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A B S T R A C T

In livestock production systems, methane (CH4) is produced and released during the digestive process,
representing a loss of energy that can be as high as 12% of total intake. In Costa Rica there are not actual in vivo
measurements of methane produced from enteric fermentation in the livestock sector. This research represents
the first effort to quantify the CH4 emitted by growing beef steers fed three different diets during the dry season
in the Dry Tropics ecosystem of Costa Rica, using the SF6 tracer technique. Three diets were evaluated, all of
them offered at libitum: 1) Good quality hay of transvala (Digitaria decumbens; GOOD). 2) Low quality
Brachiaria tanner hay (POOR). 3) Low quality hay (B. tanner) plus a supplement of 1 kg/d of sugar cane
molasses mixed with 46 g/d of urea (POOR+MU). Nine Brahman steers (329 ± 38 kg of body weight) were
utilized in a triplicated 3×3 Latin square for a total of 9 replicates/treatment. Variables measured were in vivo
CH4 emissions, feed intake, and apparent total tract digestibility of nutrients using indigestible neutral
detergent fiber (NDF) as an internal indigestible marker. Dry matter intake (DMI) was greater in GOOD (7.9 kg/
d) compared to the remaining two diets (3.6 and 4.2 kg/d for POOR and POOR+MU, respectively). Enteric CH4

emission (g/d) was similar (P > 0.05) for POOR (110.4) and POOR+MU (125.8) but lower (P < 0.0001) than
that of GOOD (181.5); when the methane emitted was reported as g of CH4/kg of DMI, greatest (P < 0.0001)
emissions were detected with POOR (31.0) and POOR+MU (29.8), and lesser in diet 1 (23.0 ± 1.9). Estimated
methane yield (Ym) for GOOD (6.9) was similar to that suggested by the Intergovernmental Panel on Climate
Change (IPCC); however, greater values than those reported by the IPCC were obtained for POOR (9.3) and
POOR+MU (9.0). In conclusion, CH4 emitted by growing Brahman steers fed hay of varying quality was closely
related to daily DMI. Furthermore, when CH4 emission was expressed per unit of DMI, poor quality hay
increased emissions intensity, regardless of supplementation with urea and molasses. Supplementing poor
quality B. tanner hay with urea and molasses increased hay digestibility but did not alter methane emissions.
Feeding good quality D. decumbens hay decreased CH4 emissions (in g/kg of DMI) by 30% relative to those by
steers receiving poor quality B. tanner hay during the dry season in Costa Rica.

1. Introduction

Methane (CH4) is a greenhouse gas (GHG) of great importance
since it has a warming potential 21 times greater than CO2

(Intergovernmental Panel on Climate Change (IPCC), 2006) and
among other sources, it is produced by enteric fermentation in
ruminants. Typically, GHG emissions are expressed as CO2 equivalent,
considering the global warming potential of each of the contributing
gases relative to CO2. The release of methane that originates in the
gastrointestinal tract of cattle represents a loss of energy, which can be

as high as 12% when fed low-quality forage (Johnson et al., 2007), with
a suggested value of 6.5% of the gross energy ingested (IPCC, 2006).

Determining accurate emissions of CH4, N2O, and CO2 in livestock
systems, and their relative contribution to global GHG emissions has
been a subject of active research. Herrero et al. (2011) estimated that
GHG emissions from livestock contribute to between 8% and 51% of
total GHG emissions, meanwhile other researchers have reported
variable, but more precise values: 16% (Scheehle and Kruger, 2006),
28% (Beauchemin et al., 2008), 32% (Grainger and Beauchemin, 2011)
and 18% (FAO, 2006), all expressed as CO2 equivalent. In this sense, an
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estimation made by O’Mara (2011) for Latin America, showed that
emissions from enteric fermentation in livestock represent around 24%
of the global emission. This variation in estimations of the relative
contribution of GHG emissions by cattle, reveal a need to obtain
reliable and locally estimated measurements of methane from livestock
as a basic step prior to implementing mitigation practices.

