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Integrated Systems (IS) have been identified as an efficient land-management strategy for restoring
degraded areas worldwide, increasing crops and beef yields and providing technical potential for carbon
(C) sequestration in soil and trees as an option for offsetting CH4 and N,O emissions from cattle pro-
duction. The aim of our study is to estimate the greenhouse gas (GHG) balance and the C footprint of beef
cattle (fattening cycle) in three contrasting production scenarios on the Brachiaria pasture in Brazil—1)
degraded pasture (DP), 2) managed pasture (MP), and 3) the crop-livestock-forest integrated system
(CLFIS)—presenting new alternatives of land use as a GHG mitigation strategy. Area-scaled total GHG
emissions were highest in MP (84,541 kg COeq ha™1), followed by CLFIS (64,519 kg COyeq ha—!) and DP
(8004 kg COzeq ha1) over a 10-yr period. Our results note that the highest C footprint of beef cattle was
in the DP, 18.5 kg COzeq per kg LW (live weight), followed by 12.6 kg COzeq per kg LW in the CLFIS and
9.4 kg COzeq per kg LW in the MP, without taking into account the technical potential for C sequestration
in MP (soil C) and CLFIS (soil and Eucalyptus C). Considering the potential for soil C sequestration in the
MP and CLFIS, the C footprint of beef cattle could be reduced to 7.6 and —28.1 kg CO,eq per kg LW in the
MP and CLFIS, respectively. The conversion of the degraded pasture to a well-managed pasture and the
introduction of CLFIS can reduce their associated GHG emissions in terms of kg CO,eq emitted per kg of
cattle LW produced, increasing the production of meat, grains and timber. This reduction is primarily due
to pasture improvement and increases in cattle yields and the provision of technical potential for C sinks
in soil and biomass to offset cattle-related emissions.

Keywords:

Climate change
Land-use change
Livestock emissions
Grazing management
Integrated systems
Meat production

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction emissions. On these pastures, Brazil has established the world's

largest commercial beef cattle herd (over 212.8 million head in

Agriculture, land use and land-use change-related activities
contribute close to 25% (10—12 Pg COseq yr~!; 1 Pg = 10'° g) of total
global anthropogenic greenhouse gas (GHG) emissions; thus,
leveraging the mitigation potential in this sector is extremely
important in meeting emission reduction targets (IPCC, 2014). In
Brazil, the majority of agricultural land is occupied by pasture (~159
million ha), and the rate of land-use intensification has created
pressure to convert additional land to grow crops (Barretto et al.,
2013), leading to further deforestation and associated GHG
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2011) and has become the world's leading exporter of beef (IBGE,
2013). Within the Brazilian Plan for Mitigation and Adaptation to
Climate Change (ABC Plan), one of the main commitments is to
recuperate 15 million ha of degraded pasture by 2020 and prevent
the degradation of new pastures through correct management. This
plan is projected to contribute to the reduction of country's GHG
emissions from 36.1% to 38.9% by 2020 (Brazil, 2012).

Until recently, beef cattle production in Brazil was considered an
enterprise of low investment that relied on extensive grazing sys-
tems with minimum external inputs, except mineral supplemen-
tation for cattle (Millen and Arrigoni, 2013). Extensive cattle
production systems that exploit the natural soil fertility can lead to
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soil and pasture degradation. Pastures incapable of providing
forage sufficient for a live weight gain of 50 kg ha~!yr~! are
generally regarded as degraded (Macedo, 1995). This decline in
pasture productivity implies changes in carbon (C) stocks both
above and below ground (Braz et al., 2013). Moreover, degraded
pastures are characterized by low soil fertility, compaction, acidity,
decreased soil water availability and soil erosion (Cerri et al., 2004).
It is estimated that 80% of the 50 to 60 million ha of grassland in
Central Brazil are in some state of degradation (Peron and
Evangelista, 2003), and their recovery requires improved soil-
and pasture-management practices (Marchao et al., 2009).

Previous studies have indicated that no-tillage cropping prac-
tices and the recuperation of degraded pasture have both led to
increased soil organic carbon (SOC) in different climatic regions in
Brazil (Corazza et al., 1999; Silva et al., 2004; La Scala Jr. et al., 2012).
Although well-managed pasture can improve soil C status (Corazza
et al., 1999; Lilienfein et al., 2003; Maia et al., 2009; Carvalho et al.,
2014), degraded pasture can experience soil C depletion (Maia et al.,
2009; Carvalho et al., 2010, 2014; Salton et al., 2011). These con-
trasting results are associated with different soil and forage types
and soil-management practices (Maia et al., 2009), reflecting the
degree of productivity or degradation of the pasture. The adequate
physiological management of the forage and maintenance of soil
fertility by liming and optimum fertilization are essential agro-
nomic practices needed to restore degraded pasture (Oliveira et al.,
2003), whereas nitrogen is one of the most important nutrients
required to achieve this goal (Monteiro et al., 2004).

Recently, integrated systems (IS) have been identified as an effi-
cient land-management strategy for restoring degraded pasture,
improving soil C accumulation and offsetting GHG emissions from
beef cattle production (Cerri et al., 2007; Carvalho et al., 2010, 2014;
Euclides et al., 2010; IPCC, 2014; Salton et al., 2014). Presenting a
comprehensive assessment of IS in Brazil, Gil et al. (2015) described
four types of IS: iCL — crop-livestock systems (i.e., integrated pro-
duction of grains, grasses and animals), iLF — livestock-forestry sys-
tems (i.e., integrated production of grasses, animals and trees), iCF —
crop-forestry systems (i.e., integrated production of grains and trees),
and CLFIS — crop-livestock-forestry integration systems (i.e., inte-
grated production of trees, grains, grasses and animals). Furthermore,
their report highlighted the potential of IS as a strategy to prevent
further deforestation and to optimize land use in Brazil. According to
Balbino et al. (2012), the adoption of crop-livestock-forest integration
systems (CLFIS) in Brazil has reached 1.6 million ha at present and is
expected to grow up to 4 million ha by 2020. Several published case

studies have demonstrated the technical, agronomic and economic
feasibility of CLFIS in different regions in Brazil (Dube et al., 2002;
Balbino et al., 2012; Pacheco et al., 2012; Salton et al., 2014). How-
ever, studies that focus on a comparative analysis of the GHG balance
and mitigation potential associated with these alternative beef cattle
production systems are scanty.

The aim of our study is therefore to estimate the GHG emission
balance and the C footprint of beef cattle production from the
fattening cycle in three contrasting production scenarios on the
Brachiaria pasture in Brazil—1) a degraded pasture (DP), 2) a
managed pasture (MP), and 3) a crop-livestock-forest integration
system (CLFIS)—and present new alternatives of land use as a GHG
mitigation option. Our hypothesis is that the conversion of a
degraded pasture to a well-managed pasture and the introduction
of CLFIS may reduce the GHG emission per kilogram of live cattle
weight produced in Brazil.

