues_Nova 26
11 2014.pdf. Accessed 10 august 2016. 2016b

INPE. Instituto Nacional de Pesquisas Espaciais. Available at:
http://www.obt.inpe.br/prodes/index.php. Accessed 1 october 2016., 2016.

IPCC. Guidelines for National Greenhouse Gas Inventories Vol. 4 (eds Eggleston, S. et al.)
Ch. 10, 11 (Cambridge Univ. Press, 2006). 2006.

LAL, R. C. et al.Carbon sequestration in soils of Latin America [ICA, Asuncién
(Paraguay), 2006. ISBN 1560221364.

LAPIG, L. D. P. D. |. e Geoprocessameribados Vetorais de alteras de desmatamento no
periodo de,v. 2013, 2002.

LAPOLA, D. M. et al. Pervasive transition of the Brazilian land-use sysSt&ture climate
changeyv. 4, n. 1, p. 27-35, 2014. ISSN 1758-678X.

LAURANCE, W. F. et al. DRIVERS OF AMAZONIAN DEFORESTATION. 2005.

LEONARD, C.The meat racket: The secretakeover of America’s food business. Simon
and Schuster, 2014. ISBN 1451645848.

MAIA, S. M. F. et al. Effect of grassland management on soil carbon sequestration in
Rondobnia and Mato Grosso states, Brazkoderma,v. 149, n. 12, p. 84-91, 2/15/ 20009.
ISSN 0016-7061. Disponivel em: <
http://www.sciencedirect.com/science/article/pii/S0016706108003406 >.

44



MAPA. Ministerio da Agricultura Pecuaria e Abastecimento. Available at:
http://www.agricultura.gov.br/comunicacao/noticias/2016/01/valor-bdatproducao-
agropecuaria-bate-recoréex2015. Accessed 10 august 2016. 2016a

MAPA — Ministério da Agricultura Pecuaria e Abastecimermjec6es do agronegdcio:
Brasil 2015/16 a 2025/26 Projec6es de longo pra2@16b

MYHRE, G. et al. Anthropogenic and natural radiative forci@gmate change,v. 423,
2013.

NEPSTAD, D. et al. Slowing Amazon deforestation through public policy and interventions
in beef and soy supply chainScience,v. 344, n. 6188, p. 1118-1123, 2014. ISSN 0036-
8075.

NEUMANN, K. et al. The yield gap of global grain production: A spatial analysis.
Agricultural systems,v. 103, n. 5, p. 316-326, 2010. ISSN 0308-521X.

PALERMO, G. C.; FREITAS, M. A. V. Reduction of emissions from Brazilian cattle raising
and the generation of energy: Intensification and confinement poteiredsgy Policy, v.
68, p. 28-38, 2014. ISSN 0301-4215.

PIRES, G. F. et al. Increased climate risk in Brazilian double cropping agriculture systems:
Implications for land use in Northern Brazilgricultural and Forest Meteorology, v. 228,
p. 286-298, 2016. ISSN 0168-1923.

PLANO ABC. Plano Setorial de Mitigacéo e de Adaptacédo as Mudancas Climaticas para
a Consolidacdo de uma Economia de Baixa Emissédo de Carbono na AgricultuBrasilia
2012.

PRODES, |. P. Monitoramento da floresta Amazénica Brasileira por satélgttuto
Nacional de Pesquisas Espaciais Projeto Prodes. Available at http://www. obt. inpe.
br/prodes/index. php Accessedy. 25, p. 2016, 2016.

RAY, D. K. et al. Yield trends are insufficient to double global crop production by 2050.
PloS oney. 8, n. 6, p. €66428, 2013. ISSN 1932-6203.

SAATCHI, S. S. et al. Benchmark map of forest carbon stocks in tropical regions across
three continentsProceedings of the National Academy of Sciences, 108, n. 24, p. 9899-
9904, 2011. ISSN 0027-8424.

SATTARI, S. Z. et al. Negative global phosphorus budgets challenge sustainable
intensification of grassland®ature Communications,v. 7, p. 10696, 02/16/online 2016.
Disponivel em: < http://dx.doi.org/10.1038/ncomms10696 >.

SEEG. Sistema de Estimativa de Emissdo de Gases de Efeito Estufa. Available at:
http://plataforma.seeg.eco.br/sankey. Accessed 1 june 2016., 2016.

SMITH, P. Do grasslands act as a perpetual sink for caiBtwisal change biologyy. 20, n.
9, p. 2708-2711, 2014. ISSN 1365-2486.

SOARES-FILHO, B. et al. Role of Brazilian Amazon protected areas in climate change
mitigation. Proceedings of the National Academy of Scienceg, 107, n. 24, p. 10821-

45



10826, June 15, 2010 2010. Disponivel em: <
http://www.pnas.org/content/107/24/10821.abstract >.

SOARES-FILHO, B. et al. Cracking Brazil's Forest Cd8eiencev. 344, n. 6182, p. 363-

364, 2014. Disponivel em: < http://science.sciencemag.org/content/sci/344/6182/363.full.pdf
>,

SOARES-FILHO, B. et alBrazil’s Market for Trading Forest Certificates. PloS one,\v. 11,
n. 4, p. e0152311, 2016. ISSN 1932-6203.

STEINFELD, H. et alLivestock's long shadow FAO Rome, 2006.

STRASSBURG, B. B. N. et al. When enough should be enough: Improving the use of
current agricultural lands could meet production demands and spare natural habitats in Brazil.
Global Environmental Change,v. 28, p. 84-97, 9// 2014. ISSN 0959-3780. Disponivel em:

< http://www.sciencedirect.com/science/article/pii/S0959378014001046 >.

THORNTON, P. K.; HERRERO, M. Potential for reduced methane and carbon dioxide
emissions from livestock and pasture management in the trdproseedings of the
National Academy of Sciencesy. 107, n. 46, p. 19667-19672, 2010. ISSN 0027-8424.

TILMAN, D. et al. Global food demand and the sustainable intensification of agriculture.
Proceedings of the National Academy of Sciences, 108, n. 50, p. 20260-20264,
December 13, 2011 2011. Disponivel em: <
http://www.pnas.org/content/108/50/20260.abstract >.

TILMAN, D. et al. Forecasting Agriculturally Driven Global Environmental Change.
Sciencey. 292, n. 5515, p. 281-284, 2001.

USDA.  United States Department ~ of  Agriculture. Available at:
http://www.ers.usda.gov/topics/animal-products/cattle-beef/statistics-information.aspx.
Accessed 1 august 2012016a

USDA - United States Department of Agriculture. From where the Buffalo Roam: India's
Beef Exports. Available at: http://www.ers.usda.gov/media/2106598/ldpm-264-01.pdf.
Accessed 1 september 2016., 2016b.

VRANKEN, L. et al. Curbing global meat consumption: Emerging evidence of a second
nutrition transition.Environmental Science & Policy,v. 39, p. 95-106, 2014. ISSN 1462-
9011.

WANDELLI, E. V.; FEARNSIDE, P. M. Secondary vegetation in central Amazonia: Land-
use history effects on aboveground biom#&ssest Ecology and Managementy. 347, p.
140-148, 7/1/ 2015. ISSN 0378-1127. Disponivel em: <
http://www.sciencedirect.com/science/article/pii/S0378112715001498 >.

WERTH, S. J. et al. Air: Confined Animal Facilities and Air Quality Issues A2 - Alfen, Neal
K. Van. In: (Ed.).Encyclopedia of Agriculture and Food SystemsOxford: Academic
Press, 2014. p.283-292. ISBN 978-0-08-093139-5.

46