Because of the importance of livestock systems in food provision-
ing, and the fact that enteric CH4 emissions represents a loss in
productivity, it is imperative to develop strategies to reduce emissions
without decreasing animal productivity (Eckard et al., 2010; Grainger
and Beauchemin, 2011).

In Costa Rica, according to the 2010 GHG National Inventory based
on IPCC methodology, from the total methane (108 Gg) emitted by the
agricultural sector, livestock (and mainly enteric fermentation) is
responsible for 86% of it, representing approximately 16% of the
nation emissions expressed as CO2 equivalent (Chacón et al., 2014).

Worldwide, over the past years several methods have been devel-
oped with the purpose of estimating and measuring methane emissions
from ruminants. Some of them include respiration chambers (Muñoz
et al., 2012), in vitro systems (Eun et al., 2004; Navarro-Villa et al.,
2011), simulation (Cohen et al., 2004), and prediction equations (IPCC,
2006).

The SF6 tracer gas technique (Johnson et al., 1994) is not only
widely used (Lassey, 2007), but is also one of the few techniques
available to measure CH4 emitted by individual animals under grazing
or confinement conditions. This technique has been used in different
countries: Canada (Chaves et al., 2006), United States (DeRamus et al.,
2003; Henry et al., 2015), France (Pinares-Patiño et al., 2003),
Australia (Grainger et al., 2007), and New Zealand (Pinares-Patiño
et al., 2008 and 2016).

There are relatively few reported experiences in tropical countries
measuring CH4 with the SF6 tracer technique. In Brazil, Pedreira et al.
(2009) measured emissions of 179 g/d of CH4 in crossbred (Holstein
¾ × Zebu ¼) heifers of 373 kg of body weight (BW) grazing non-
fertilized Brachiaria spp. grass with an in vitro organic matter
digestibility (IVOMD) ranging from 40.9% to 49.8%. Primavesi et al.
(2004) determined CH4 emissions that varied from 182 to 199 g/d in
Holstein x Zebu crossbred heifers grazing unfertilized Brachiaria
grass. Also in Brazil, Moysés do Nascimento (2007) determined
emissions of 133, 138 and 134 g of CH4/d in Nelore steers of 402 kg
of BW consuming Brachiaria brizantha hay of different regrowth age
(15, 45 and 90 days, respectively). In contrast, Neto et al. (2009)
reported emissions of 98.5 g of CH4/d in crossbred cattle (500 kg of
BW) fed low quality Brachiaria brizantha hay.

In Australia, Brahman cattle fed different tropical grasses had CH4

emissions ranging from 5.0% to 7.2% of gross energy intake; addition-
ally, the researchers reported that methane yields per unit of dry matter
intake (DMI) or digested organic matter were variable across diets, and
were related to digestibility and fiber and protein concentrations
(Kennedy and Charmley, 2012). These findings are in agreement with
those by Chaves et al. (2006) in Canada with Black Angus heifers
(380 kg of BW) grazing forages that differed in quality. Chaves et al.
(2006) reported lesser emissions (113.5 g of CH4/d) when forages had
in vitro dry matter digestibility (IVDMD) of 58% compared with
emissions when forage had an IVDMD of 45.5% (164.8 g CH4/d).
Also in Canada, Boadi and Wittenberg (2002) reported CH4 emissions
of 204, 207, and 145 g/d in beef Charolais-Simmental heifers (310 ±
15 kg of BW) offered high (61.5% IVOMD), medium (50.7% IVOMD)
or low (38.5% IVOMD) quality diets, respectively.

Thus, great variations in the amounts of enteric CH4 produced by
livestock can be expected. Some of the variables that explain this
variation are breed differences, animal characteristics such as ruminal
volume, feed selection capacity, ruminal retention time of feed
particles, and associations of factors linked to digestion capacity of
fiber fractions in feeds (Lassey et al., 2002). Undoubtedly, based on the
literature reviewed, feed characteristics play a major role in the

variations in enteric CH4 emissions reported.
In Costa Rica there have not been actual in vivo measures of

methane produced by enteric fermentation in the livestock sector. This
study represents the first effort in quantifying the CH4 emitted by beef
cattle under typical feeding conditions during the dry season in Costa
Rica.

