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ABSTRACT: The goal of this review was to analyze
published data on animal management practices that
mitigate enteric methane (CH4) and nitrous oxide (N2O)
emissions from animal operations. Increasing animal
productivity can be a very effective strategy for reducing greenhouse gas (GHG) emissions per unit of livestock product. Improving the genetic potential of animals
through planned cross-breeding or selection within breeds
and achieving this genetic potential through proper nutrition and improvements in reproductive efficiency, animal
health, and reproductive lifespan are effective approaches
for improving animal productivity and reducing GHG
emission intensity. In subsistence production systems,
reduction of herd size would increase feed availability
and productivity of individual animals and the total herd,
thus lowering CH4 emission intensity. In these systems,
improving the nutritive value of low-quality feeds for
ruminant diets can have a considerable benefit on herd
productivity while keeping the herd CH4 output constant or even decreasing it. Residual feed intake may be a

tool for screening animals that are low CH4 emitters, but
there is currently insufficient evidence that low residual
feed intake animals have a lower CH4 yield per unit of
feed intake or animal product. Reducing age at slaughter of finished cattle and the number of days that animals
are on feed in the feedlot can significantly reduce GHG
emissions in beef and other meat animal production systems. Improved animal health and reduced mortality and
morbidity are expected to increase herd productivity and
reduce GHG emission intensity in all livestock production systems. Pursuing a suite of intensive and extensive
reproductive management technologies provides a significant opportunity to reduce GHG emissions. Recommended approaches will differ by region and species but
should target increasing conception rates in dairy, beef,
and buffalo, increasing fecundity in swine and small
ruminants, and reducing embryo wastage in all species.
Interactions among individual components of livestock
production systems are complex but must be considered
when recommending GHG mitigation practices.
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INTRODUCTION

Global analyses have clearly shown that nonCO2 greenhouse gas (GHG) emissions [(i.e., enteric
methane (CH4) and nitrous oxide (N2O)] are inversely
related to animal productivity (Gerber et al., 2011).
Higher producing animals consume more feed, produce more manure, and emit greater absolute amounts
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of GHG from enteric fermentation or during manure
storage and application or deposition than low-producing animals. Converted per unit of animal product,
however, higher-producing animals usually have lower
GHG emissions than low-producing animals. Therefore,
enhancing animal productivity is usually a successful
strategy for mitigating GHG emissions from livestock
production systems. Discussions presented in the current analysis are based primarily on a recent review
of mitigation measures for livestock by Hristov et al.
(2013b). The present paper is the third of a series of 3
reports and focuses on the analysis of published data on
GHG mitigation options related to animal management,
including improving animal genetics, fertility, and animal health and longevity. The first (Hristov et al., 2013a)
and second (Montes et al., 2013) papers in this series
address enteric CH4 emissions and CH4 and N2O emissions from manure decomposition, respectively. Gerber
et al. (2013) discussed interactions among mitigation
practices. insert 'A summary of the animal management
mitigation practices discussed in the current manuscript
is presented in Table 1.'
ANIMAL MANAGEMENT
MITIGATION PRACTICES
Enhancing Animal Productivity. Increase in animal
productivity can be achieved through improvements in
animal genetics, feeding, reproduction, health, and overall management of the animal operation. In many parts
of the world, the single most effective GHG mitigating
strategy is to increase animal productivity, which may
allow a reduction in animal numbers providing the same
edible product output with a reduced environmental
footprint. Reduction in animal numbers was the single
most influential mitigation strategy that significantly reduced the C footprint of the United States dairy industry (Capper et al., 2009). Similarly, with the milk quota
system in the Netherlands, milk production per cow increased from 6,270 kg fat- and protein-corrected milk
(FPCM)/yr in Kyoto base year 1990 to 8.350 kg FPCM/
yr in 2008, with a concomitant decrease in CH4 production from 17.6 to 15.4 g/kg FPCM, respectively (Bannink et al., 2011). Similar progress has been made by
the pork industry. The number of hogs marketed in the
United States increased by 29% between 1959 and 2009
whereas the size of the breeding herd decreased by 39%.
Feed conversion efficiency increased by 33%, feed use
decreased by 34%, and the C footprint per 454 kg of hot
dressed carcass weight produced decreased by 35%. The
litter size increased from 7.10 in 1974 to 9.97 piglets in
2011 and the amount of pork produced from a breeding
animal increased during the same period from 775 to
1,828 kg (National Pork Board, 2012).

In the global context, particular attention must be
placed on mitigating GHG emissions from developing
countries. Europe, North America, and the non-European Union former Soviet Union countries produced 46.3%
of ruminant meat and milk energy and only 25.5% of the
enteric CH4 emissions in 2005 (O’Mara, 2011). In contrast, Asia, Africa, and Latin America produced a similar
amount (47.1%) of ruminant meat and milk energy but a
large proportion (almost 69%) of enteric CH4 emissions.
Therefore, the Intergovernmental Panel on Climate
Change (IPCC, 2007) estimated that about 70% of the
global GHG mitigation potential from agriculture lies in
developing countries (Smith et al., 2007). In developing countries, however, smallholders typically rely on
a greater number of low-producing animals instead of a
smaller number of higher-producing animals (Tarawali
et al., 2011). As pointed out by these authors, the two
constraints for increasing animal production in developing countries are the low genetic potential of the animals
and the poor availability of quality feed. Undoubtedly,
significant potential exists for increased production by
better feed management and proper feeding in developing countries as well as for intensive production systems
in developed countries. Using a partial life cycle assessment (LCA), Bell et al. (2011) demonstrated that improvements in feed efficiency and milk production [in
their example, from about 23 to 28 kg energy-corrected
milk (ECM)/d] can significantly reduce GHG emissions
and land use of the dairy herd.
However, selection for high productivity should not
be at the expense of other important traits, especially
those traits critical for survival of livestock in the local environment (climate, feed resources, and diseases).
With dairy cows, tradeoffs between selection for high
milk production and decreased productive life, increased
death rate, and decline in fertility need to be avoided
(Hare et al., 2006; Miller et al., 2008; Norman et al.,
2009). The survival rate to parity 2 by Holstein cows in
the U.S. declined from 77.3% in 1980 to 74.1% in 2000
and survival rates to parities 3 and 4 declined from 56.6 in
1980 to 49.0% in 1999 and from 24.2 (in 1980) to 14.3%
in 1997, respectively (Hare et al., 2006). With only 2 to
2.5 lactations, dairy cows cannot realize their production
potential. As pointed out by Van Vuuren and Chilibrost
(2011), the milk efficiency of dairy cows (i.e., milk energy output/feed energy input) increases exponentially up
to 4 lactations. Impaired reproductive performance also
has a significant impact on farm profitability and might
not be fully compensated by increased milk production,
as demonstrated by Evans et al. (2006) for commercial
dairy herds in Ireland. Apart from productivity, however,
management practices, such as improved animal health
and fertility (Place and Mitloehner, 2010), in intensive
production systems can improve overall animal perfor-