2. Material and methods

The calculation of GHG emissions is based on the IPCC (2006)
methodology combined with a Brazil-specific database of several
scenarios of pasture-management systems. This approach con-
siders inputs and outputs from 1 ha of land within the farm for each
scenario. The boundaries of this study consider only the fattening
cycle of beef cattle, aiming for more accurate results. In Brazil,
specialized farms normally produce calves for the fattening phase.
Published research on several case studies of CLFIS in Brazil have
shown that a 10-yr period can be the economically optimum time
span for one production cycle of Eucalyptus-based CLFIS (Dube
et al., 2002; Euclides et al., 2010; Pacheco et al., 2012). Therefore,
total GHG emissions and potential sinks over a 10-yr time span
were estimated for all three production scenarios. Beef cattle's live
weight output per 1 ha of land over a 10-yr time span was esti-
mated for each scenario, and the C footprint of beef cattle pro-
duction was estimated in terms of CO,equivalent (CO,eq) emissions
per 1 kg of live beef-cattle weight produced in three contrasting
scenarios. Total GHG emissions were aggregated into CO,eq using
the 100-yr global warming potential of 1 for CO,, 25 for CH4 and
298 for N»O (IPCC, 2007). The GHG emission sources and sinks
accounted for the CLFIS (the more complex system) are presented
schematically in Fig. 1. In the MP system, emission sources are the
same as for the CLFIS depicted in Fig. 1, excluding the emissions
associated with crop rotation and tree establishment and sink
associated with the tree component, while in the DP (the most
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Fig. 1. Schematic diagram showing greenhouse gas sources and sinks in the Crop-Livestock-Forest Integration System (CLFIS) over a 10-year production cycle. During the first 2.5 yr
period, annual crops are grown in the inter-row space of trees as shown in the left of diagram. Once trees are well established, improved pasture are introduced to the system
followed by fattening beef cattle for the next 7.5 yr period until trees are ready for harvest as timber (diagram is not to scale).



422

simplest system), emission sources considered are CH,4 from enteric
fermentation and CH4 and N,O emissions from manure deposited
by grazing cattle. The estimation methodology for each GHG source
or sink is explained separately in the following sections.

2.1. Systems boundaries description

The degraded pasture (DP) scenario considered in this analysis
assumed no external inputs for pasture maintenance and no feed
supplementation for cattle (De Oliveira et al., 2001), except mineral
salt (Fig. 2a). Therefore, this system, predominantly practiced at
present, operates with a low stocking rate, taking a longer time (3
years) to reach the optimum slaughter weight (from 200 to 460 kg
of live weight gain-LW) and producing a low meat yield per unit
land area, using Nelore (Bos indicus) steers (Euclides et al., 1998,
2001). Production parameters related to cattle in three pasture
systems and those related to crops and Eucalyptus in the CLFIS are
presented in Table 1.

In the MP scenario, external inputs such as fertilizer (N, P and K),
liming, animal-feed supplements, herbicides and diesel for field
operations were assumed to be used annually (Fig. 2b) at the rates
presented in Table 2. These external inputs can lead to higher forage
yields and higher cattle-stocking rates (Table 1) and a shorter time
(2.0 years) to reach the optimum slaughter weight (from 200 to
450 kg LW) (Ferraz and Felicio, 2010). The average live weight gain
assumed here for the MP can be justified on the basis of results
from several other studies involving well-managed Brachiaria bri-
zantha pasture combined with feed supplements for cattle that
demonstrated a weight gain of 0.673—0.870 kg animal~' day!
during the fattening phase of beef cattle in Brazil (Fernandes et al.,
2010; Oliveira et al., 2012).

The CLFIS scenario defined for this analysis was modeled ac-
cording to previous case studies of Eucalyptus-based CLFIS in Brazil
and the productivity of grains, Eucalyptus trees and cattle live
weight gain, based on the best performing crop-livestock and tree
configuration explained by Pacheco et al. (2012). This system in-
cludes an initial period of 2.5 years of grain production under no-
tillage practices without cattle while trees are established. Euca-
lyptus seedlings are introduced during the rainy season (normally
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December and/or January) of the first year. The seedlings are
planted in suggested arrangement in rows 14 m apart with 1.5 m of
space between trees in a row (14 x 1.5 m); thus, trees occupy 11% of
the land area at a density of 476 trees ha~! (Pacheco et al., 2012). As
trees are being established, three ‘summer crops’ are sown around
October (Pigeon pea - Cajanus cajan L. Millsp.; Soybean - Glycine
max L. Merr.; and Maize - Zea mays L.), followed by 3 crops sown in
February (e.g., Sorghum - Sorghum bicolor L. or Maize in association
with under-seeded Brachiaria spp.), which results in two grain
harvests each year (Table 1), except for pigeon pea, which will be
crushed and left on the soil surface after flowering. The pasture is
established following this initial 2.5-yr cropping period (e.g., total
of 6 crops) and remains in the system for the next 7.5 years under
intensive management (Figs. 1 and 2c). Cattle are introduced to the
pasture at the end of the initial 2.5-yr cropping period for grazing
between Eucalyptus tree rows; at this time, the trees are well
established (Dube et al., 2002; Pacheco et al., 2012). Studying in-
tegrated crop-livestock-forestry systems in Mato Grosso, Brazil, Gil
et al. (2015) reported average cattle productivity under these sys-
tems to be three times higher than that under conventional farming
systems. For the CLFIS scenario, data from Salton et al. (2014) were
applied (Table 1), assuming that the same feed supplements were
provided to cattle, as described above for the MP system (dry
season, 6 months per year).

2.2. CH4 emissions from enteric fermentation and manure

For beef cattle grazing on extensive pasture areas in Latin
America, IPCC (2006) recommended a default enteric fermentation
CH4 emission factor of 56 kg CHyg animal ! yr’1. This default
emission factor was applied to cattle grazing in the DP scenario,
considering the fact that pasture in this system do not receive any
external inputs. Studies conducted over the last several years in
Brazil have provided a range of measured values for CH4 produced
by enteric fermentation from beef cattle. For example, using the
sulfur hexafluoride (SFg) technique, Demarchi et al. (2003) reported
a mean annual emission rate of 52 kg CH4 head™! yr~! for Nellore
steers weighing 206—525 kg head ™! grazing on well-managed B.
brizantha in Brazil. Because the animals and the grazing system
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Fig. 2. Schematic diagram indicating management practices and inputs used for each scenario: a) Degraded Pasture (DP); b) Managed Pasture (MP); and c) Crop-Livestock-Forest