Hay feeding is a common practice in beef production systems
during the dry season months (December to May) in Costa Rica and
other tropical regions with similar agroecosystems. As evidenced by the
literature reviewed, changes in the quality of hay offered can greatly
influence methane emissions. The development of national inventories
of GHG emitted by the agricultural sector is part Costa Rica's
commitment to report back to the United Nations Framework
Convention on Climate Change. Data generated in this study will be
used in future greenhouse gas inventories and prediction models,
reducing the need to rely on models developed under different
conditions of cattle breeds and climate that may not match those
found in the tropical regions of Central America. Thus, the objective of
the present study is to assess methane emissions and nutrient digest-
ibility in Brahman steers consuming hay of varying quality, in beef
production systems that match the conditions of the Dry Tropics
ecosystem in Costa Rica during the dry season.

2. Materials and methods

This study was performed following the standard procedure of
scientific ethics, including the use and care of experimental animals in
compliance with the Animal Welfare Law No 7451 from the National
Service of Animal Health (SENASA) of Costa Rica.

2.1. Experimental design and treatments

The study was conducted during July and August of 2014 at the
Universidad Técnica Nacional, Sede Atenas, Costa Rica (464 m a.s.l.,
9.96°N, 84.37°W). The climate at the research site was typical of a dry
forest ecosystem, with an annual average rainfall of 1200 mm (con-
centrated from May to mid-November) and 25 °C of average tempera-
ture. The experiment involved 9 two-yr-old growing Brahman steers
(average of 329 ± 38 kg of BW) in a 3×3 triplicated Latin square design
with 3 experimental periods and 3 treatments. During a pre experi-
mental phase, which lasted 8 wk, 12 steers were trained to achieve the
required animal docility to be able to measure enteric methane using
the SF6 tracer technique, and 9 were finally selected to enroll in the
study based on their docility. During the entire experiment the 9 steers
enrolled in the study were housed in individual pens in a 20×15 m
concrete-floored open barn.

Three experimental diets were offered at libitum: 1) Good quality
transvala hay (Digitaria decumbens) with no more than 60 d of
regrowth, produced under irrigation and associated with 27% perennial
peanut (Arachis pintoi) on a total dry matter (DM) basis, as assessed by
manual separation of species in two random bale samples taken during
each experimental period (GOOD); 2) Poor quality Tanner hay
(Brachiaria arrecta) produced in dryland conditions and harvested
at approximately 90 d of regrowth, as typically done in Costa Rica at
the end of the rainy season (POOR); and 3) POOR (same hay source
used in previous treatment) plus a daily supplement of 1 kg of sugar
cane molasses (as is) mixed with 46 g of urea diluted in 1 L of water
and hand mixed with the hay, divided in two equal offerings (POOR
+MU). Steers were fed twice daily (0800 and 1500 h), and offered hay
and refusals were weighed and sampled prior to each feed offering to
analyze for nutrient composition to calculate DM and nutrient intake.
Each experimental period consisted of 10 d of adaptation to the diet
and 4 d of sample collection to determine feed intake, apparent total
tract digestibility of nutrients and in vivo methane emissions. Steers
were weighed at the end of each experimental period.
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2.2. Digestibility measurements