Livestock greenhouse gas mitigation

mance and lifetime productivity. By some estimates,
extended lactation (Van Amburgh et al., 1997; Auldist
et al., 2007; Kolver et al., 2008; Grainger et al., 2009)
can reduce enteric CH4 emission from dairy production
systems by 10% (Smith et al., 2007). However, this may
not be a feasible alternative to a 12-mo lactation cycle in
some production systems (Butler et al., 2010). In intensive dairy systems, similar effects may be produced by
reducing the dry period, with or without use of recombinant bovine somatropin (rbST; Annen et al., 2004; Rastani et al., 2005; Klusmeyer et al., 2009). This practice
may not be suitable for all cows and all herds (Marett et
al., 2011; Santschi et al., 2011). Pinedo et al. (2011), for
example, reported decreased early lactation and 305-d
milk yields and increased overall culling rate when the
dry period was reduced or eliminated.
Progress in reducing GHG emission intensity (Ei;
GHG per unit animal product) from ruminants in the developing countries can be achieved by increasing animal
productivity. Gerber et al. (2011) demonstrated a great
difference in GHG emissions depending on milk yield of
dairy cows, with as much as a 10-fold variation between
countries or regions with high and low milk yields. Flachowsky (2011) estimated that a dairy cow producing
40 kg milk/d would have about 50% lower CO2–equivalent (CO2e) emissions per kilogram of edible protein
than a cow milking 10 kg/d. Similarly, emissions would
be about 70% lower from beef cattle gaining 1.5 vs.
1.0 kg/d, 40% lower from a growing or fattening pig
gaining 900 vs. 500 g/d, and 60% lower from a laying
hen with 90 vs. 50% laying performance.
According to data for the dairy sector by the Food
and Agriculture Organization (Gerber et al., 2011), in
2010 the annual milk production per cow for North
America was approximately 8,900 kg and in South and
Southeast Asia (SEA) 2,800 kg/yr for specialized dairy
systems and 1,000 kg/yr for unspecialized systems. Using the Gerber et al. (2011) relationship for GHG emissions (CO2e, kg/cow per yr = 0.8649 × milk yield, kg/
cow per yr + 3,315.5, r2 = 0.79, and assuming milk yield
is as FPCM), a North American cow will produce about
11,000 kg CO2e/yr and a SEA cow about 5,700 kg CO2e/
yr, which is 1.24 and 2.05 kg CO2e/kg FPCM milk, respectively. If milk production in SEA is increased by
30%, the CO2e output will decrease to 1.79 kg/kg milk.
Similarly, Blümmel et al. (2009) estimated that increasing milk yield per animal in India from the national
average of 3.6 L/d to up to 9.0 L/d was possible using
currently available feed resources, and this would potentially reduce CH4 production in that country from 2.29
to 1.38 Tg/yr. Another example of how increased productivity, through increased feed quality, can decrease
enteric CH4 Ei was provided by Waghorn and Hegarty
(2011). These authors calculated that growing lambs on
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higher quality pasture (20% higher ME value) would result in greater gain and about 50% lower enteric CH4 Ei.
Ruminant production systems based on concentrate feeds are reportedly more efficient from the animal perspective and emit less GHG per unit of product
(Beauchemin et al., 2010; Pelletier et al., 2010). However, this may not be the case if all inputs are included in
calculating GHG Ei for dairy production systems (Rotz
et al., 2009) or intensive grain-finished vs. extensive,
grass-finished beef systems (Pelletier et al., 2010; Waghorn and Hegarty, 2011), particularly when soil C storage in grasslands and land use changes are adequately
considered. Improvement in animal nutrition through
strategic use of available resources such as feeding a
balanced diet based on the physiological needs of the
animal, reducing feed wastages, increasing concentrate
feed availability, and improving animal genetics have a
tremendous potential 'to increase animal productivity in
developing countries (Makkar, 2013).
Due to poor pasture quality, grazing management may
not be a viable option for improving animal nutrition in
many regions, in which case improvement in productivity
must come through feeding preserved forages or concentrates. Because the growth in cereal grain production has
generally followed the growth of world population (Hristov et al., 2013b) and because human nutrition is expected
to improve in the developing world, it is questionable if
more grain will be available for feeding ruminant animals.
Growing ruminants are much less efficient in utilizing
grain for BW gain than poultry or swine, but dairy cows
can be as efficient (depending on the level of production)
as monogastric animals in producing edible protein (Flachowsky, 2002, 2011; Gill et al., 2010; De Vries and de
Boer, 2010). Whether increasing the inclusion of grain in
the ration of ruminants can be an economically feasible
strategy to increase milk and particularly meat production
and thus reduce the environmental footprint of livestock
is questionable in the long term. A challenging but more
sustainable solution is to produce concentrate by strategically mixing agro-industrial by-products that are rich in
energy or proteins (Makkar, 2013).
Within dairy production systems, grassland-based
systems have been estimated to have generally higher
(by about 50%) GHG emissions per unit of FPCM than
mixed farming systems although some grazing systems
in temperate regions have low GHG emissions (FAO,
2010). Organic dairy production systems have generally
higher GHG Ei than conventional dairy systems (Heller
and Keoleian, 2011; Kristensen et al., 2011). This may
not always be the case, depending on the amount and
type of fertilizer used for crop production and the level
of animal productivity (Martin et al., 2010).
The environmental efficiency of pasture-based dairy
production systems can be improved by a variety of
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best management practices (Basset-Mens et al., 2009;
Beukes et al., 2010), including improved reproductive
performance leading to low involuntary culling, using
crossbred cows with high genetic merit for milk solids,
and improved pasture management to increase average
pasture and silage quality.
Kennedy et al. (2001) investigated the response
of Holstein-Friesian cows, of medium or high genetic
merit, fed an adequate supply of grass to half and twice
the industry norm level of concentrate supplementation
and concluded that the low concentrate feeding system
restricted the ability of the high genetic merit cows to
express fully their genetic potential for milk production. The authors also concluded that high-concentrate
supplementation systems, although yielding more milk
and better utilizing the genetic potential of the animal,
may not be economically feasible when milk price is
low and feed cost is high.
Enhancing the genetic potential of the animal is critically important, but it is equally important not to import
high genetic potential animals into climates and management environments where high-producing animals can
never achieve their potential and will, in fact, perform
worse than native breeds or crossbreeds due to management, disease, or climatic challenges. The Holstein dairy
cow, for example, has a high genetic potential for milk
production, which translates into low GHG emissions per
unit of product. However, importation of Holstein cows
into regions that cannot provide the necessary nutritional,
health, and physical environments to support their genetic
potential for production leads to poor health, milk production, and reproduction (compounded with the already low
genetic merit of the breed for this trait) resulting in underperformance and long-term inefficiency of the production system (Harris and Kolver, 2001; Evans et al., 2006;
Madalena, 2008). As pointed out by Harris and Kolver
(2001), the failure of the Holstein breed to maintain high
reproductive efficiency appeared to be one of the main
reasons for the reduced survival of the breed within the
pasture conditions of New Zealand whereas in these conditions rearing the local cross-bred dairy cows has resulted in a substantial economic advantage for farmers.
Enhancing Animal Productivity by Improving the
Nutritive Value of Low-Quality Feeds. Low-quality
feeds, such as crop residues and low-quality grasses, are
important basal feeds for ruminants in developing countries (Blümmel et al., 2009; Walli et al., 2012). Devendra
and Leng (2011) and Tarawali et al. (2011) argued that
interventions to improve the feeding value of low-quality feeds should be considered in the whole farm system
context. In developing countries, the majority of farmers
operate in smallholder mixed crop–livestock systems,
and almost 3 billion people depend on such systems for
their food supply (Herrero et al., 2010). Most livestock

production systems typical of those areas are faced with
one or more seasons with low feed availability and quality, and production during such seasons is nonexistent or
even negative because animals rely solely on crop residues. During the cropping and harvesting season, more
and better feeds are available, but labor limitations and
grazing land availability may prevent optimal feeding
(Tarawali et al., 2011; Owen et al., 2012). Importation
of high quality feeds into these systems is very low (e.g.,
Blümmel et al., 2009).
In the majority of smallholder mixed crop–livestock
systems, the major goal is crop production and animals
are simply a means to achieve this goal. In these systems, livestock intensification competes with crops for
inputs of labor, capital, and land. Livestock in developing countries are not only valued for their production of
food but also for functions such as manure production,
draught, capital store, and insurance (Udo et al., 2011),
which are functions supported by larger herd sizes.
Reduction of the number of animals, particularly
in subsistence production systems, allows for the provision of adequate feed to a herd selected for genetic
potential that can receive suitable veterinary care (Tarawali et al., 2011), leading to an improvement in individual animal and total herd productivity. Hence, CH4
emissions will be reduced for both the total herd and
per unit of animal product. However, herd size reduction requires measures such as mechanization, use of
artificial fertilizers, and proper banking and insurance
systems to replace the importance of the animals (Udo
et al., 2011). Regulatory measures (taxes and quota)
could reduce the benefits of keeping too many animals.
Supplying a substantial amount of relatively good
quality feed in a ration will increase individual animal
productivity. Green feeds such as multipurpose leguminous fodder trees and grasses, such as Naipier (Pennisetum purpureum), are promising supplements with a
reasonable expectation for worldwide adoption (Saleem,
1998; Mekoya et al., 2008; Oosting et al., 2011; Tarawali
et al., 2011; Owen et al., 2012). However, such fodder
crops compete with food crops for land and water. A
positive contribution of leguminous fodder crops to soil
fertility can be expected because of N fixation. Whether
polyphenols in leguminous fodder trees will have positive effects on CH4 emissions at the inclusion levels
observed in developing countries needs investigation
(Owen et al., 2012; Hristov et al., 2013b).
Another kind of supplementation is the provision
of relatively small amounts of nutrients that limit intake, digestion, or utilization of the ration (Oosting et
al., 1994, 1995; Owen et al., 2012). The urea–molasses multinutrient block developed in Asia (Sudana and
Leng, 1986; Owen et al., 2012) is an example of an
N-providing supplement for diets low in N. The poten-
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tial role of these blocks as a source of CH4 mitigating
agents, that is, nitrates, is discussed in our companion
paper (Hristov et al., 2013a). Calcium, P, Cu, and Zn
are other nutrients that improve utilization of lowquality feeds. Limitations of those nutrients mostly occur when low-quality feeds are given as the sole feed.
Whenever some green feeds or concentrates are available, limitations are less pronounced. Hence, under
such conditions the direct effect of supplementation on
animal productivity might be low.
Sarnklong et al. (2010) and Owen et al. (2012) discussed options for treatment of crop residues. Rice or
wheat straw, the crop residue in these publications, can be
regarded as a proxy for other low-quality feeds. Chemical treatments [e.g., urea, ammonia (NH3) or sodium
hydroxide] and biological treatments (direct by growing
fungi on the straw or by administering fungal enzymes
to the straw) aim to improve straw digestibility by disrupting the cell wall structure and making hemicellulose
and cellulose fractions more available for rumen digestion. Urea treatment is the most widespread treatment
advocated in developing countries. Low-quality feeds
are mixed with an equal weight of a 0.5 to 3.0% urea
solution and stored airtight for at least 1 wk. Ammonia
is formed from the urea and the alkaline conditions compromise cell wall conformation and improve intake and
digestibility. An additional benefit is the provision of N
for further improvement of feed value.
Economics, labor needs, and practical feasibility
have led to poor adoption of these techniques (Schiere,
1995; Owen et al., 2012) despite decades of research
and outreach on the subject (Sundstøl and Owen, 1984).
Roy and Rangnekar (2006) described one successful
case of urea treatment adoption in India, where treatment helped farmers overcome storage problems under
humid conditions. Even if socioeconomic circumstances
benefited crop residue treatment, it is uncertain whether
this would mitigate CH4 emissions per unit of animal
product. Of course, if forage digestibility and concomitant animal productivity are increased, CH4 production
per unit of product will decrease.
Fungal treatment is promising on a laboratory scale,
but process control is difficult in piles of material because
of the heat from fermentation (Walli, 2011). Moreover,
in feeding experiments, nutrient availability and animal
utilization were not improved, which may explain why
this technology was not adopted (FAO, 2011b). The loss
of digestible DM and the decrease in the feeding value
of the crop during this treatment can be dramatic, rendering the process unfeasible (Lynch et al., 2012).
Many farmers in extensive production systems
recognize and consider straw quality in their decisions
for crop cultivation (Parthasarathy Rao and Hall, 2003;
Schiere et al., 2004; Parthasarathy Rao and Blümmel,
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2010). Coarse straws (of millets, sorghum, and corn)
have better feeding quality than slender straws (of rice,
wheat, and barley), but also within crop species, genetic
variation exists with regard to straw yield and quantity
and breeding, and selection can improve straw quality
and yield without compromising grain yield (Subba Rao
et al., 1993; Grando et al., 2005; Blümmel et al., 2010).
An advantage of breeding and selection over treatment
is that no additional input of capital or labor is required.
Increased use of crop residues for feeding may, however,
reduce soil OM content (Tarawali et al., 2011). Breeding
straw for improved feeding quality has already shown
promise for increased production and reduced CH4 intensity in southern India (Blümmel et al., 2010).
Recombinant Bovine Somatotropin. An animal management practice that can indirectly reduce emissions by
improving productivity in dairy cattle is the use of rbST.
Capper et al. (2008) used a mathematical modeling approach to estimate the effect of rbST use on individual
cow- and industry-wide scales, assuming an increase in
milk production of 4.5 kg/d (an optimistic assumption
according to European data; Chilliard et al., 1989). The
results of the analysis suggested that rbST use may reduce
CH4 output by 7.3% per unit of milk produced.
However, use of rbST for milk production is banned
in Canada, Japan, the European Union, Australia, and
New Zealand. Limited evidence suggests that the use of
rbST may increase the risk of clinical mastitis, of cows
failing to conceive, and of developing clinical signs of
lameness (Dohoo et al., 2003). However, other large
studies detected no decline in fertility with the use of
rbST but did note reduction in the length of expressed
estrus (Rivera et al., 2010). Furthermore, in a large multiherd study in the United States, rbST use did not increase the incidence, duration, or severity of mastitis nor
increase the culling rate in the herds, but it was associated with a slight increase in foot problems not associated with lameness (Collier et al., 2001). Should the use
of rbST have a negative influence on fertility and animal
health, then the reduction in CH4 emission estimated by
Capper et al. (2008) would be smaller or even nonexistent. In addition, this mitigation practice is likely to be
applicable only in intensively managed animal production systems.
Growth Promotants. Growth promotants of various types [ionophoric antibiotics (discussed in the
companion paper; Hristov et al., 2013a), implants (hormones, melengestrol acetate, and trenbolone acetate),
and β-agonists (ractopamine, the decrease in zilpaterol
hydrochloride) are routinely used by the U.S. beef and
pork industries to stimulate growth and partition nutrients, specifically energy, from fat to lean tissue deposition (Duckett and Owens, 1997). Similar to rbST, the
effects of these compounds on GHG emissions from
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ruminants can be expected to come from increased
growth rate (i.e., less time on feed to reach slaughter
BW) and feed efficiency (Scramlin et al., 2010; Parr
et al., 2011; Al-Husseini et al., 2013), thus reducing
CH4 Ei (Cottle et al., 2011). In monogastric species,
increased feed efficiency will result in less manure excreted and, consequently, decreased GHG Ei. In beef
cattle, the gains in feed efficiency can be remarkable,
reaching over 15 to 20% (CAST, 2005). Assuming
meat quality is not impaired (which may not be the
case, according to some reports; Faucitano et al., 2008;
De Almeida et al., 2012), the production and environmental benefits of these compounds are unparalleled.
As with rbST, however, growth promotants are banned
in many countries and their use will heavily depend on
societal perception and acceptance.
Animal Genetics. Improvements in both genetic potential and diet management can lead to a significant reduction in GHG emissions per unit of product from livestock production systems, as shown for the Australian
beef industry (Henry and Eckard, 2009). Beef cattle with
low residual feed intake (RFI; defined as the difference
between actual and predicted feed intake) can produce
up to 28% less CH4 (Nkrumah et al., 2004; Hegarty et
al., 2007). According to Herd and Arthur (2009), variation in RFI can be attributed to variation in protein turnover, tissue metabolism, and stress (37%), with lesser
contributions from digestibility (10%), heat increment
and fermentation (9%), physical activity (9%), and body
composition (5%).
In an extended review of the topic, Waghorn and
Hegarty (2011) concluded that there was little evidence
that efficient animals have a different CH4 yield per unit
of DMI. Furthermore, they pointed out the need to select
high-producing animals because this reduces emissions
per unit of product. Similarly, Weber et al. (2013) reported
no difference in CH4 emissions between high- and lowRFI beef cattle. The extent to which CH4 can be reduced
by selection for RFI depends on the heritability of the trait,
dispersal of efficient animals through all populations, and
their resilience in a production system. Selection for individual animals that have a lower than average CH4 yield
requires that 1) the host animal controls its microflora and
that the trait is heritable, 2) selection for low CH4 producers is more important to animal producers than other traits
(e.g., productivity, fertility), and 3) the effect is persistent
and applicable to all levels of production. Therefore, the
immediate gain in GHG reductions through RFI is quite
uncertain. De Haas et al. (2011) estimated a heritability of
RFI in dairy cattle of 0.40. Genetic variation suggests that
a reduction in CH4 production in the order of 11 to 26% is
theoretically possible.
Type of diet fed and forage or pasture quality have
an important role in selecting low-CH4 emitters through