Integration System (CLFIS) over the 10-year period.
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Table 1
Cattle production parameters, product output and land-occupation factor for 10-year period® from the three simulated beef cattle production systems compared in the present
study.
Degraded pasture Managed pasture Crop-livestock-forestry integration system
Stocking rate (heads ha=!yr') 0.5! 4.0% 343
Average LWGS (kg head ™! day ') 0.2374 0.616° 0.469°
Cattle LW yield (kg ha~! year ') 431 900° 5826
N° of fattening cycles completed 33 5.0 3.8
Total cattle yield (kg ha™!) 433 9000 4365
Output of other products
Crop yields (kg ha™1)
Pigeon pea na® na na
Soybean na na 28207
Maize na na 11,400 (5700 x 2)7
Sorghum na na 10,000 (5000 x 2)”
Eucalyptus timber (m?ha™1) na na 2678
Land occupation (m? kg~' LWG) 230 11.0 229

References for different production parameters presented in Table 1: 'Landers (2007); Boddey et al. (2004), Reis et al. (2009), Casagrande et al. (2011) and Oliveira et al.
(2012); 3Gil et al. (2015); “Euclides et al. (2001); >Corsi et al. (2001); ®Salton et al. (2014); “Pacheco et al. (2012); ®Dube et al. (2002) and Ofugi et al. (2008).
2 10-yr period was considered as the economically optimum time span for one production cycle for Eucalyptus based CLFIS in Brazil on the basis of published case studies

(Dube et al., 2002; Euclides et al., 2010; Pacheco et al., 2012).
b na: not applicable.
¢ LWG: Live weight gain.

Table 2

Amount of external inputs for managed pasture (MP) and crop-livestock-forest integration system (CLFIS, 89% of dosage for crops and 11% for eucalyptus), total for 10 years.

Degraded pasture (DP) considered no input used.

Inputs Units MP

CLFIS

Amounts

Amounts

N fertilizer (ammonium sulfate) kg N 150 x 10 year = 1500

P,0s5 kg P,0s 50 per year = 500

K>,0 kg K,0 50 x 10 years = 500

Herbicides (active ingredient) kgorLa.i. 1.44 x 5years (each 2 years) =72 (2,45T)
Animal feed supplement kg 9480

Insecticides (Carbaril) kg L1

Fungicides (Benomyl) kgL'

Dolomite Mg 2 Mg each 3 years = 6

Diesel oil L 224

1st year (07 — 89" — 11°) = —100 (Avoided from Cajunus cajan N)
2nd year (0° + 71° + 11°) = 82

3rd year (—80% + 71°) = 71 (—80 avoided from Brachiaria N; +71
accounted from the second crop)

dpasture maintenance: 150 x 7 years = 1050

1st year (100° 4 54° + 11) = 165

2nd year (54° + 54°) = 108

3rd year (54° + 54°) = 108

dpasture maintenance: 50 x 7 times (each year) = 350

1st year (89° + 89° + 11°) = 189

2nd year (89 + 89°) = 178

3rd year (89% + 89°) = 178

dpasture maintenance: 7 years x 54 = 378

1st year (1.44° + 0" + 0.48°) = 1.73 (Gliphosate” and Diuron®)
2nd year (1.44° + 1.44° + 0° + 0.48) = 3.17 (Gliphosate® and Diuron®)
3rd year (1.44% + 0° + 0.48°) = 1.73 (Gliphosate® and Diuron®)
Pasture maintenance: 1.44 x 3 times (each 2 year)

6043

2nd year (2 applications x 200 g a.i. ha™')® = 0.400 kg a.i.

2nd year (0.25 g ai. ha™! x 3 times®) = 0.75

2 Mg each 3 years = 6 (2 Mg for crops and 4 for pasture)

260 (Crops), 19 (Eucalyptus) and 125 (Pasture maintenance)

1st year suggested crop rotation: Pigeon pea (first crop); Maize + Brachiaria (second crop).
2nd year suggested crop rotation: Soybean (first crop); Sorghum + Brachiaria (second crop).
3rd year suggested crop rotation: Maize (first crop); Sorghum -+ Brachiaria (second crop).

a.i. — active ingredient.
@ First crop of the year: 89% of occupied area and respective dosage.
b Second crop of the year: 89% of occupied area and respective dosage.
€ Eucalyptus: 11% of occupied area and respective dosage.
d Pasture: 89% of occupied area and respective dosage.

studied by Demarchi et al. (2003) closely represent the animals and
improved pasture conditions in the MP and CLFIS scenarios in this
study, we selected the average enteric CH4 emission factor of 52 kg
CH4 head~! yr~! in view of the moderate improvements in enteric
CH4 emissions from grazing beef cattle that could be achievable
with improved feed quality and dietary supplements (IPCC, 2014).

For estimating CH4 emissions from manure deposited on
pasture, IPCC (2006) Tier 1 method was applied. The term ‘manure’
includes both dung and urine produced by grazing beef cattle. The
default CH,4 emission factor of 1 kg CH,4 head~! yr~! for grazing beef

cattle recommended for Latin America with an average annual
temperature of 22° C (IPCC, 2006) was used.

2.3. Direct and indirect N2O emissions from manure

The estimation of N>O emissions from manure excreted on
pasture was performed using the country-specific annual N
excretion rate and the N,O-N emission factor for grazing beef cattle
derived from Brazilian research, an approach encouraged by IPCC
(2006). In a recent study, Lessa et al. (2014) measured the
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fraction of N lost as N,O to be approximately 0.012 g Ng~! N for
urine (60%) and 0.001 ¢ Ng~! N for dung (40%). Based on this
research, they derived an annual average N,O-N emission factor of
approximately 0.007 g N g~ excreted N. Their results also indicated
that an average annual N excretion by beef cattle was approxi-
mately 40 kg N head™, a rate within the range of N excretion re-
ported by Boddey et al. (2004). Based on these results, an average
emission factor of 0.59 kg N,O head ™! yr~! (Lessa et al., 2014) was
applied for all grazing pasture scenarios in this study, assuming 1%
of volatilized N was lost as N,O (IPCC, 2006). Lessa et al. (2014) also
reported that there is no significant leaching and run-off losses of N
excreted by grazing beef cattle during the dry period; therefore, we
assumed insignificant leaching and run-off losses of excreted N for
this analysis.