Beginning on d 10 and d 11, feed and fecal samples were collected,
respectively, for 4 consecutive days to determine apparent total tract
digestibility of DM, organic matter (OM), crude protein (CP), NDF, and
acid detergent fiber (ADF). Feed samples were collected twice daily
immediately after each hay delivery, and orts were collected prior to each
feeding. All samples were stored frozen at −20 °C. Fecal samples were
collected twice daily at 0800 h and 1600 h from the ground, inside the
pen, immediately after the animal defecated. After collection, fecal
samples were stored frozen at −20 °C. At the end of the experiment,
hay and fecal samples were thawed and dried at 60 °C for 48 h in a
forced-air oven, ground in a Wiley mill (Arthur H. Thomas Co.,
Philadelphia, PA) to pass a 2-mm screen, and pooled within steer for
further determination of nutrient content and digestibility marker
concentration. Indigestible NDF (iNDF) was used as an internal
indigestible marker (Cole et al., 2011; Krizsan and Huhtanen, 2013).
For determination of sample DM and OM, approximately 0.5 g of hay
and feces were weighed in duplicate, dried in a forced-air oven at 100 °C
for 24 h, and subsequently ashed at 550 °C for 3 h. Approximately 0.5 g
of hay and feces were weighed in duplicate inside of F57 bags (Ankom
Technology Corp., Macedon, NY) and analyzed for NDF, using heat-
stable α-amylase and sodium sulfite, and subsequent ADF as described
by Van Soest et al. (1991) in an Ankom 200 Fiber Analyzer (Ankom
Technology Corp.). Concentrations of CP in feed and feces were
determined by rapid combustion using a macro elemental N analyzer
(Vario Max CN, Elementar Americas Inc., Mt. Laurel, NJ) following
official method 992.15 (AOAC, 1995). Concentration of iNDF in feed and
feces was determined as described by Ciriaco et al. (2015), after 288 h of
ruminal in situ incubation using AnkomF57 filter bags (Ankom
Technology Corp.) and subsequent NDF analyses as described above.

2.3. Methane measurements

For the direct determination of produced methane the sulfur
hexafluoride technique (SF6, Johnson et al., 1994) was implemented.
Brass permeation tubes were loaded with of SF6 gas at liquid nitrogen
temperature, and incubated at 39 °C to determine release rates of SF6

by weight loss over a period of 6 weeks prior to rumen insertion. The
average SF6 release rate was 2935 ± 169 ng/min. A gas sample from the
mouth was continuously collected in a polyvinyl chloride canister
placed on the neck of the steers, and connected via a capillary tube
connected to the mouth/nostrils area. After daily removal of the
canister during the CH4 collection period, the remaining pressure
was registered, the canister was pressurized with nitrogen, and two
subsamples were taken from each canister for SF6 and CH4 concentra-
tions analyses. Gas samples were analyzed at the Soil Laboratory of the
Instituto Nacional de Innovación y Transferencia en Tecnología
Agropecuaria (INTA), using a gas chromatograph (GC, Agilent Model
7890 A; Santa Clara, CA, United States) fitted with an electron capture
detector (ECD) and a flame ionization detector (FID) to determine SF6

and CH4, respectively. With the known release rate of SF6 in permea-
tion tubes, and the measured concentrations of CH4 and SF6 in the
canister, the CH4 emission for each animal was calculated as the
product of the permeation tube emission rate of SF6 and the ratio of
CH4 and SF6 in the sample.

Each collection period of CH4 consisted of four consecutive 24-h
periods (Monday through Friday) with canisters exchanged at the same
time each subsequent day. Air samples were taken on a daily basis from
the main corridor, located between the pens where the steers were
housed, to monitor background levels of CH4 and SF6 during each
sampling period. At the end of each experimental period, upon
completion of the methane measurement phase, steers were weighed.

All nutrient content and iNDF concentration analyses in feed and
feces were performed at the Animal Nutrition Laboratory located in the
University of Florida - North Florida Research and Education Center.

2.4. Calculations and statistical analysis

Apparent total tract digestibility of DM, OM, CP, NDF, and ADF
were calculated as follows:

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥

markerconcentrationinfeed
markerconcentrationinfeces

nutrientconcentrationinfeces
nutrientconcentrationinfeed

100 − 100 × ×

Data were analyzed as a triplicated 3×3 Latin square with nine
replications/treatment using the MIXED Procedure of SAS (SAS
Institute Inc., Cary, NC). Animal was considered the experimental unit
and the model included the fixed effects of treatment, square, period
within square, and animal within square. Comparisons of means were
made using the PDIFF option of SAS. Unless otherwise stated, results
are presented as means and standard error ( ± SE). Significance was
declared at P≤0.05.