selection for RFI. Jones et al. (2011), for example, concluded that the hypothesis that low-RFI cows produce
less CH4 was not supported on low-quality summer pasture but was supported when cows were grazing highquality winter pastures. McDonnell et al. (2009) concluded that differences in digestive capacity for some
dietary fractions—but not rumen CH4 production—may
contribute to differences in RFI between cattle. In the
McDonnell et al. (2009) study with Limousin × Friesian
heifers, DMI and CH4 emission did not differ between
low- and high-RFI animals, but CH4 expressed per unit
feed DMI was significantly higher for the low-RFI (i.e.,
more efficient) animals.
Modern molecular techniques have revealed much
greater diversity in the ruminal microbiota than previously known. Significant collaborative efforts are underway to understand the interactions between host animal
and its microbiome and potentials for selecting more
efficient animals or animals producing less CH4 (McSweeney and Mackie, 2012). These authors indicated
that, based on the analysis of global datasets, the majority (>90%) of rumen methanogens are affiliated with
genera Methanobrevibacter (>60%), Methanomicrobium (approximately 15%), and a group of uncultured
rumen archaea commonly referred to as rumen cluster
C (approximately 16%; recent data have indicated that
these methanogens produce greater amounts of CH4
relative to Methanobrevibacter). Animal species, breed,
and environmental conditions affect rumen microbial diversity, which could be used to select animals with lower
CH4 emitting potential or manipulate the rumen ecosystem to raise animals producing less CH4 per unit of digested feed (Abecia et al., 2011). Permanent inoculation
of the rumen with foreign microbes is rare but has been
successful under certain conditions (Jones and Lowry,
1984; Jones and Megarrity, 1986) and may be a possible
mitigation approach in the future.
As indicated earlier, RFI selection is a promising
technology but with uncertain returns. In addition, the
current system for estimating RFI requires significant
investments in animal identification and accurate measurements of feed intake and animal production unlikely
to take place in developing countries in the short term
(Waghorn and Hegarty, 2011). The concept of genetically modified animals, designed to have a lower environmental footprint (primarily by having higher feed
efficiency), although not universally accepted, may offer an opportunity for more efficient animal production
(Niemann et al., 2011).
Breeds may differ in their efficiency of feed utilization, which may be explored as a long-term GHG
mitigation option. Breeds have different maintenance
requirements and efficiency of energy use for maintenance. A long-term study by Solis et al. (1988) con-
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cluded that maintenance energy requirements for weight
and energy balance were lower and the efficiency of ME
use was higher in beef breeds and their crosses than in
dairy breeds and their crosses, which was explained by
differences in body composition associated with altered
nutrient partitioning. In the case of dairy cows, selection
for gross feed efficiency (i.e., milk per unit of feed) may
not be advantageous because of high genetic correlation
between gross feed efficiency and milk yield (Korver,
1988; Østergaard et al., 1990). It is recognized now that
intensive selection for one genetic trait can lead to losses
in other traits with negative correlations. Breeding for
milk yield, for example, comes at the expense of beef
traits, such as ADG and carcass quality, and secondary
traits, such as reproduction, animal health, etc. (Østergaard et al., 1990). A Dutch study comparing Jersey
cows against a group of Holstein, Dutch Friesian, and
Dutch Red and White cows found that the biological efficiency for milk production (energy in milk divided by
net energy in feed) was 57 and 69% (all forage and 50:50
forage:concentrate diets, respectively) for the Jersey
group vs. 56 and 61% for the Holstein-Friesian group of
cows (Oldenbroek, 1988). Similar higher efficiency for
the Jersey breed was reported earlier by the same author
with first lactation cows (Oldenbroek, 1986).
Grainger and Goddard (2004) performed a comprehensive review of experimental data for feed efficiency
of various dairy breeds (Holstein, Friesian, Jersey, and
Holstein-Friesian × Jersey crossbred cattle) and locations (New Zealand, United States, and Europe). The
authors concluded that Jerseys appear to have a higher
feed conversion efficiency measured as milk solids per
unit of DMI (from about –7 to about +19% more efficient than Holstein-Friesian cows). The authors also
indicated that crossbred cows may have an advantage
over purebreds due to improvements in feed efficiency,
health, and fertility—partly due to heterosis. However, a
more recent comparison between Holstein, Danish Red,
and Jersey cows did not find a clear advantage of Jersey
vs. Holstein (Halachmi et al., 2011). These authors reported lower peak milk yield, comparable lactation fat
yield, and lower protein yield for Jersey vs. Holstein and
Danish Red cows. Feed efficiency (kg DMI needed to
produce 1 kg of milk) was lower for the Jersey breed
(0.95 kg) than the Holstein (0.77 kg) and the Danish
Red (0.84 kg) cows. Efficiency for production of milk
fat, however, was greater for the Jersey cows (15.4 vs.
18.8 and 19.6 kg, respectively). Jersey cows were about
172 kg lighter than the other 2 breeds. Body weight is an
important factor contributing to GHG emissions through
energy requirement for maintenance. Smaller breeds
may have a smaller C footprint per head due solely to
smaller BW. Capper and Cady (2012) estimated that
the C footprint per 500,000 t of cheese produced would
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be 1,662 kt of CO2e lower for Jersey vs. Holstein cows,
partly due to a greater cheese yield but mostly due to a
smaller BW of the Jersey cows.
The debate on the importance of milk component
yields compared with milk volume in relation to GHG
emissions from the dairy industry is an interesting one.
According to USDA Dairy Herd Information 2011 records (USDA, 2011), the average milk yield and milk
fat and protein concentration for Ayrshire, Brown Swiss,
Jersey, and Holstein herds in the United States was
7.020 kg/lactation with 3.84 and 3.14% fat and protein,
9,998 kg/lactation with 3.97 and 3.31% fat and protein,
8,638 kg/lactation with 4.70 and 3.62% fat and protein,
and 11,812 kg/lactation with 3.67 and 3.04% fat and
protein, respectively. Fat and protein yields per lactation
can be calculated: 319 and 261 kg, 397 and 331 kg, 406
and 313 kg, and 434 and 359 kg, respectively. Thus, the
Holstein breed has an advantage in terms of milk volume and milk fat and protein yields in the United States.
The importance of milk components is well recognized by the dairy industry even to the extent that total
milk solids are considered (including lactose, which is
closely related to milk volume and does not contribute
to cheese and butter yields). Fluid milk consumption in
the United States represented 32% of all dairy products
consumed in 2012 (USDA, 2012) The proportion of
milk consumed as fluid milk is much greater in regions
with high population density such as the Northeast and
Mideast). In these regions, there is not much demand for
milk with fat (or even less protein) concentration greater
than standard fat content of milk sold in the grocery outlets. Therefore, dairy breeds with higher milk yield but
lower concentration of milk components, such as the
Holstein breed (outperforming the other dairy breeds
in the United States), would have a clear advantage in
terms of intensity of GHG emission and C footprint per
unit of milk (cheese manufacturing has a greater environmental impact, primarily through energy consumption, than fluid milk; Milani et al., 2011) in areas where
dairy products are consumed mostly as fluid milk. Increased protein and fat content of milk would be an important breed quality in areas where most of the milk is
processed into cheese.
Even in developing countries where feed resources
may be limited, introducing genes for high production
may be beneficial. A large survey of smallholder dairy
farms (average milk production was 1,425 L/lactation)
in the “drier transitional zones” of Kenya showed that
exotic dairy breeds (Friesian, Ayrshire, Guernsey, and
Jersey) adapted to the conditions of the survey regions
and were economically more efficient than the indigenous breeds (Sahiwal, Boran, Zebu, and Zebu cross; Kavoi et al., 2010). A 3-yr study in Switzerland investigated the performance of New Zealand Holstein Friesian
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cows under Swiss grazing conditions (60 to 65% of the
diet was grazed pasture) in comparison with indigenous
Swiss breeds. The New Zealand cows were more efficient than the Swiss cows, with ECM per metabolic BW
being 49.7 to 55.6 vs. 44.2 to 46.6 kg/kg, respectively
(Thomet et al., 2010).
Another possibility for faster genetic improvement
in some production systems is gender-selected or “sexed”
semen technology. Application of this technology in the
dairy industry could allow producers a more flexible selection to produce dairy replacement heifers from only
the genetically superior animals in their herds (De Vries
et al., 2008). Having more genetically superior animals
in the herd is expected to increase milk production per
animal and thus reduce GHG Ei but may increase replacement rates and temporarily increase total milk supply (De Vries et al., 2008). The sexed semen technology
for producing heifers is of particularly high importance
in reducing the number of dairy animals in countries
such as India where cattle are not slaughtered due to religious reasons (Harinder P.S. Makkar, unpublished data,
2012). Higher cost and lower conception rate are limitations to adoption of use of sexed semen (Weigel, 2004).
Animal genetics can also have a significant effect of
GHG emissions from swine and poultry. As relatively
little enteric CH4 is emitted from these animals, the majority of the GHG from swine and poultry operations
(excluding feed production) are attributed to manure in
housing facilities and storage and following land application. Therefore, improving animal feed conversion
efficiency, that is, reducing the volume of manure produced while maintaining animal productivity, becomes
a major strategy for mitigating CH4 and nitrous oxide
(N2O) emissions from these farm species. Animals from
genetic lines predisposed to high feed efficiency excrete
fewer nutrients in urine and feces. Healthy herds also
use feed efficiently and can reduce N excretion by 10%
compared with unhealthy herds. Split-gender feeding
enables producers to feed each gender closer to its nutritional requirements; for example, turkey hens require
less nutrients due to their smaller size than male turkeys
(Pennsylvania State University Extension, 2013).
A study with 380 Duroc boars from 7 generations
and 1,026 Landrace pigs from 6 generations showed
that measures of feed efficiency (feed conversion ratio
and RFI) were moderately heritable (Hoque and Suzuki, 2008). Genetic and phenotypic correlations between ADG and measures of RFI were close to zero,
which, according to the authors, indicated that selection for reduced RFI could be made without adversely affecting animal growth. A study with the French
Large White reported large improvements in growth,
feed efficiency, and carcass lean content of this breed
between 1977 and 1998 (Tribout et al., 2010). Another