2.4. Direct and indirect N,O emissions from synthetic N fertilizer
and crop residues

Generally, fertilizer is not used on extensive pastures with a low
stocking rate in Brazil. However, when the aim is for higher meat
production, the rate of N application may vary from 70 to over
400 kg N ha~! yr~! (Balieiro Neto et al., 2009a). In this analysis, an
average rate of 150 kg N ha~! yr~1, split into three applications per
year (applied using a tractor) during the rainy season, was assumed
for the MP scenario, for a total of 1500 kg N ha~! over a 10-yr period
(Table 2). The same application rate of 150 kg N ha~'yr~! for
pasture maintenance was assumed for the CLFIS scenario over the
7.5-yr period. The most widely used N fertilizer types in Brazil are
urea (44—46% N), ammonium sulfate (20—21% N) and ammonium
nitrate (32—33% N). Based on Embrapa (2006) recommendations,
we assumed that N was supplied as ammonium sulfate (Table 2).
For the CLFIS scenario, the amount of synthetic fertilizer N (SEN)
used for crops during the first 2.5 years (Fig. 2c and Table 2) was
153 kg N ha!, whereas the SFN used for pasture maintenance
during the remaining 7.5-yr period was 1050 kg N ha~'. The
methodology used to calculate N,O emissions from N fertilizer
follows IPCC (2006 ). Emission factors are 0.01 kg N,O-N kg~ ! N for
direct N,O emissions, 0.001 kg N,O-N kg~!'N for indirect N,O
emissions by volatilization and 0.00225 kg N,O-N kg 'N for
leaching and runoff of applied N.

The total N,O emissions associated with N released from crop
residues and pasture renewal include the direct and indirect
emissions due to N mineralized from crop residue decomposition
(IPCC, 2006). The amount of N from crop residues returned to soil
was estimated based on average crop yields (on a dry matter basis),
default factors for the ratios of above/below ground residue yield
and the N content of the residue returned to the soil (IPCC, 2006). In
the CLFIS scenario, estimates were made for all crops grown in the
initial 2.5-yr period and for the Brachiaria pasture. Maize, sorghum
and soybean N content were estimated assuming an average grain
yield of 5700 kg ha~!, 5000 kg ha~! and 2820 kg ha~!, respectively
(Pacheco et al., 2012).

According to Embrapa (2007), B. brizanta cv. Marandu produces
annual dry matter (DM) yields close to 8.0 Mg ha~! and may reach
up to 20.0 Mg ha~! with the application of fertilizer. Hence, for this
study, we used an average dry matter yield of 11.8 Mg DM~ ! yr~!
for the above-ground biomass of Brachiaria for both the rainy and
dry seasons, with an average N content of 12.9 g N kg~! DM. As a
result, 152 kg N ha~'yr~! was returned to the soil due to the
desiccation of Brachiaria. Here, we assumed that all residues from
Brachiaria mineralized after a period of one year (Torres et al.,
2008).

The CO, emissions prevented from the production of SFN were
accounted for due to the N content of pigeon pea, the N accumu-
lated by maize plants (1st year — 2nd crop — 100 kg N ha~') and the

Brachiaria N content to maize plants (3rd year — 80 kg N ha™!;
Table 2). Pigeon pea, as the first crop in the CLFIS, can fix large
amounts of Ny from the atmosphere. For example, Salmi et al.
(2006) reported dry matter production ranging from 4.67 to
5.95 Mg DM ha~! with an average of 5.3 Mg DM ha~! and N content
ranging from 188 to 261 kg ha—! (3.8—4.4% of N from DM). Here we
assumed the average N-fixation by pigeon pea to be 227 kg N ha™'.

2.5. CO, emissions due to the use of other inputs in MP and CLFIS

In addition to the use of SFN, several other inputs are used in the
MP and CLFIS scenarios. These include phosphate and potash fer-
tilizer, herbicides, insecticides, fungicides and lime applications.
Souza and Lobato (2002), and Macedo (2005) demonstrated that
phosphorus is one of the most critical nutrients required for
pasture sustainability. The annual rates and the total amounts of
P»05 and K,0 applied over a 10-yr cycle for the pasture in the MP,
and for annual crops (2.5-yr period), Eucalyptus and pasture (7.5-yr)
in the CLFIS are presented in Fig. 2 and Table 2.

The emission factors applied for the calculation of GHG emis-
sions from the production of nitrogen, phosphorus and potassium
fertilizers were 3.97 kg COzeq kg™! N, 1.3 kg COzeq kg~! P,0s and
0.71 kg COzeq kg1 K»0 (Macedo et al., 2008), which correspond to
the emission factors used in the EBAMM and GREET models. In
addition to fertilizer, liming is recommended for the maintenance
of optimum soil pH when restoring degraded pastures. For B. bri-
zantha, Werner et al. (1996) recommended a soil base saturation
(BS) of 60% for planting or 50% for pasture maintenance. Here we
assumed that lime was applied only for MP and CLFIS (Fig. 2b and c;
Table 2).

The protein feed supplement provided to cattle in the dry sea-
son in MP and CLFIS consists of 82% maize bran, 14% milled soybean
grain, 3% urea and 1% mineral salt (Detmann et al., 2004). Estimated
for an average animal weighing 325 kg, total protein supplement,
when offered at a rate of 4 g kg~! of body weight (Oliveira et al.,
2012), is 237 kg head™! for a 6-month period (Table 2). Accord-
ingly, the amount of each component of the supplement provided
per animal in the MP and CLFIS scenarios for a 6-month duration is
194 kg head ! of maize bran, 33 kg head~! of milled soybean grain
and 7 kg N head™! of urea. GHG emissions associated with the
production of these protein feed supplements was estimated taking
into account the use of external inputs to grow crops in CLFIS
(fertilizers, N from crop-rotation residues, lime, diesel, and pesti-
cides) and respective crop yields. The resulting emission factor was
0.40 kg CO5eq kg ! of grain, considering 20% of oil was extracted
from soybean. In addition, GHG emissions associated with the urea
component of the feed supplement were calculated using the IPCC
(2006) default emission factor for urea production. The total
amount of urea provided to cattle in feed supplements was 280 kg
urea ha~! in the MP over 10 years and 181 kg urea ha~! in the CLFIS
over 7.5 years.

2.6. CO, emissions due to fossil fuel use (diesel oil) in agricultural
operations

The fossil fuel used in the MP and CLFIS scenarios included the
diesel consumed for agricultural machinery, tractors and harvesters
during field operations (Table 2) over 10 years. We used the na-
tional emission factors from CETESB (2011) to calculate GHG
emissions caused by the burning of fuel. The emissions associated
with diesel production were calculated using the emission factor of
Macedo et al. (2008). The amounts of diesel consumed in each
pasture-management system and the operations considered were
based on Macedo et al. (2008) and De Figueiredo and La Scala Jr.
et al. (2011) (Table 2). The calculations for each of the agricultural
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operations considered the tractor's power (HP), work capacity (ha
h~1) and diesel consumption (L h~!; adapted from Macedo et al.,
2004), which in CLFIS were separated for cattle, crops and Euca-
lyptus (Table 2).

2.7. Potential for soil carbon accumulation

Studying the effect of pasture and crop-livestock rotations on
soil C stocks in Brazil, Carvalho et al. (2010) reported an average
accumulation rate of 0.44 Mg C ha 'yr~! on a 15-yr old pasture
under optimum management and fertilizer application. The same
authors showed that integrated crop-livestock systems often act as
a sink for C with accumulation rates up to 2.85 Mg C ha~!yr—.
However, for this analysis, we considered a modest soil C accu-
mulation rate of 0.44 Mg C ha—'yr~! (e.g., 16,333 kg CO, ha—'in 10
years) for both MP and CLFIS. No-till farming (NT), in rotation with
pasture, is another practice that may be incorporated into the CLFIS
to benefit the physical, chemical and biological properties of soil
(Garcia-Préchac et al., 2004; Marchao et al., 2007).