3. Results

3.1. Diet chemical composition, feed intake and digestibility

Analyzed nutrient content of hay used in the experimental diets is
shown in Table 1. Concentrations of NDF and ADF were decreased in
GOOD compared with POOR hay, reflecting the greater nutritional
quality of hay from transvala (D. decumbens) pastures consociated
with A. pintoi, when compared with Tanner hay (B. arrecta) grown in
dryland conditions. The differences in concentrations of ADF between
the two types of hay used in this study was particularly contrasting
(Table 1). Concentration of ADF is typically negatively correlated with
potential digestibility, and this was evidenced by total tract digestibility
analyses of nutrients. Again comparing hay types, the effects of the
presence of 27% of DM from A. pintoi in the hay used in the GOOD
treatment, shows the impact that a consociation of legumes and grasses
can have in the overall CP concentrations of the hay (7.7 vs. 3.3 for
GOOD and POOR, respectively; Table 1).

Intake of DM (either as kg/d or as % of BW), OM, NDF and ADF
was greater (P < 0.05) for GOOD compared with the other treatments,
which did not differ (P > 0.05) between them (Table 2). Intake of CP
differed across all treatments (P < 0.05) and was greatest for GOOD
and least for POOR (Table 2). Apparent total tract digestibility of DM
was greatest (P < 0.05) for GOOD (63.78%) and least (P < 0.05) for
POOR (39.29%), with POOR+MU showing intermediate values
(53.26%; Table 2). Apparent total tract digestibility of OM, CP, and
ADF was greater for GOOD and POOR+MU when compared with
POOR (P < 0.05; Table 2). Digestibility of NDF differed among all three
treatments (P < 0.05) and was greatest for GOOD (65.04%), followed
by POOR+MU (56.15%) and POOR (41.86%).

Table 1
Chemical composition of the hay used in the experimental diets (DM basis).

Hay type

Item GOODa POORb

DM, % 86.2 85.8
OM, % 92.9 92.2
CP, % 7.7 3.3
NDF, % 62.8 72.0
ADF, % 33.3 38.4

a Transvala hay (Digitaria decumbens) with no more than 60 d of regrowth, produced
under irrigation and associated with 27% perennial peanut (Arachis pintoi) on a DM
basis.

b Tanner hay (Brachiaria arrecta) produced in dryland conditions.

J. Montenegro et al. Livestock Science 193 (2016) 45–50

47



3.2. Methane emissions

Daily enteric CH4 emissions (g/d) were similar (P > 0.05) for steers
consuming POOR and POOR+MU, but lesser (P < 0.001) than those
from steers consuming GOOD hay (Table 3). When CH4 emissions
were reported relative to DMI, the inverse situation was evidenced,
where the greatest (P < 0.001) emissions were detected in steers
consuming POOR and POOR+MU vs. GOOD (Table 3). The same
difference among treatments was maintained when CH4 emissions
were expressed as g/kg of DM digested.

An alternative manner to express enteric emissions is using the
dimensionless “methane conversion factor” which is also known as
“methane yield” (Ym). This is a ratio that takes into consideration the
methane emitted per unit of feed intake when both variables are
expressed in terms of energy of combustion, and is expressed as a
percentage of the gross energy (GE) consumed (Lassey, 2007). As an
example, a typical Ym value of 6.5% was suggested by the IPCC (2006)

for enteric CH4 emitted by bovines in tropical countries, corresponding
to 21.45 g of CH4/kg of DMI. In this study, according to the
aforementioned and considering the emission of CH4 as percent of
total GE consumed, the least (P < 0.001) estimated Ym value was
observed with GOOD (6.9%), when compared with POOR (9.3%) and
POOR+MU (9.0%), which did not differ between them (P > 0.05;
Table 3).

Across treatments, there was a linear and positive (r=0.62, P <
0.001) relationship [CH4 emission (g/d) =15.096× DMI (kg/d)
+59.917] between daily CH4 emissions expressed as g/d, and DMI
expressed as kg/d, (data not shown). Regarding enteric CH4 emitted as
percentage of GE intake (GEI), a polynomial relationship (r2=0.19, P <
0. 001) was detected with DMI expressed as kg/d, given by the
following equation: CH4 emission (% GEI) =0.1893× DMI2 – 2.881×
DMI +17.605 (Fig. 1).