study from France investigated 4 pig breeds between
2000 and 2009 for estimates of genetic parameters for
RFI, production traits, and excretion of N and P during
growth (Saintilan et al., 2012). Residual feed intake
had moderate h2 for all breeds (h2 from 0.22 ± 0.03 to
0.33 ± 0.05) and was positively correlated with feed
conversion efficiency. There was a significant breed effect on N excretion. The authors concluded that a selection index including RFI can be used for improvements
in feed conversion efficiency, which would also lead
to lower nutrient losses and, consequently, decreased
GHG emissions from manure.
Animal Health and Mortality. Improving animal
health and reducing animal morbidity and mortality to
improve efficiency of the animal production system
offer opportunities to reduce both CH4 and N2O from
enteric fermentation and animal manure. Although
connections among animal health, mortality, and productivity are obvious, few studies have examined their
implications on GHG emissions (Hospido and Sonesson, 2005; Bell et al., 2008; Dourmad et al., 2008; Stott
et al., 2010). The GHG emissions produced during the
period the animal is grown to the productive stage are
a net loss if the animal dies before its productive value
is harvested or its value is greatly reduced when productive potential is reduced due to poor health. The
opportunities to reduce GHG emissions from animal
manure through improving animal health and reducing mortality are especially important in places where
the livestock production system is rudimentary or the
manure application and dissemination technologies are
unavailable or difficult to implement.
As livestock industries change and consolidate over
time towards fewer farms with larger herds, the practice
of veterinary medicine also changes its focus. The major focus of veterinary medicine for livestock production systems that rely on small herds is the eradication
of clinical infectious diseases, with the emphasis on
individual animal treatment. However, as herd size and
animal productivity increase, the focus shifts towards
preventive veterinary medicine and greater emphasis
is placed on subclinical disease and systematic health
management programs that target increased productivity
(LeBlanc et al., 2006). Regardless of the developmental
stage of a livestock production system, reduced mortality and morbidity lead to greater saleable output, diluting GHG emissions per unit product. Taking the dairy
industry as an example, lameness or injury (20.0%),
mastitis (16.5%), and calving problems (15.2%) represent the major reported causes of mature cow death in
the United States (USDA, 2007). Both lameness (Warnick et al., 2001) and mastitis (Wilson et al., 1997) also
reduce milk output, increasing GHG emissions per unit
of product. Similarly, reproductive problems (26.3%),
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mastitis (23.0%), poor production (16.1%), and lameness or injury (16.0%) are major reasons for permanently
culling cows from the United States dairy herd (USDA,
2007). According to LeBlanc et al. (2006), 75% of disease occurs within the first month after calving. In addition, 26.2% of dairy culls were reported to occur from
21 d before to 60 d after calving in a study of all Pennsylvania cows with at least one dairy herd improvement
test in 2005 (Dechow and Goodling, 2008). Metabolic
disorders related to calving also lead to culling and reduced milk production (Berry et al., 2007; Duffield et al.,
2009). Mathematical modeling approaches, including
LCA and Markov chain simulation methods, were used
to examine the effects of reduced incidence of mastitis
on non-CO2 emissions (Hospido and Sonesson, 2005).
These authors predicted a reduction in the environmental
impact of 2.5 (global warming potential) to 5.8% (depletion of abiotic resources) if the clinical mastitis rate decreased from 25 to 18% and the subclinical mastitis rate
decreased from 33 to 15% in Spain.
ANIMAL FERTILITY
Data from the literature on animal fertility are summarized in Table 2. Poor fertility increases GHG emissions from animal production systems (Dyer et al., 2010;
O’Brien et al., 2010; Crosson et al., 2011); primarily,
poor fertility causes livestock producers to maintain
more animals per unit of production and keep more replacement animals to maintain herd or flock size (Garnsworthy, 2004; Berglund, 2008; Wall et al., 2010; Bell et
al., 2011). Garnsworthy (2004) concluded that improvements in fertility could reduce CH4 emissions by 24%
and NH3 emissions by 17%, primarily by reducing the
number of replacements in the herd.
In the global dairy industry, there has been a general decline in fertility that is indirectly associated with
aggressive selection for production traits. Roughly
one-third of the reduction in fertility in dairy cattle
over the last 40 yr is estimated to be associated with
genetic selection for production and increases in inbreeding (Shook, 2006; Huang et al., 2010). However,
this trend has recently been slowed and even reversed
in developed countries due to the greater emphasis on
fitness and fertility traits in selection indexes and on
good management practices in an effort to counteract
these declines (Funk, 2006).
Nutritional status, timing of the initial insemination
after parturition, and method and timing of pregnancy
diagnosis of females are key factors that interact to determine fertility (Mourits et al., 2000). In many parts of
the world, especially developing countries, inadequate
nutrition is the primary factor limiting fertility. However,
even in these areas, there are low input approaches that
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can be, and in some cases are being, implemented to
increase fertility. Examples of low input approaches to
increase fertility include reducing inbreeding (Zi, 2003;
Berman, 2011), sire mate selection from highly fertile
animals, reducing stressors, and improving education on
the factors influencing fertility (Banda et al., 2011).
Use of reproductive technologies where they are
available and cost effective, such as genetic and genomic selection for fertility (Tiezzi et al., 2011; Amann and
DeJarnette, 2012), AI (Lopez-Gatius, 2012), genderselected semen (i.e., sexed semen; Rath and Johnson,
2008; DeJarnette et al., 2011), embryo transfer (Hansen
and Block, 2004; Longergan, 2007), and estrous or ovulation synchronization (Gumen et al., 2011) increases
reproductive efficiency and reduces the number of animals and GHG Ei (Garnsworthy, 2004; Bell et al., 2011).
In particular, failure to use AI where it is available and
cost effective results in increased numbers of animals
per farm (males) and reduced genetic merit for production and reproduction traits. In this regard, there is growing evidence that governments of developing countries
can effectively lead efforts to facilitate the use of AI and
greatly accelerate genetic progress, provided these efforts include all stakeholders, are comprehensive, and
include improvements to facilities and markets (FAO,
2011b).
Choice of Breed and Mating Strategies. Indigenous
breeds reflect generations of selection for ability to survive in environment-specific conditions and with local
feed resources and management. Often equally important
to smallholder farmers are appearance traits that may or
may not be related to productivity; examples include coat
color, tail type, and presence and type of horns (Duguma
et al., 2010; Gizaw et al., 2011). Selection for survival
(e.g., heat tolerance, parasite resistance) and appearance
traits has, in many cases, come at the expense of fertility
and production traits (Berman, 2011). In addition, there
are numerous examples of introductions of nonadapted
breeds into regions with the goal of realizing rapid gains
in production (Berman, 2011). However, these often fail
or fall short of expectations because the introduced breed
is unable to thrive under local conditions or fails to deliver acceptable appearance traits. Therefore, breeds of
animals in production systems should be selected on the
basis of their superior performance in the local and regional environment and with consideration to local preferences as well as infrastructure, personnel (management
skills), and feed resources.
The trend in recent years has been to take a crossbreeding approach using nonadapted breeds crossed with
indigenous breeds (Berman, 2011; Banda et al., 2011) or
to use indigenous breeds in the context of a nucleus flock
or village-based selection program to accelerate genetic
progress. Although this can result in slower gains in pro-
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Table 1. Animal management strategies offering non-CO2 greenhouse gas emission intensity reduction
Category
Increased productivity
Recombinant bovine somatotropin
Growth promotants
Genetic selection (residual feed intake)8
Animal health
Reduced animal mortality
Reduced age at harvest and reduced days on feed