2.8. Biomass C sinks — technical potential for eucalyptus in
integrated systems

The United Nations Framework Convention on Climate Change
(UNFCCC) defines C sequestration as the process of removing C
from the atmosphere (CO,-C) and depositing it in a reservoir in
long-lived pools (UNFCCC, 2007, 2013). Methods of CO, removal
that are proposed by IPCC (2013) include afforestation/reforesta-
tion, no-till agriculture, conservation agriculture, agroforestry and
the sequestration of C in wood used in buildings. In Brazil, farmers
generally use Eucalyptus wood for fences, corrals, gates or timber
for different construction activities (i.e., doors, tables and roofs),
which could be considered secure C pools. In addition, Eucalyptus
wood can be used as feedstock for renewable energy generation,
thus contributing to mitigating climate forcing (IPCC, 2014).

According to Brazilian case studies, CLFIS with 250—500 Euca-
lyptus trees ha~! produce an average annual wood yield from 24 to
28 m® ha~!in a 10—12 yr production cycle (Dube et al., 2002; Ofugi
et al., 2008; Pacheco et al., 2012). Assuming an average timber yield
of 26 m® ha~! (Table 1), at a wood density of 0.491 Mg m~> for
Eucalyptus hybrid urograndis (E. grandis x E. urophylla) (Gominho
et al, 2001) and an average C content of 0.45 Mg C Mg~ wood
would represent an average C sequestration rate of approximately
475 Mg C ha~lyr ! (ie., 174 Mg CO, ha~! yr!). Based on these
results, an annual C sequestration potential rate of 17 Mg CO, ha™!
yr! for Eucalyptus wood was considered for the CLFIS scenario,
corresponding to a sequestration potential of 170,000 kg COseq
ha~! for a 10-yr production cycle.

3. Results and discussion
3.1. Greenhouse gas emissions contributed by beef cattle

In our analysis, the estimated total GHG emissions were highest
in the MP system with 84,541 kg CO,eq ha~! over the 10-yr period,
followed by 64,519 kg COyeq ha~! in the CLFIS and 8004 kg COeq
ha~'in the DP (Fig. 3 and Table 3). Because no external inputs were
used in the DP system, GHG contributed by beef cattle constituted
all GHG emissions in this system, with 87% as CH4 from enteric
fermentation and the remainder from the manure deposited on
pasture. In contrast, CH4 from enteric fermentation contributed 61%
of the total GHG in the MP and 51% of the total GHG in the CLFIS
over the 10-yr period (Fig. 3 and Table 3). Our results indicate that
CH4 from enteric fermentation is the largest proportion of total
GHG emissions in contrasting beef cattle production systems, an
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Fig. 3. Greenhouse gas emissions (x10% kg CO.eq ha~") per source (right bars) and
potential for C sink (left bars) accumulated over a 10-year period for each pasture
management system: Degraded Pasture (DP), Managed Pasture (MP) and Crop-
Livestock-Forest-Integration System (CLFIS) in Brazil.

observation common to all ruminant meat-production systems
(Peters et al., 2010; Bustamante et al.,, 2012; Ripple et al., 2014).
Furthermore, Cerri et al. (2009) showed that CH4 from enteric
fermentation was the third-highest contributing sector to Brazilian
GHG emissions in 2005, increasing 26.1% since 1994 and repre-
senting 12% of the total Brazilian GHG emissions.

The CH4 emission factor for enteric fermentation adopted in MP
and CLFIS was 52 kg CH, head~! yr—!, which was based on exper-
imental data from beef cattle grazing under similar climatic con-
ditions on well-managed pasture in Brazil (Demarchi et al., 2003).
This emission factor is approximately 7% lower than the default
emission factor recommended by IPCC (2006) for beef cattle graz-
ing on extensive pastures in Latin America (56 kg CH4 head ! yr—1),
which was applied for our DP scenario. The use of extensively
grazed unmanaged pasture is a common feature in traditional beef
cattle production systems in Brazil (Millen and Arrigoni, 2013).
These pastures are characterized by large tracts of land with little
subdivision, where cattle are allowed to graze continuously
without feed supplementation, and the pasture is not fertilized
(Landers, 2007). These pastures are generally low in nutritive
quality and typified with relatively high enteric CH4 emissions per
unit weight of dry matter consumed by cattle (Berndt and Tomkins,
2013). Several strategies have been suggested for mitigating enteric
CH4 emissions from pasture-based beef production systems in
Brazil, which include increasing the nutritive quality and di-
gestibility of pasture through improved management practices,
such as fertilizer and lime application and rotational grazing
(Demarchi et al., 2003; Mandarino et al., 2014), and nutritional
strategies such as providing grains and protein supplements (De
Oliveira et al., 2007; Balieiro Neto et al., 2009b; Berchielli et al.,
2011). Presenting measurement and mitigation options of CHy
emissions from beef cattle in tropical grazing systems from
Australia and Brazil, Berndt and Tomkins (2013) showed values that
ranged from 21.5 to 65.3 kg CH4 head~! yr~! (varying feed sup-
plements). Thus, it is emphasized that these results indicate a wide
range of potential mitigation strategies under pasture conditions in
Brazil.

Very limited experimental data are available on enteric CHy
emissions from beef cattle on pasture integrated with CLFIS in
Brazil. Therefore, we used the same enteric CH4 emission factor
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Table 3

Estimated total GHG emissions (kg CO,eq ha~') and, total cattle live weight yield (kg ha~!) from the three beef cattle production systems over a 10-year period and C footprint
of beef cattle production (kg CO.eq kg~ live weight) without or with consideration of the GHG off-setting potential due to C sequestration in soil and Eucalyptus tree biomass C
sink. (DP, MP, and CLFIS denote degraded pasture, managed pasture, and crop livestock forest integration system, respectively. Contribution of each emission source to total

emissions as a % is also shown).