4. Discussion

The results observed in terms of DMI in the present study, are in
agreement with the findings on apparent total tract OM digestibility, in
which steers consuming POOR hay had decreased OM digestibility
when compared with POOR+MU and GOOD. This reduction in
magnitude of OM consumed was of 39.9%, which is in agreement with
the 36.1% reduction in OM digestibility observed between the same
treatments (POOR vs. the average of the other treatments). Thus, the
decrease in intake of poor quality hay in this study was directly
proportional to the depression in digestibility, being most likely
explained by the accumulation of undigested hay in the reticulo-rumen.
When comparing the nutrient quality of the three forages offered in the
study (Table 1) with the nutrient requirements of growing cattle, it
becomes evident that POOR hay was likely limiting in both energy and
protein. The addition of 1 kg/d of molasses and 46 g/d of urea was,
apparently, not sufficient to overcome these limitations. When calcu-
lating the CP concentration in the POOR+MU diet (using the average
DMI of POOR for all periods and analyzed CP values for urea and
molasses), the dietary CP concentration only increases from 3.3%
(POOR; Table 1) to 5.8% (POOR+MU; data not shown). The latter, is
yet considered a limiting amount of CP for ruminal fermentation in
most beef cattle production scenarios (Kunkle et al., 2000). Ciriaco
et al. (2015) showed an increased digestion in apparent total tract
digestibility of OM when bermudagrass (Cynodon dactylon) hay was
supplemented with 1.36 kg/d of a 50:50 mixture of crude glycerol:
molasses in beef heifers. However, no response in OM digestion was
observed when 0.45 kg/d of the same liquid supplement was fed in
addition to hay (Ciriaco et al., 2015). The amount of molasses
supplemented in the POOR+MU diet in this study may have not been
sufficient, based on previous findings (Moore et al., 1999; Kunkle et al.,
2000; Ciriaco et al., 2015), to elicit a response in terms of increased OM
digestibility.

Table 2
Effects of hay quality and supplementation with urea and molasses on dry matter and
nutrient intake, and apparent total tract digestibility by Brahman steers.

Treatment

Item GOOD1 POOR2 POOR+MU3 SEM4 P-value

Intake5

DM, kg/d 7.89b 3.56a 4.22a 0.19 < 0.001
OM, kg/d 7.12b 3.32a 3.93a 0.18 < 0.001
CP, kg/d 0.61c 0.12a 0.24b 0.03 < 0.001
NDF, kg/d 4.96b 2.57a 3.04a 0.17 < 0.001
ADF, kg/d 2.63b 1.37a 1.63a 0.09 < 0.001
DM, % of body weight 2.40b 1.08a 1.28a 0.08 < 0.050
Digestibility, %
DM 63.78c 39.29a 53.26b 2.76 < 0.001
OM 64.62b 38.28a 55.14b 2.79 < 0.001
CP 61.28b 12.99a 41.04b 7.40 < 0.001
NDF 65.04c 41.86a 56.15b 2.27 < 0.001
ADF 59.99b 37.00a 52.52b 2.42 < 0.001

a,b,cWithin a row, means with different superscripts differ (P≤0.05).
1Steers fed ad libitum amounts of transvala hay (Digitaria decumbens) with no more
than 60 d of regrowth, produced under irrigation and associated with 27% perennial
peanut (Arachis pintoi) on a DM basis.
2Steers fed ad libitum amounts of tanner hay (Brachiaria arrecta) produced in dryland
conditions.
3Steers fed ad libitum amounts of tanner hay (Brachiaria arrecta) produced in dryland
conditions plus a daily supplement of 1 kg of molasses (as is) mixed with 46 g of urea
diluted in 1 L of water and hand mixed with the hay, divided in two equal offerings.
4Pooled standard error of treatment means, n=9 steers/treatment.
5Intake measured during the digestibility measurement period of the experiment.

Table 3
Effects of hay quality and supplementation with urea and molasses on methane emitted
by Brahman steers.