Species1
AS
DC
BC and SW
BC, DC, and SW
AS
AS
AS10

Effect on
Potential CH4
Potential N2O
productivity mitigating effect2 mitigating effect2 Effective3 Recommended4
Increase
High5
High5
Yes
Yes
Increase
Low
?6
Yes?
Yes?7
Increase
Medium
Low
Yes
Yes7
None
Low?
?
Yes
Yes?9
Increase
Low?
Low?
Yes
Yes
Increase
Low?
Low?
Yes
Yes
None
Medium
Medium
Yes
Yes

1DC

= dairy cattle; BC = beef cattle (cattle include Bos taurus and Bos indicus); SW = swine; AS = all species.
= ≥30% mitigating effect; Medium = 10 to 30% mitigating effect; Low = ≤10% mitigating effect. Mitigating effects refer to percent change over a
“standard practice”, that is, study control that was used for comparison and are based on combination of study data and judgment by the authors of this document.
3Determined on the basis of greenhouse gas mitigation potential and/or effect on productivity (no negative effect or improvement is beneficial).
4Based on available research or lack of sufficient research.
5Increased productivity will have a powerful mitigating effect on greenhouse gas emissions, but the size of the effect will depend on a variety of factors (baseline productivity, type of animal, type of production, feed quality and availability, genetic makeup of the herd, etc.).
6? = uncertainty due to limited research, variable results, or lack or insufficient data on persistency of the effect.
7Depends on national regulations.
2High

8Residual

feed intake × nutrition interaction apparent with CH4 reductions occurring in high quality diets or pastures.
results and requires significant investment; probably impractical for many developing countries.
10Meat animals only.
9Uncertain

duction efficiency, it is more effective in ensuring that
crossbred animals have the needed survival traits (Funk,
2006; Bee et al., 2006) and that animals possess culturally
appropriate appearance traits. For example, Mirkena et
al. (2012) described an approach where numerous small
flocks in a village were treated as one large population
and selection for breeding males was made from that
larger group. In other cases governments, nongovernment organizations, or academic institutions can establish
nucleus flocks for distribution of high quality genetics.
Using these approaches yielded significant gains in both
lambs born and weaned per ewe (Mirkena et al., 2012),
but the authors concluded the approach relied on accurate
pedigree and performance information and a commitment
of continuing support for the program.
In many countries, including many developed countries, pure-breeding is used extensively for genetic improvement and providing founder animals for effective
crossbreeding programs, if careful attention is paid to
breeding strategies to minimize inbreeding and incorporate fertility measures into selection indices. During
the past decade, selection indexes for Holsteins in the
United States have increased emphasis on fertility measures (daughter pregnancy rate and productive life) with
evidence of success (Kuhn et al., 2006; VanRaden et al.,
2007; Norman et al., 2009).
Regions that have consistently included fertility in
selection indexes have not seen the same declines in
fertility while achieving substantial gains in production
(Berglund, 2008). Whereas this can be accomplished in
developed countries, it is more difficult in developing
countries where availability of breeding animals of the

introduced breed may be limited, pedigree information
is incomplete or absent, and the cost of genetic analysis
is often prohibitive. Increasing emphasis on fertility and
productive life in selection indexes will reduce animal
numbers needed to produce a unit of product.
Inbreeding-induced reduction in fertility is also an issue associated with pure-breeding. The wide spread use
of North American dairy genetics has resulted in a global
increase in inbreeding coefficients among major breeds
(Funk, 2006). Whereas pedigree driven mate selection
is a common practice to reduce inbreeding in developed
countries, this is not the case for many developing countries. For example, in sheep production in Ethiopia, approximately 75% of farmers replaced their breeding ram
from their own flock (Getachew et al., 2011). Similar observations have been made in Buhtan, Nepal, India, and
China where smallholder Yak farmers select replacement
males from their own sires and use the same male even as
his own daughters reach breeding age (Zi, 2003). Education and temporary mixing of flocks or herds are low input strategies to reduce the negative effects of inbreeding
on fertility and should be strongly encouraged.
Early Puberty Attainment and Seasonality. Reproductive efficiency can be improved if animals are managed to
achieve puberty early, which can be accomplished through
genetic selection (Nogueira, 2004; Fortes et al., 2011), improved metabolic status (Funston et al., 2012), and manipulation of season of birth (Luna-Nevarez et al., 2010; Fortes
et al., 2011). The result of these strategies is to allow for
insemination and first parturition to occur at a younger age.
For example, under conditions of adequate nutrition, swine
should be inseminated on their pubertal estrus to maximize
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Table 2. Reproductive management strategies offering non-CO2 greenhouse gas mitigation opportunities1
Category
Mating strategies
Crossbreeding
Reduced inbreeding4
Genomic selection for fertility
Improved productive life
Early puberty
Early weaning
Reduce seasonality
Enhanced fecundity5
Increased litter size
Increased litter/yr
Prolific breeds
Gene introgression
Extended breeding season
Periparturient care and health
Shorten dry period
Increase dry matter Intake
Dietary lipids
Vaccination
Reduction of stressors
Heat
Handling and transport
Disease
Nutrition
Assisted reproductive technologies6
Artificial insemination
Hormonal synchronization
Embryo transfer
Sexed semen
Pregnancy diagnosis

Species1

Relative Effectiveness2

Input required to achieve desired effect3

ARand SW
AR and SW
AR and SW

High
Medium
Medium

Low
Moderate
High

AR and SW
AR and SW
AR and SW

Medium
Medium
Medium

Moderate
Moderate or high
Moderate

SW, SH and GO
SW, SH and GO
SW, SH and GO
SW, SH and GO
SH and GO

High
High
High
High
Medium

High
High
Low
High
Moderate or low

DC
DC
AR
AR and SW

Medium
Medium
Medium
Medium

Low
Moderate
High
Moderate

AR and SW
AR and SW
AR and SW
AR and SW

High
Medium?
High
High

Low/moderate
Moderate or low
Moderate/high
Moderate

AR and SW
AR and SW
AR and SW

High
Medium
High

Moderate or high
High
High

AR

High

High

1All

mitigation strategies in this table are recommended if they are supported by other aspects of the production system (e.g. nutrition, facilities, etc.). DC =
dairy cattle; BC = beef cattle (cattle include Bos taurus and Bos indicus); SH = sheep; GO = goats; AR = all ruminants; SW = swine.
2Determined on the basis of magnitude of expected effect on fertility: High (highly effective), >5% increase in pregnancy rate (number of animals conceiving
during the breeding season) or fecundity (number of offspring born during a breeding season); Medium (medium effective), 1 to 5%. Based on combination of
study data and judgment by the authors of this document.
3High = substantial facilities, resources or training needed; Moderate = some facility improvements; enhanced resources or training needed; Low = few or
modest facility improvements; enhanced resources or training needed.
4Estimates represent estimates of inbreeding of 20% in purebred sheep (Ercanbrack and Knight, 1991) and of 5 to 15% in dairy cattle (Soares et al., 2011;
Panetto et al., 2010). Each 1% increase in inbreeding in sheep results in a 1% decline in lambs weaned per ewe. Average inbreeding coefficients in purebred sheep
breeds was 20 to 30% (Ercanbrack and Knight, 1991).
5China: potential decrease in animal numbers: 320,000 to 2,250,000; potential CH and N O mitigating effect, 2.5 to 7.5%. Estimates represent reduction
4
2
in sow numbers possible in breeding herd in China if litter size increased by 1 pig/litter (to United States level of 10.3 pigs weaned/litter) and 0.4 increase in
litters per year (to United States level of 2.3). Results reflect potential mitigation in the commercial swine industry, which represents about 40% of production
(remaining 60% are smallholder or backyard operations). If applied to the remainder of production, the effect would be significantly greater (China National
Swine Industry Association, 2008).
6Potential decrease in animal numbers: >5%; potential CH and N O mitigating effect, 3.5 to 5.5%. Estimates represent 14 million fewer replacement dairy
4
2
animals needed with a 5% increase in dairy conception rate. This will also increase lifetime milk production and, potentially, productive life.

lifetime productivity (Kirkwood and Thacker, 1992). This
results in an early economic return on investment and enhanced profitability, more rapid introduction of improved
genetics into herd or flocks, and more pregnancies during
the animals’ productive life (Place and Mitloehner, 2010).
Primary factors limiting this approach are the ability to
meet the nutritional needs of growth and gestation during
the first parity and management skills of farm personnel.