Emission sources Gases DP % MP % CLFIS %

Enteric fermentation CH,4 7000 87 51,790 61 33,016 51

Manure on pasture CHy4 125 2 1000 1 638 1

N.O 879 11 7033 8 4483 7
Feed supplement CO; 4792 6 3064 5
Synthetic Fertilizers N N,O — 9307 11 7464 12
CO, — 5955 7 4776 7

K,0 CO, - 355 0 655 1
P05 CO, - 650 1 950 1

Crop residues N,O — — 0 5008 8

Insecticides CO, - — 0 5 -

Herbicides CO, — 70 0 264 0

Fungicides CO, — — 0 22 —

Lime CO, — 2860 3 2860 4

Diesel CO, — 729 1 1314 2

Total emissions 8004 100 84,541 100 64,519 100

Emissions from cattle® 8004 100 84,541 100 54,965 59

Other emissions” — - - 9554 41

Cattle live weight yield (kg ha™') 433 9000 4365

Crop yield (kg ha™') — - 23,659

Eucalyptus wood yield (m> ha~!) — - 26

C footprint of cattle (without GHG off-setting potential) 18.5 94 12.6

Potential for soil C accumulation (kg CO, ha') — 16,133 16,133

Potential for Eucalyptus C sequestration (kg CO, ha™!) — — 170,000

Avoided (—) emissions crop residue (kg CO, ha™') - - 715

C footprint of cattle (with GHG off-setting potential) 185 7.6 -28.1

4 CH4 from enteric fermentation, N,O from manure, CH4 from manure and emissions from pasture management (e.g., agricultural inputs and diesel) in MP and CLFIS, while

in DP no pasture management was performed.
b Emissions from crops and Eucalyptus (e.g., agricultural inputs and diesel).

used for cattle in MP as a result of improved forage quality and
better digestibility. Recently, Mandarino et al. (2014), studying
enteric CH4 emissions by Nellore heifers (322 kg of live weight)
grazing B. brizantha cv. Piata, in Eucalyptus-based CLFIS, reported
approximately 97 g CH, animal~! day~!, with a mean dry matter
digestibility of 55% and a dry matter intake of approximately 6.0 kg
animal~!day~L If extrapolated for a whole year, this value is
approximately 35 kg CH4 head 'yr~!, indicating a potentially
lower enteric CH4 emission factor for cattle grazing in CLFIS.

N,0 emissions from manure deposited on pasture by grazing
cattle contributed approximately 11% of the total GHG in DP and
approximately 7% of the total GHG in MP and CLFIS (Fig. 3 and
Table 3). Our estimates of N,O emissions are based on Brazil-
specific data collected from long-term field experiments in cen-
tral Brazil (Boddey et al., 2004; Lessa et al., 2014), where pasture-
based beef-production systems analyzed are adopted in this
study (Pacheco et al., 2012; Salton et al., 2014). Nitrogen excretion
rates and N,O emissions factors (40 kg N excreted animal~! yr~!
and 0.007 g N g~ ! excreted N, respectively) reported by Lessa et al.
(2014) are at the lower end of the uncertainty range recommended
by IPCC (2006) but well below the mean value of 0.02 g N g~!
excreted N. Comparing the values reported by Lessa et al. (2014)
with those of the IPCC guidelines (including the indirect N»O
emissions from leaching and runoff, which are normally negligible
in relatively drier seasonal conditions in Brazilian pastures), the
IPCC default emission factor is two times higher, 1.52—2.67 kg N»O
head~'yr~!, thus indicating the importance of using country-
specific data for this analysis. CH4 emissions from manure depos-
ited on pasture contributed only a minor proportion (<2%) to the
total GHG emissions in all three scenarios.

Reviewing options to abate N,O emissions from ruminant pro-
duction systems, Eckard et al. (2010) stated only few mitigation
options are available for extensive grazing systems. The majority of
N,0 emissions from manure deposited on pasture is derived from

the urine fraction of manure (Lessa et al., 2014), and the effective N
deposition rate in urine patches can be considerably higher than
the general N application rates soil-plant systems can efficiently
use (Eckard et al., 2010). Practices that encourage a uniform dis-
tribution of manure deposition across grazing areas, such as rota-
tional grazing with an optimum stocking density, may contribute to
reduce N,O emissions.

3.2. Greenhouse gas emissions associated with crop production and
pasture maintenance

These GHG emissions resulted from the use of external inputs
for crop production during the initial 2.5-yr period of the CLFIS and
for pasture maintenance in MP and CLFIS. Of these GHG emissions,
the largest proportion of GHG was contributed by the use of SFN
(Table 3). Applying SFN as ammonium sulfate in these two systems
contributed approximately 11% of the total GHG over the 10 years as
N0 emissions from soil and another 7% due to the off-farm energy
consumed in the production and supply of SFN (Table 3). Different
sources of N are used for pasture maintenance in Brazil, generally
during the wet season. Adding urea to soils leads to an additional
release of CO, that is fixed in the industrial production process in
the order of 0.733 kg CO; kg~ ! urea (IPCC, 2006). By preventing the
use of urea as an N fertilizer source, it is possible to avoid additional
CO, emission from this source, which would be approximately
1100 kg CO; in MP (for the use of 1500 kg N fertilizer over 10 years)
and 880 kg CO, in CLFIS (for the use of approximately 1200 kg N
over 10 years).

Avoiding urea could be regarded as a strategy for reducing GHG
emissions from the application of SFN to pasture. However,
ammonium sulfate could induce soil acidification, and regular lime
application is an essential practice for attenuating this issue and for
improving pasture growth (Oliveira et al., 2003; Don et al., 2011).
Our analysis indicated that lime application contributed 3—4% GHG
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to the total emissions in these two production systems (Table 3).
The rate, source, and frequency of fertilizer application are impor-
tant management factors that affect the efficiency of pasture
growth and potential N,O losses (Eckard et al., 2010). Euclides et al.
(2010) presented recommendations for pasture fertilization based
on Macedo (2004), highlighting that there is a lack of research for
better fertilization practices in pasture maintenance.

GHG emissions associated with the production and application
of P,05 and K0 accounted for only a very small proportion (<2%) of
the total GHG emissions in MP and CLFIS over the 10-yr period
(Table 3). It is important to note that phosphorus is one of the most
limiting nutrients for pasture establishment and sustainability in
Brazil (Souza and Lobato, 2002; Macedo, 2005), and the rate of P,05
should be adjusted to support higher animal live weight gain in
terms of kg ha~'. Based on our analysis, P,Os application does not
contribute appreciably higher GHG emissions to the total,
compared with nitrogen fertilization, but it leads to improved
pasture growth and higher live weight gains. All other external
inputs (herbicides, insecticides, fungicides and diesel use)
contributed very small proportions (<2%) of the total GHG emis-
sions in the two systems (Table 3).

The use of feed supplements for improving diet quality for cattle
during the dry season (6 months per year) contributed approxi-
mately 6% of the total GHG in MP and approximately 5% of the total
GHG in CLFIS (Table 3). Using protein feed supplements for cattle
during the dry season is an important strategy to improve cattle's
LW gain, leading to productive precocity and a shortened age to
slaughter (Paulino et al., 2001).