Treatment

Item GOOD1 POOR2 POOR+MU3 SEM4 P-value

CH4, g/d 181.5b 110.4a 125.8a 5.6 < 0.050
CH4, g/kg DMI 23.0a 31.0b 29.8b 1.9 < 0.050
CH4, g/kg DM digested 36.1a 78.9b 56.0c 4.0 < 0.050
CH4, % of GE intake (Ym) 6.9a 9.3b 9.0b 0.6 < 0.050

a,bWithin a row, means with different superscripts differ (P≤0.05).
1Steers fed ad libitum amounts of transvala hay (Digitaria decumbens) with no more
than 60 d of regrowth, produced under irrigation and associated with 27% perennial
peanut (Arachis pintoi) on a DM basis.
2Steers fed ad libitum amounts of tanner hay (Brachiaria arrecta) produced in dryland
conditions.
3Steers fed ad libitum amounts of tanner hay (Brachiaria arrecta) produced in dryland
conditions plus a daily supplement of 1 kg of molasses (as is) mixed with 46 g of urea
diluted in 1 L of water and hand mixed with the hay, divided in two equal offerings.
4Pooled standard error of treatment means, n=9 steers/treatment.

Fig. 1. Relationship between methane emitted as percent of gross energy intake (%
GEI). and dry matter intake (DMI, kg/d) in Brahman steers consuming hay of varying
qualities. CH4 emission (% GEI) =0.1893× DMI2 – 2.881× DMI +17.605 (r2 =0.19, P <
0.001).
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Enteric CH4 emissions in livestock systems can be reported in several
ways, including g/d, g/kg of DMI, relative to product output (e.g., kg of
BW gained or milk produced), or as energy loss as percentage of the
gross energy consumed. Considering the challenges that lie ahead in
terms of global food production, there is consensus in the scientific
community that future strategies to mitigate emissions should focus on
productivity of the systems. Thus, increasing animal productivity can be
one of the more successful strategies to decrease emissions intensity
(Hristov et al., 2013). In the present study, improving the quality of the
diets offered, resulted in more efficient use of consumed energy and that
is reflected in the Ym values obtained (Table 3). In addition, the
improvement in the quality of the type of forage offered (D. decumbens
vs. B. arrecta), resulted in greater feed intakes and decreased CH4

emissions (Tables 2, 3). The inclusion of urea and molasses supplemen-
tation in diets based on poor quality B. arrecta hay had no effect on
methane emissions. However, nutrient digestibility was greatly im-
proved, proving to be a useful management practice to increase the
productivity of beef production systems that rely on hay feeding.

The greater amount of CH4 produced per day in steers consuming
GOOD hay when compared with the other two treatments, was directly
related to the increased DMI (Table 2), likely as a result of the
improved nutritional quality and digestibility of this diet. This is in
agreement with what has been reported elsewhere under confinement
or grazing conditions (McGeough et al., 2010). Digestibility in parti-
cularly, has been positively related with feed intake (Kurihara et al.,
1999; Boadi and Wittenberg, 2002; Pinares-Patiño et al., 2016), and
methane emissions (Boadi and Wittenberg, 2002; Archimèdea et al.,
2011; Cota et al., 2014). Typically a greater production of enteric
methane is observed with diets of increased digestibility, because they
provide greater quantities of fermentable substrates for methanogenic
archaea. This well documented relationship between digestibility,
intake and methane emissions was also evidenced in the present study.

The emissions of CH4 observed in this study were similar to those
reported in Latin America by Pedreira et al. (2009), Moysés do
Nascimento (2007), and Primavesi et al. (2004), and also to results
obtained in more temperate regions (McGinn et al., 2004; Chaves et al.,
2006). The type of hay fed in the POOR treatment in the present study
was chosen to represent the typical management of beef cattle produc-
tion systems in the dry forest ecosystem of Costa Rica during the
summer time (December to May). This is a time of the year in which
forage availability is reduced because of dry climatic conditions, lasting
approximately six months in Costa Rica, which represents a large
proportion of the annual beef production cycle. Thus, if the methane
emission measured when feeding POOR hay is considered as typical
during the summer months for this animal category, the diets fed with
GOOD and POOR+MU treatments would produce approximately 64%
and 14% more enteric methane expressed as g/d, receptively, than
feeding POOR hay. Thus, results expressed as g/d of CH4 emitted can be
misleading because animal productivity is not being fully considered,
since GOOD and POOR+MU represent an increase in nutritional value
over POOR hay. Therefore, to avoid the adoption of management
practices that are detrimental to the productivity of the system, as
discussed above, it is useful to express CH4 emissions relative to a unit of
productivity or, at the very least, relative to feed intake.