Reduction in (or alteration of) seasonality provides
opportunities to produce offspring for market during
times when prices are highest. In addition, for sheep
and goats, it opens up the possibility of obtaining two
lambings or kiddings in 1 yr, effectively doubling production per female (Notter, 2008). However, these types
of accelerated lambing systems require intensive management, adequate facilities, early weaning, and optimal
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nutrition. The effects of season on fertility have also
been demonstrated in cattle (De Rensis and Scaramuzzi,
2003), buffalo (Perera, 2011), and swine (Kirkwood and
Aherne, 1985). Strategies to address seasonality in these
species (especially buffalo and cattle) include increasing
metabolic status and reducing heat stress by provision of
adequate shade and access to water.
Enhanced Fecundity. Prolific breeds or strains of
animals can greatly increase the efficiency of production
by increasing the number of animals (or BW) weaned
per female for each gestation. However, breed choice
must meet the requirements for appearance traits, adaptation to regional climate, feed, and production and
management practices (Getachew et al., 2011). This
approach is relevant for small ruminants and less relevant to cattle production because twins are generally
not favored due to the resulting increase in periparturient problems (dystocia, uterine infection, or delayed
resumption of cyclicity).
Several sheep breeds (e.g., Finnsheep, Romanov,
Boorola Merino, etc.) exhibit increased ovulation rate
and litter sizes. In addition, standard gene introgression
(mating) strategies have been used to improve fecundity
in existing breeds without loss of desired breed characteristics and appearance traits (Notter, 2008). For example, the unimproved version of the widely used Awassi
and Assaf breeds (fat tail sheep) in the Middle East have
been introgressed with the Boorola Merino fecundity
gene (FecB gene) resulting in the Afec Awassi and Afec
Assaf breeds that exhibit a yearly increase of approximately one additional lamb per ewe (Gootwine, 2011).
A similar approach using the fecund Indian Garole breed crossed with the Laland strain of the Deccani breed on the Deccani plateau in India resulted in a
33% increase in productivity of ewes carrying the FecB
gene (FAO, 2011a). However, success of this program
was dependent on additional support for the smallholder
farmers, including training in lamb management, veterinary care, and insurance payments. The FecB gene mutation is also present in a number of other Asian breeds
including the Javanese Thin Tail and Chinese Hu and
Han breeds (Notter, 2008). This presents an opportunity
for use of these breeds in regional crossbreeding programs aimed at increasing fecundity. Crossbreeding and
gene introgression programs using prolific breeds have
proven their ability to increase fecundity and BW of offspring weaned per female for each gestation.
Nutritional Flushing. The provision of additional
dietary energy at the onset of the breeding season (nutritional flushing) and introduction of males (male effect)
are strategies to induce the onset of cyclicity early in the
breeding season in small ruminants (Fitz-Rodríguez et
al., 2009; Talafha and Ababneh, 2011). This can be accomplished in low input agriculture by managing expo-

sure of females to males, by holding some higher quality
pasture in reserve to be used at the onset of the breeding
season, or by provision of grain 2 to 3 wk before and
into the breeding season. With such nutritional strategies, improvements in ovulation rate of 0.5 to 1 have
been reported (Naqvi et al., 2012). The combined use
of early introduction of males and flushing increased
the number of females conceiving early in the breeding
season. However, effects reported by others have been
variable (De Santiago-Miramontes et al., 2011). These
strategies are most effective when the animals are not
overly fat (e.g., are thin).
Early Weaning. To maintain a yearly calving interval, beef cows must rebreed within approximately 85 d
of parturition. The suckling stimulus can delay or completely suppress cyclicity in beef females, especially
when nutrition is inadequate (Crowe, 2008). Sucklinginduced anestrus is thought to result from direct endocrine suppression induced by suckling and the increased
metabolic demands of lactation. In systems with sufficient feed and management resources, early weaning
is an effective method for induction of cyclicity and
rebreeding (Zi, 2003; Crowe, 2008). In management
systems that cannot support early weaning, intermittent weaning can be used. For example, 12 h temporary
weaning of Bos indicus cattle improved conception rates
in extensively managed cows (Escrivão et al., 2009). To
maximize fertility in swine production, females should
achieve puberty at an early age, be inseminated with
high-quality semen at their pubertal estrus, farrow a
large litter, lactate for 3 to 4 wk, wean that litter, and
then return to estrus and be rebred within 4 to 8 d (Kirkwood and Thacker, 1992).
Enhanced Periparturient Care and Health. There
is a clear positive relationship between health and fertility in farm animals (Weigel, 2006) and the time of
greatest risk for disease for any female animal is during
the periparturient period (Beever, 2006; Thatcher et al.,
2006; Gumen et al., 2011). Postpartum disease results in
delayed resumption of ovarian activity and longer days
between births resulting in poor fertility (Thatcher et al.,
2006). Indeed, low fertility accounts for roughly onethird of the voluntary culling decisions in North American dairy systems (Beever, 2006; Thatcher et al., 2006;
Gumen et al., 2011).
Successfully navigating the transition period in dairy
cows involves careful attention to the metabolic status
of cows in the pre- and postpartum period. The length of
the dry period could be reduced to less than 60 d and, in
fact, recent work suggests a dry period of 30 d may result in better metabolic profiles and reproductive health
in the postpartum period (Gumen et al., 2011). However,
difficulties that arise in managing cows with little to no
dry period may limit the application of this strategy.
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Another strategy to optimize metabolic function during the dry period is to increase the roughage content
while simultaneously reducing energy in the diet (Beever,
2006). This results in increased DMI and fewer metabolic
problems during early lactation. In developed countries,
manipulating the composition of dietary fats has yielded
improved reproductive performance. For example, current
recommendations are to feed a diet enriched in omega-6
fats (pro-inflammatory) in the immediate peripartum period and then switch to omega-3 fats (anti-inflammatory)
at 30 d postpartum to promote pregnancy establishment
(Thatcher et al., 2006; Silvestre et al., 2011). In addition,
genetic selection for resistance to diseases and metabolic
disorders should yield improvements in health during the
periparturient period (Weigel, 2006).
Health of animals is affected by many aspects of the
production system, in particular nutrition, stress, facilities, and preventive health measures (vaccination and
quarantine of new arrivals). For optimal fertility, dams
should receive additional care and optimal nutrition during the period immediately before and after parturition.
Animals should be vaccinated and receive appropriate boosters for endemic diseases, especially diseases
that can cause early embryonic mortality and abortion.
Animals that are diagnosed with disease should receive
prompt medical care; however, this is not always the
case. In smallholder dairy farms in Malawi, 11% of
farmers reported that they did not treat sick cows due to
lack of available drugs or the high cost of drugs (Banda
et al., 2011). Failure to effectively control disease is exacerbated by poor recordkeeping and lack of postmortem disease diagnosis in developing countries.
Reduction of Stressors. Environmental stressors
(heat, transport, predation, feed and water contamination, etc.) have been shown to cause embryo loss, especially in the first 4 to 6 wk after mating and insemination
(Hansen and Block, 2004). Management strategies can
reduce stress during early gestation. Provision of adequate access to shade and water can reduce heat stress
and minimizing transport or herding of animals over
long distances during the first 4 to 6 wk of gestation.
Assisted Reproductive Technologies. Artificial insemination and other reproductive technologies (estrus
synchronization, embryo transfer, and gender-selected
semen; De Vries et al., 2008) can be used to enhance
the genetic value of offspring, particularly relative to
fertility traits. For example, AI improved several measures of fertility compared to natural mating when
implemented as a program to improve the efficiency
of smallholder swine production in Thailand (Visalvethaya et al., 2011). In addition, 55% of smallholder
dairy farmers in Malawi reported using AI (Banda et
al., 2011). However, success of AI programs was dependent on distance from access to semen, good qual-

ity equipment, training of inseminators, heat detection
skills, general education level, and even age of the
farmer. These results suggest the potential for improvement in fertility with enhanced educational efforts and
small investments in the AI infrastructure.
Hormonal injection programs designed to synchronize estrus or ovulation are credited, in part, with the
apparent reversal of declining fertility seen in North
American dairy systems during the last decade. These
programs have aided larger farms in dealing with the
difficulty of accurately detecting estrus in cattle. The
result has been more cows submitted for insemination
and higher pregnancy rates (Gumen et al., 2011). Use
of these technologies is limited in small ruminants due
to their cost, especially in developing countries. Reproductive management protocols for optimal fertility must
include timely and accurate determination of pregnancy
status so that decisions can be implemented to cull or reinseminate females. A minority of smallholder farmers
in Malawi (23%) reported using pregnancy diagnosis,
but this generally occurred 90 d after insemination, precluding the timely re-insemination of cows that failed to
conceive (Banda et al., 2011). The typical method was
transrectal palpation, but other widely used methods for
determination of pregnancy status included failure to return to estrus and physical appearance. These latter approaches are associated with large errors, particularly if
farmers have few cows and they are housed individually
(nongrazed) as is often the case.
CONCLUSIONS
Recommendations for animal and reproductive
management mitigation practices discussed in this review are summarized in Tables 1 and 2.
Increasing animal productivity can be a very successful strategy for mitigating GHG emissions from the
ruminant sector in both developed and developing countries, with a greater mitigating potential in developing
countries. Improving forage quality, grain inclusion in
the diet, achieving the genetic potential of the animal for
production through proper nutrition, and use of improved
local breeds and/or of crossbreeds are recommended approaches for improving animal productivity and reducing
GHG emissions per unit of product. Selection for high
productivity should not be at the expense of other important traits such as reproduction and animal health.
Enhanced animal productivity and feed efficiency
with metabolic modifiers, such as rbST and growth promotants, would reduce GHG Ei but applicability of this
mitigation practices is limited to regions where the use
of these compounds is permitted and where feed, facility, and management resources are available to meet the
needs of high productivity.
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Improved animal health and reduced mortality and
morbidity are expected to result in increased animal productivity, diluting GHG emissions per unit of product.
Mitigation options that improve the nutritive value of
low-quality feeds in ruminant diets could have beneficial
effect on individual animal productivity, which, provided
that the total herd size is not increased (and preferably is
reduced), will increase herd productivity while keeping
herd CH4 output constant. Consequentially, CH4 Ei will
be decreased. The reduction of the herd size itself can result in concomitant reduction of herd CH4 emission and
increased herd productivity as better feed materials are
fed to animals. Constraints to the application of mitigation options such as chemical treatment, supplementation,
breeding and selection for straw quality, and reduction of
herd size are mainly economic and sociocultural. Suggestions to overcome these constraints have been discussed
in FAO (2011b). Technically, these treatments can easily
be applied. However, despite a long history of research to
treat low-quality feeds, there has been little adoption of
these practices on farms.
The potential of using RFI as a selection tool for low
CH4 emitters is an interesting mitigation option, but currently there is little evidence that low-RFI animals have
lower CH4 emissions per unit of feed intake or product. Therefore, the immediate gain in GHG reductions
through RFI is considered uncertain. However, selection
for feed efficiency will yield animals with lower GHG
Ei. Breed differences and maximum utilization of the
genetic potential of the animal for feed conversion efficiency can be powerful GHG mitigation tools in both
ruminants and nonruminants. Reducing age at harvest
and the number of days cattle are on feed in the feedlot
can have a significant impact on GHG emissions in beef
and other meat animal production systems.
Pursuing a suite of intensive and extensive reproductive management technologies provides a significant
opportunity to reduce GHG emissions. Recommended
approaches will differ by region and species but should
target increasing conception rates in dairy, beef, and buffalo, increasing fecundity in swine and small ruminants,
and reducing embryo mortality in all species. The result
will be fewer replacement animals needed, fewer males
required where AI is adopted, longer productive life, and
higher production per breeding animal.
Literature Cited
Abecia, L., A. I. Martin-Garcia, G. Martinez, N. W. Tomkins, C. J. Newbold, and D. R. Yaňez-Ruiz. 2011. Manipulation of the rumen microbial ecosystem to reduce methane emissions in ruminants through
the intervention at early life stage of pre-ruminants and their mothers.
Adv. Anim. Biosci. 2:271.