In the CLIFS scenario, some additional GHG emissions occurred
in the form of direct and indirect NoO emissions from the crop
residue decomposition, and N returned to the soil in this process.
Such emissions, estimated to be approximately 8% of the total over
the initial 2.5-yr cropping period in CLFIS (Fig. 3 and Table 3),
resulted from N released from pigeon pea residue, N in Brachiaria
biomass that was desiccated prior to planting a new summer crop,
and N in maize, sorghum and soybean crop residues.

3.3. Product output and land requirement from three beef cattle-
production systems

Beef cattle LWG produced over the 10-yr period was lowest in
the DP system with only 433 kg ha~! due to the lower stocking rate
(0.5 animals ha='yr~1) and the lowest number of fattening cycles
(3.3 cycles over 10-yr period) completed (Table 1). This low pro-
ductivity of LWG produced per unit land area is typical for average
cattle farms/ranches that practice extensive beef-production sys-
tems in Brazil (Landers, 2007), which are still being used in
approximately 90% of pasture areas in Brazil (ANUALPEC, 2010).

In contrast, beef cattle LWG produced in the MP system
increased to approximately 9000 kg ha~! over the 10-yr period, or
more than 20 times higher than the beef cattle LWG output in the
DP system over the same period. This high productivity was
possible due to better pasture-management practices (i.e., a regular
application of balanced fertilizer and liming), resulting in high
pasture productivity, and the use of feed supplements to animals,
leading to a higher stocking rate and an increased number of
fattening cycles completed (5 cycles over 10-yr period; Table 1).
Beef cattle LWG produced in the CLFIS was approximately 50%
lower than that under MP system due to the delayed introduction
of cattle in this system (as the first 2.5 years was allocated for crop
rotations) and a slightly lower stocking rate (3.4 animals ha™!;
Table 1). However, beef cattle productivity in CLFIS was 10 times
higher than that under DP system due to similar improved pasture-
management practices as in MP.

The agricultural land requirement for producing one kg of beef
cattle live weight (land occupation factor over a 10-year period)
was 230 m? kg~' LWG in DP, 22.9 m? kg~! LWG in CLFIS, and
11 m? kg~! LWG in MP, indicating considerable land-saving po-
tential in the MP and CLFIS compared with using the traditional
beef cattle production in the DP scenario (Table 1). Although the
land occupation value was higher in the CLFIS than in MP, it is
important to highlight that the CLFIS has the potential to produce,
in addition to beef cattle, three types of grains (maize, sorghum,
and soybean, totaling approximately 24.2 Mg ha~!) and Eucalyptus
timber (26 m>) over the 10-yr production cycle within the same
unit of land area. The MP system produced only one product output,
i.e., beef cattle (Table 1).

3.4. Overall GHG balance and carbon footprint

In calculating the C footprint of beef cattle, taking into account
only the boundary of fattening-cycle farms, emissions were
normalized in terms of kg CO»eq per kg of live weight (LW), which
is the weight of the animal at the farm gate, including all parts of
the animal that have other potential uses (Desjardins et al., 2012).
Our results indicated that the highest C footprint of beef cattle was
in DP, which was 18.5 kg COseq kg~! LW, followed by 12.6 kg COzeq
kg~ LW in CLFIS, and 9.4 kg COzeq kg~ ' LW in MP (Table 3). These C
footprints are related only to the emissions associated with farm
inputs and different farm activities and do not take into account of
the technical potential for C sequestration to offset related emis-
sions in MP (soil C) and CLFIS scenarios (soil and Eucalyptus C).

In well-managed pastures in Brazil, a majority of studies have
demonstrated increases in soil C stocks (Moraes et al., 1996; Neill
et al., 1997; Cerri et al., 2003; Bustamante et al., 2006; Maia et al.,
2009; Carvalho et al., 2014), although few studies have shown a
depletion of soil C stocks in newly converted areas from native
vegetation (Fearnside and Barbosa, 1998; Hughes et al., 2000;
Carvalho et al, 2014). Following Carvalho et al. (2010), we
accounted a modest C sequestration rate of 0.44 Mg C ha~' yr~! for
the MP system in this study, while a similar rate of C accumulation
rate was reported by Salton et al. (2014) for an integrated crop-
livestock system after 10 years of adoption. This management
plan can therefore be considered as a strategy to offset GHG
emissions from beef cattle production in the MP scenario, espe-
cially when recuperating degraded pasture, which would lead to a
reduction of the C footprint of beef cattle fattening from 9.4 to
7.6 kg COzeq per kg LW (Table 3). Considering that CLFIS has ca-
pacity to sequester soil C at a similar rate to that under crop-
livestock systems reported by Salton et al. (2014), our analysis
points to a technical potential of 16,133 kg CO, ha~! that would be
accumulated into the soil over a 10-yr cycle (Fig. 3 and Table 3).

A recent study has indicated that conversion of conventional
agriculture to crop pasture-rotations has capacity to increase soil C
stocks at a rate of 0.733 Mg C ha~! yr~! within the 0—30 cm soil
depth (Carvalho et al.,, 2014). However, the duration of soil C
accumulation is finite, and the rate of C accumulation can also differ
substantially (West and Six, 2007), resulting in differences in total
soil C accumulation capacity between management strategies.
Furthermore, it is worth noting that B. brizantha has the highest
root dry weight at a depth of 50—85 cm (Guenni et al., 2002);
hence, the potential for soil C accumulation in well-managed Bra-
chiaria pasture should take into account of a soil depth from the 0-
to-100 cm, for an accurate assessment of C sequestration potential
under these conditions.

There are few case studies that indicated the C sequestration
potential of Eucalyptus trees in CLFIS in Brazil (e.g., Ofugi et al.,
2008; as cited by Euclides et al., 2010; Tsukamoto Filho, 2003;
Pacheco et al., 2012). From these case studies, it is evident that
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Eucalyptus based CLFIS have capacity to sequester between 5.0 and
53 Mg Cha~Tyr! (e.g, 18,000 to 19,400 kg CO, ha~!yr~1) in the
timber component at various tree planting configurations with
250—350 trees ha~! over a 10-yr production cycle. When the C
sequestration potential of Eucalyptus timber is taken into consid-
eration as long-lived pool in fences, roofs and corrals, normally
used in Brazilian cattle farms, and as utility poles or even for
renewable energy generation, the GHG balance from cattle pro-
duction in CLFIS could be reduced substantially, despite the fact
that the net effect of biomass for energy generation could depend
on the crop type, the technology for converting biomass into
useable energy, and the difference in C stocks between the biomass
crop and the pre-existing vegetation (Field et al., 2008).

Based on the average timber yield from Pacheco et al. (2012),
which is 26 m® ha~! (Table 1), we would have approximately
170,000 kg CO, ha~! sequestered in CLFIS in 10 years (Fig. 3 and
Table 3). Considering the C sequestration potential from timber in
addition to 16,133 kg CO, from soil C accumulation (due to NT
practices), our results show significant potential to offset GHG
emissions from beef cattle fattening under CLFIS, reducing the C
footprint to —28.1 kg COzeq per kg LW over a 10-yr cycle (Table 3).
Moreover, Pacheco et al. (2012) demonstrated that integrated crop-
livestock-forestry systems in Brazil are economically and techni-
cally feasible and provide other important environmental benefits,
including long-term ground cover, C fixation, increase in soil
organic matter content, reduction of GHG emissions, improvement
in water quality and other ecosystem services (Franzluebbers et al.,
2014).