The efficiency in the use of diet energy, and the amount of CH4

emitted per kg of feed consumed are ways to express emissions relative
to animal performance. The values of these relationships observed in
the current study are in agreement with what has been reported
elsewhere (Chaves et al., 2006; McGeough et al., 2010; Clark et al.,
2011). Therefore, while greater CH4 emissions can be expected as a
result of increased DMI because of improved digestibility, also an
improvement in animal performance increases, which in turn decreases
emissions intensity, this is, emissions per unit of product (Hristov
et al., 2013; Pinares-Patiño et al., 2016).

A study conducted by Morales González (2007) in Costa Rica
evaluated a similar hay to that offered in GOOD in the current

experiment. When, calculating the emissions intensity using animal
performance data from Morales González (2007), feeding GOOD hay in
this study would decrease emissions intensity by 34% (meaning less
CH4 per kg of BW gained) when compared to feeding POOR hay, which
would be considered typical in Costa Rican production systems during
the dry season.

When expressed as CH4 yield (Ym), emissions measured in our
study are in agreement with those reported previously (Kurihara et al.,
1999; Primavesi et al., 2004; Kennedy and Charmley, 2012).
Furthermore, the Ym value obtained for steers fed GOOD hay
(Table 3) was similar to that suggested by IPCC (2006; 6.5 ± 1.0%)
for CH4 emitted by bovines in tropical countries. Methane yield (Ym)
declined with increasing level of intake. Thus, maximizing intake in
growing cattle is expected to improve the efficiency of feed conversion
because CH4 losses, as a proportion of the energy consumed, are
reduced with increased intake. It is important to take into considera-
tion that this research resembles only the summer conditions in the
Pacific North of Costa Rica. Thus, there is a need to adjust this value to
the average annual climatic condition of this zone in order to obtain a
more realistic estimation for the whole year.

Despite the fact that the conditions evaluated in this study
represent only a fraction of the livestock systems in Costa Rica during
an entire year, CH4 emissions obtained in this study with GOOD hay
extrapolated to a year (66.2 kg/year) would be 18% greater than the
emission factor suggested by the Tier 1 IPCC methodology (56 kg/
year). Conversely, steers fed for POOR hay and POOR+MU, had yearly
calculated CH4 emissions that were 28% and 18% lesser, respectively,
than those from Tier 1 of IPCC. This demonstrates the importance of
obtaining reliable measurements of CH4 emissions obtained locally,
under the conditions in which the livestock activity in each region is
developed, reducing the uncertainty when conducting national level
inventories of greenhouse gases by the livestock production sector.

5. Conclusion

Emissions of CH4 obtained from Brahman steers under manage-
ment conditions typical of the dry forest ecosystem of Costa Rica
during the summer time, were closely related to the daily feed intake
which is, in turn, intimately associated with forage quality and
digestibility. While the addition of urea and molasses improved the
digestibility of poor quality tanner hay (Brachiaria arrecta), this was
not sufficient to offset the increased CH4 emissions intensity (g/kg of
DMI) when compared with good quality transvala hay (Digitaria
decumbens). Thus, feeding good quality hay during the summer
months of the dry forest ecosystem of Costa Rica can lead to reductions
of 30% in CH4 emissions intensity, representing an interesting manage-
ment tool to decrease the carbon footprint of livestock systems in
tropical regions.

Estimations of CH4 yield (Ym) by the IPCC Tier 1 methodology for
tropical regions were similar to those observed with good quality hay in
this study; however, the IPCC methodology underestimated CH4

emissions when poor quality hay was fed. This study represent the
first effort to successfully report in vivo CH4 emissions from livestock
systems in Costa Rica, and the data generated are of great importance
for the development of national inventories of GHG emissions.
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