Al-Husseini, W., C. Gondro, K. Quinn, L. M. Cafe, R. M. Herd, J. P. Gibson,
P. L. Greenwood, and Y. Chen. 2013. Hormonal growth implants affect feed efficiency and expression of residual feed intake-associated
genes in beef cattle. Anim. Prod. Sci. doi:10.1071/AN12398
Amann, R. P., and J. M. DeJarnette. 2012. Impact of genomic selection
of AI dairy sires on their likely utilization and methods to estimate
fertility: A paradigm shift. Theriogenology 77:795–817.
Annen, E. L., R. J. Collier, M. A. McGuire, J. L. Vicini, J. M. Ballam, and
M. J. Lormore. 2004. Effect of modified dry period lengths and bovine somatotropin on yield and composition of milk from dairy cows.
J. Dairy Sci. 87:3746–3761.
Auldist, M. J., G. O’Brien, D. Cole, K. L. Macmillan, and C. Grainger.
2007. Effects of varying lactation length on milk production capacity of cows in pasture-based dairying systems. J. Dairy Sci.
90:3234–3241.
Banda, J. L., L. A. Kamwanja, M. G. G. Chagunda, C. J. Ashworth, and
D. J. Roberts. 2011. Status of dairy cow management and fertility in
smallholder farms in Malawi. Trop. Anim. Health Prod. 44:715–727.
Bannink, A., M. W. Van Schijndel, and J. Dijkstra. 2011. A model of enteric fermentation in dairy cows to estimate methane emission for the
Dutch National Inventory Report using the IPCC Tier 3 approach.
Anim. Feed Sci. Technol. 166–167:603–618.
Basset-Mens, C., S. Ledgard, and M. Boyes. 2009. Eco-efficiency of intensification scenarios for milk production in New Zealand. Ecol.
Econ. 68:1615–1625.
Beauchemin, K. A., H. H. Janzen, S. M. Little, T. A. McAllister, and S. M.
McGinn. 2010. Life cycle assessment of greenhouse gas emissions
from beef production in western Canada: A case study. Agric. Syst.
103:371–379.
Bee, J. K. A., Y. N. Msanga, and P. Y. Kavana. 2006. Lactation yield of
crossbred dairy cattle under farmer management in Eastern coast
of Tanzania. Livest. Res. Rural Dev. 18. www.lrrd.org/lrrd18/2/
bee18023.htm (accessed 21 September 2013).
Beever, D. E. 2006. The impact of controlled nutrition during the dry period on dairy cow health, fertility and performance. Anim. Reprod.
Sci. 96:212–226.
Bell, M. J., E. Wall, G. Russell, G. Simm, and A. W. Stott. 2011. The effect
of improving cow productivity, fertility, and longevity on the global
warming potential of dairy systems. J. Dairy Sci. 94:3662–3678.
Bell, M. J., E. Wall, G. Simm, G. Russell, and D. J. Roberts. 2008. Reducing dairy herd methane emissions through improved health, fertility
and management. In: P. Rowlinson, M. Steele, and A. Nefzaoui, editors, Livestock and global climate change. Cambridge Univ. Press,
Hammamet, Tunisia. p. 123–126.
Berglund, B. 2008. Genetic improvement of dairy cow reproductive performance. Reprod. Domest. Anim. 43(Suppl. 2):89–95.
Berman, A. 2011. Invited review: Are adaptations present to support dairy
cattle productivity in warm climates? J. Dairy Sci. 94:2147–2158.
Berry, D. P., J. M. Lee, K. A. Macdonald, and J. R. Roche. 2007. Body
condition score and body weight effects on dystocia and stillbirths
and consequent effects on postcalving performance. J. Dairy Sci.
90:4201–4211.
Beukes, P. C., P. Gregorini, A. J. Romera, G. Levy, and G. C. Waghorn.
2010. Improving production efficiency as a strategy to mitigate
greenhouse gas emissions on pastoral dairy farms in New Zealand.
Agric. Ecosyst. Environ. 136:358–365.
Blümmel, M., S. Anandan, and C. S. Prasad. 2009. Potential and limitations of by-product based feeding systems to mitigate greenhouse
gases for improved livestock productivity. In: Proc. 13th Biennial
Conference of Animal Nutrition Society of India. National Institute
of Animal Nutrition and Physiology, Bangalore, India. p. 68–74.

Livestock greenhouse gas mitigation
Blümmel, M., A. Vishala, D. Ravi, K. V. S. V. Prasad, C. Ramakrishna
Reddy, and N. Seetharama. 2010. Multi-environmental investigations of food-feed trait relationships in Kharif and Rabi sorghum
(Sorghum bicolor (L) Moench) over several years of cultivars testing
in India. Anim. Nutr. Feed Technol. 10(Suppl. 1):11–21.
Butler, S. T., L. Shalloo, and J. J. Murphy. 2010. Extended lactations in a
seasonal-calving pastoral system of production to modulate the effects of reproductive failure. J. Dairy Sci. 93:1283–1295.
Capper, J. L., and R. A. Cady. 2012. A comparison of the environmental
impact of Jersey compared with Holstein milk for cheese production.
J. Dairy Sci. 95:165–176.
Capper, J. L., R. A. Cady, and D. E. Bauman. 2009. The environmental
impact of dairy production: 1944 compared with 2007. J. Anim. Sci.
87:2160–2167.
Capper, J. L., E. Castañeda-Gutiérrez, R. A. Cady, and D. E. Bauman.
2008. The environmental impact of recombinant bovine somatotropin (rbST) use in dairy production. Proc. Natl. Acad. Sci. USA
105:9668–9673.
Chilliard, Y., R. Verite, and A. Pflimlin. 1989. Effets de la somatotropine
bovine sur les performances des vaches laitières dans les conditions
françaises d´élevage. (In French.) INRA Prod. Anim. 2:301–312.
China National Swine Industry Association. 2008. Profile of
China Pig Industry and Development. www.docstoc.com/
docs/153291800/Profile-of-China-pig-industry-and-development. (Accessed 21 September 2013.)
Collier, R. J., J. C. Byatt, S. C. Denham, P. J. Eppard, A. C. Fabellar, R. L.
Hintz, M. F. McGrath, C. L. McLaughlin, J. K. Shearer, J. J. Veenhuizen, and J. L. Vicini. 2001. Effects of sustained release bovine
somatotropin (sometribove) on animal health in commercial dairy
herds. J. Dairy Sci. 84:1098–1108.
Cottle, D. J., J. V. Nolan, and S. G. Wiedemann. 2011. Ruminant enteric
methane mitigation: A review. Anim. Prod. Sci. 51:491–514.
Council for Agricultural Science and Technology (CAST). 2005. Animal
agriculture’s future through niotechnology, part 3: Metabolic modifiers for use in animal production. Issue Paper 30. CAST, Ames, IA.
Crosson, P., L. Shalloo, D. O’Brien, G. J. Lanigan, P. A. Foley, T. M. Boland, and D. A. Kenny. 2011. A review of whole farm systems models of greenhouse gas emissions from beef and dairy cattle production systems. Anim. Feed Sci. Technol. 166–167:29–45.
Crowe, M. A. 2008. Resumption of ovarian cyclicity in post-partum beef
and dairy cows. Reprod. Domest. Anim. 43(Suppl. 5):20–28.
De Almeida, V. V., A. J. C. Nuñez, and V. S. Miyada. 2012. Ractopamine
as a metabolic modifier feed additive for finishing pigs: A review.
Braz. Arch. Biol. Technol. 55:445–456.
de Haas, Y., J. J. Windig, M. P. L. Calus, J. Dijkstra, M. De Haan, A. Bannink, and R. F. Veerkamp. 2011. Genetic parameters for predicted
methane production and potential for reducing enteric emissions
through genomic selection. J. Dairy Sci. 94:6122–6134.
De Rensis, F., and R. J. Scaramuzzi. 2003. Heat stress and seasonal effects on reproduction in the dairy cow-a review. Theriogenology
60:1139–1151.
De Santiago-Miramontes, M. A., J. R. Luna-Orozco, C. A. Meza-Herrera,
R. Rivas-Munoz, E. Carrillo, F. G. Veliz-Deras, and M. Mellado.
2011. The effect of flushing and stimulus of estrogenized does on
reproductive performance of anovulatory-range goats. Trop. Anim.
Health Prod. 43:1595–1600.
De Vries, M., and I. J. M. de Boer. 2010. Comparing environmental impacts for livestock products: A review of life cycle assessments. Livest. Sci. 128:1–11.
De Vries, A., M. Overton, J. Fetrow, K. Leslie, S. Eicker, and G. Rogers.
2008. Exploring the impact of sexed semen on the structure of the
dairy industry. J. Dairy Sci. 91:847–856.