In performing our estimations, we have considered Eucalyptus
urograndis to be introduced in a configuration of 14 x 1.5 m or 476
trees ha—! and harvested after a 10-yr cycle, based on economic
performance and their high potential as a C sink (CLFIS scenario).
Different crop cycles or Eucalyptus harvest cycles could be used and
tested on CLFIS as well as other tree species and spatial arrange-
ments. Therefore, further research should be conducted to better
comprehend the interactions among cattle, tree species, grain crops
and pasture, the influence of shading, competition for water, nu-
trients and allelopathy under this promising integrated system.

Improved farming practices usually lead to an increase in yield,
resulting in fewer GHG emissions per unit product (Dick et al.,
2015). In many cropping systems, balanced fertilization is one of
the key factors that controls biomass production and thus may
influence patterns of SOC storage (Zanatta et al., 2007). Although,
this may lead to higher area-scaled GHG emissions resulting from
external input use (e.g., N fertilizer), improved productivity per unit
area leads to lower GHG emissions per unit of product, as indicated
in our study. Capper (2011) also showed that improved productivity
in the US beef industry has resulted in reductions of GHG emissions
per unit product. In these production systems, no-till and reduced
soil tillage have received increased attention for their potential to
reduce the fuel consumed in crop production (Hernanz et al., 1995;
Sijtsma et al., 1998).

Due to the differences in assumptions between different studies,
a direct comparison of our results with other studies is challenging.
Nevertheless, Desjardins et al. (2012) presented the C footprints for
beef cattle (kg COeq kg~ LW) calculated from different studies,
management practices and spatial scales for Sweden (11.6), France
(14.3—18.3), the United Kingdom (8.7—10.4), Canada (8.4—15.3), the
United States (13—19.2), the European Union (10.4—13.3), Australia
(7.9—12.7) and Brazil (14.3—22.4). Those authors highlighted the
fact that the magnitude of the C footprint associated with the
production of any product varies depending on the extent or
boundary of the selected system, which defines the upstream and
downstream processes that are included in the assessment. Here,
for more accurate results, we suggest farm boundaries that separate

cattle-fattening farms from farms that only produce calves, as is
normally observed in Brazil.

For Canada, Desjardins et al. (2012) did not take into account the
effect of land-use change (e.g., deforestation from the conversion to
agriculture or pasture) on the assertion that conversion of newly
deforested lands to beef production is not occurring in Canada, but
included increases in soil C from changes in land management
practices, such as increases in no-till land in western Canada (Vergé
etal., 2008) when the estimates were revised. For the U.S., the same
authors considered combined improvements in management,
defined as the slaughter weight of beef cattle, which increased from
274 to 351 kg; the time required to reach slaughter weight
decreased from 602 to 482 days. They did not consider the effect of
land-use change on soil C. In Australia, one of the largest beef ex-
porters in the world, Ridoutt et al. (2011) calculated the C footprints
for six beef cattle-production systems grazing on improved pas-
tures and feedlot finished. They ranged from 10.1 to 12.7 kg COzeq
kg~! LW and took into account of emissions from enteric fermen-
tation, CH4 and N»O emissions from manure, and emissions asso-
ciated with inputs such as fuels, fertilizers and supplementary
feeds. Land-use change (deforestation) and possible changes in soil
C were ignored due to a lack of data.

The results and scope of GHG emissions from beef production in
Sweden, as described by Cederberg and Stadig (2003) and
explained by Desjardins et al. (2012), considered the milk system to
be the core system rather than beef production. However, culled
cows and surplus calves are used to produce meat, so the authors
considered the beef-production system to be the background sys-
tem. In addition, Cederberg and Stadig (2003) did not include
emissions related to the allocation and expansion of the milk sys-
tem in Sweden or the emissions from land-use change (LUC)
ascribed to the use of imported feed. Here, we emphasize that
studies that attempt to estimate the C footprint from cattle should
describe the details of their production systems and distinguish
their emission sources, production factors, emission factors and
boundaries to be comparable. Using a comparative life cycle
assessment (LCA) approach, Ruviaro et al. (2015) presented the C
footprint in different beef production systems on a southern Bra-
zilian farm of 18.3 kg COeq kg~ ! LW for the ryegrass and sorghum
pasture system and 42.6 kg CO.eq kg~! LW for the natural grass
system, including the contributions of cows, calves and steers.

It is generally regarded that continued growth of ruminant meat
consumption will represent a major obstacle for reaching ambitious
climate-change targets (Ripple et al., 2014); however, reducing the
consumption of food from ruminant production systems will be a
difficult and complex task. Average meat consumption has
increased significantly, from 30.7 kg yr~! in the mid-1980s to
36.4 kg yr~! at present, and it is projected to increase to 41.3 kg yr~!
in 2015 (FAO, 2014). In our study, we showed that by improving the
management of pasture systems, it is possible to reduce the C
footprint from beef cattle as a result of a better efficiency in LW gain
in time and space. The potential for C sequestration in soil and by
Eucalyptus trees means that the adoption of CLFIS could be a
feasible strategy to offset cattle emissions or even serve as a net
sink for atmospheric CO,. In addition to improved cattle produc-
tivity, deforestation to establish new pastures could be avoided, and
extra income could come from Eucalyptus and crops used as feed
supplement for animals, with CLFIS becoming a cleaner production
system.

4. Conclusions
Although the DP scenario presented the lowest total emissions

per unit land area, it is not possible to reduce the C footprint of
cattle production in this system, which occupies large areas with
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low yield and high GHG emissions per kg of product compared with
more intensive production systems, such as MP and CLFIS.

The conversion of degraded pasture to well-managed pasture
and the introduction of CLFIS can reduce their associated GHG
emissions in terms of kg CO,eq emitted per kg of cattle LW pro-
duced, increasing meat, grains and timber production. This reduc-
tion is due primarily to pasture improvement and increases in
cattle yields and the realization of technical potential for C sinks in
soil and in biomass to offset cattle-related emissions.

The intensification of cattle-production systems can contribute
to avoiding further deforestation as a result of lower land-
occupation factors in these systems. Additional efforts should be
made to achieve a better comprehension of more intensive pasture-
management systems, such as MP and CLFIS, their interactions with
associated GHG emissions and their potential for C uptake in
biomass and soil. Such research could result in supplementary
knowledge and strategies to reduce GHG emissions from cattle
production, contributing to mitigating climate change and pro-
moting food security.
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