5109

Dechow, C. D., and R. C. Goodling. 2008. Mortality, culling by sixty days
in milk, and production profiles in high- and low-survival Pennsylvania herds. J. Dairy Sci. 91:4630–4639.
DeJarnette, J. M., M. A. Leach, R. L. Nebel, C. E. Marshall, C. R. McCleary, and J. F. Moreno. 2011. Effects of sex-sorting and sperm
dosage on conception rates of Holstein heifers: Is comparable fertility of sex-sorted and conventional semen plausible? J. Dairy Sci.
94:3477–3483.
Devendra, C., and R. A. Leng. 2011. Feed resources for animals in Asia:
Issues, strategies for use, intensification and integration for increased
productivity. Asian-Aust. J. Anim. Sci. 24:303–321.
Dohoo, I. R., L. DesCôteaux, K. Leslie, A. Fredeen, W. Shewfelt, A. Preston, and P. Dowling. 2003. A meta-analysis review of the effects of
recombinant bovine somatotropin. 2. Effects on animal health, reproductive performance, and culling. Can. J. Vet. Res. 67:252–264.
Dourmad, J.-Y., C. Rigolot, and H. van der Werf. 2008. Emission of greenhouse gas, developing management and animal farming systems to
assist mitigation. In: P. Rowlinson, M. Steele, and A. Nefzaoui, editors. Livestock and global climate change. Cambridge Univ. Press,
Hammamet, Tunisia. p. 36–39.
Duckett, S. K., and F. N. Owens. 1997. Effects of implants on performance and carcass traits in feedlot steers and heifers. P-957, May,
1997. Oklahoma Agric. Exp. Sta. Oklahoma State University, Stillwater, OK.
Duffield, T. F., K. D. Lissemore, B. W. McBride, and K. E. Leslie. 2009.
Impact of hyperketonemia in early lactation dairy cows on health
and production. J. Dairy Sci. 92:571–580.
Duguma, G., T. Mirkena, A. Haile, L. Iñiguez, A. M. Okeyo, M. Tibbo,
B. Rischkowsky, J. Sölkner, and M. Wurzinger. 2010. Participatory
approaches to investigate breeding objectives of livestock keepers.
Livest. Res. Rur. Devel. 22: Article no. 64. www.lrrd.org/lrrd22/4/
dugu22064.htm (accessed 28 May 2012).
Dyer, J. A., X. P. C. Vergé, R. L. Desjardins, and D. E. Worth. 2010. The
protein-based GHG emission intensity for livestock products in Canada. J. Sustain. Agric. 34:618–629.
Ercanbrack, S. K., and A. D. Knight. 1991. Effects of inbreeding on reproduction and wool production of Rambouillet, Targhee, and Columbia ewes. J. Anim. Sci. 69:4734–4744.
Escrivão, R. J. A., E. C. Webb, and A. P. J. T. Garcês. 2009. Effects of 12
hour calf withdrawal on conception rate and calf performance of Bos
indicus cattle under extensive conditions. Trop. Anim. Health Prod.
41:135–139.
Evans, R. D., M. Wallace, L. Shalloo, D. J. Garrick, and P. Dillon. 2006.
Financial implications of recent declines in reproduction and survival of Holstein-Friesian cows in spring-calving Irish dairy herds.
Agric. Syst. 89:165–183.
Faucitano, L., P. Y. Chouinard, J. Fortin, I. B. Mandell, C. Lafreniere, C.
L. Girard, and R. Berthiaume. 2008. Comparison of alternative beef
production systems based on forage finishing or grain-forage diets
with or without growth promotants: 2. Meat quality, fatty acid composition, and overall palatability. J. Anim. Sci. 86:1678–1689.
Fitz-Rodríguez, G., M. A. De Santiago-Miramontes, R. J. Scaramuzzi, B.
Malpaux, and J. A. Delgadillo. 2009. Nutritional supplementation
improves ovulation and pregnancy rates in female goats managed
under natural grazing conditions and exposed to the male effect.
Anim. Reprod. Sci. 116:85–94.
Flachowsky, G. 2002. Efficiency of energy and nutrient use in the production of edible protein of animal origin. J. Appl. Anim. Res. 22:1–24.
Flachowsky, G. 2011. Carbon-footprints for food of animal origin, reduction potentials and research need. J. Appl. Anim. Res. 39:2–14.
Food and Agriculture Organization (FAO). 2010. Greenhouse gas emissions from the dairy sector: A life cycle assessment. FAO, Rome,
Italy.

5110

Hristov et al.

Food and Agriculture Organization (FAO). 2011a. Biotechnologies for agricultural development. FAO, Rome, Italy.
Food and Agriculture Organization (FAO). 2011b. Successes and failures
with animal nutrition practices and technologies in developing countries. In: H. P. S. Makkar, editor, Proc. FAO Electronic Conference,
FAO Animal Production and Health Proceedings. No. 11. Rome,
Italy.
Fortes, M. R. S., A. Reverter, S. H. Nagaraj, Y. Zhang, N. N. Jonsson, W.
Barris, S. Lehnert, G. B. Boe-Hansen, and R. J. Hawken. 2011. A
single nucleotide polymorphism-derived regulatory gene network
underlying puberty in 2 tropical breeds of beef cattle. J. Anim. Sci.
89:1669–1683.
Funk, D. A. 2006. Major advances in globalization and consolidation of
the artificial insemination industry. J. Dairy Sci. 89:1362–1368.
Funston, R. N., J. L. Martin, D. M. Larson, and A. J. Roberts. 2012. Physiology and endocrinology symposium: Nutritional aspects of developing replacement heifers. J. Anim. Sci. 90:1166–1171.
Garnsworthy, P. 2004. The environmental impact of fertility in dairy cows:
A modelling approach to predict methane and ammonia emissions.
Anim. Feed Sci. Technol. 112:211–223.
Gerber, P. J., A. N. Hristov, B. Henderson, H. Makkar, J. Oh, C. Lee, R.
Meinen, F. Montes, T. Ott, J. Firkins, C. Dell Al Rotz, A. Adesogan,
W. Z. Yang, J. Tricarico, E. Kebreab, G. Waghorn, J. Dijkstra, and S.
Oosting. 2013. Technical options for the mitigation of direct methane and nitrous oxide emissions from livestock – A review. Animal
7 (Suppl. 2):220–234.
Gerber, P., T. Vellinga, C. Opio, and H. Steinfeld. 2011. Productivity gains
and greenhouse gas emissions intensity in dairy systems. Livest. Sci.
139:100–108.
Getachew, T., S. Gizaw, S. Lemma, and M. Taye. 2011. Breeding practices, growth, and carcass potential of fat-tailed Washera sheep breed
in Ethiopia. Trop. Anim. Health Prod. 43:1443–1448.
Gill, M., P. Smith, and J. M. Wilkinson. 2010. Mitigating climate change:
The role of domestic livestock. Animal 4:323–333.
Gizaw, S., T. Getachew, M. Tibbo, A. Haile, and T. Dessie. 2011. Congruence between selection on breeding values and farmers’ selection criteria in sheep breeding under conventional nucleus breeding
schemes. Animal 5:995–1001.
Gootwine, E. 2011. Mini review: Breeding Awassi and Assaf sheep for
diverse management conditions. Trop. Anim. Health Prod. 43:1289–
1296.
Grainger, C., M. J. Auldist, G. O’Brien, K. L. Macmillan, and C. Culley. 2009. Effect of type of diet and energy intake on milk production of Holstein-Friesian cows with extended lactations. J. Dairy Sci.
92:1479–1492.
Grainger, C., and M. E. Goddard. 2004. A review of the effects of dairy
breed on feed conversion efficiency – An opportunity lost? Anim.
Prod. Aust. 1:77–80.
Grando, S., M. Baum, S. Ceccarelli, A. V. Goodchild, F. J. El-Haramein,
A. Jahoor, and G. Backes. 2005. QTLs for straw quality characteristics identified in recombinant inbred lines of a Hordeum vulgare ×
H. spontaneum cross in a Mediterranean environment. Theor. Appl.
Genet. 110:688–695.
Gumen, A., A. Keskin, G. Yilmazbas-Mecitoglu, E. Karakaya, and M. C.
Wiltbank. 2011. Dry period management and optimization of postpartum reproductive management in dairy cattle. Reprod. Domest.
Anim. 46(Suppl. 3):11–17.
Halachmi, I., C. F. Børsting, E. Maltz, Y. Edan, and M. R. Weisbjerg. 2011.
Feed intake of Holstein, Danish Red, and Jersey cows in automatic
milking systems. Livest. Sci. 138:56–61.
Hansen, P. J., and J. Block. 2004. Towards an embryocentric world: The
current and potential uses of embryo technologies in dairy production. Reprod. Fertil. Dev. 16:1–14.

Hare, E., H. D. Norman, and J. R. Wright. 2006. Survival rates and productive herd life of dairy cattle in the United States. J. Dairy Sci.
89:3713–3720.
Harris, B. L., and E. S. Kolver. 2001. Review of holsteinization on intensive pastoral dairy farming in New Zealand. J. Dairy Sci. 84(E.
Suppl.):E56–E61.
Hegarty, R. S., J. P. Goopy, R. M. Herd, and B. McCorkell. 2007. Cattle
selected for lower residual feed intake have reduced daily methane
production. J. Anim. Sci. 85:1479–1486.
Heller, M. C., and G. A. Keoleian. 2011. Life cycle energy and greenhouse
gas analysis of a large-scale vertically integrated organic dairy in the
United States. Environ. Sci. Technol. 45:1903–1910.
Henry, B., and R. Eckard. 2009. Greenhouse gas emissions in livestock
production systems. Trop. Grassl. 43:232–238.
Herd, R. M., and P. F. Arthur. 2009. Physiological basis for residual feed
intake. J. Anim. Sci. 87:E64–E71.
Herrero, M., P. K. Thornton, A. M. Notenbaert, S. Wood, S. Msangi, H. A.
Freeman, D. Bossio, J. Dixon, M. Peters, J. van de Steeg, J. Lynam,
P. P. Rao, S. Macmillan, B. Gerard, J. McDermott, C. Seré, and M.
Rosegrant. 2010. Smart investments in sustainable food production:
Revisiting mixed crop-livestock systems. Science 327:822–825.
Hoque, M. A., and K. Suzuki. 2008. Genetic parameters for production
traits and measures of residual feed intake in Duroc and Landrace
pigs. Anim. Sci. J. 79:543–549.
Hospido, A., and U. Sonesson. 2005. The environmental impact of mastitis: A case study of dairy herds. Sci. Total Environ. 343:71–82.
Hristov, A. N., J. Oh, J. Firkins, J. Dijkstra, E. Kebreab, G. Waghorn, A.
Adesogan, W. Yang, J. Tricarico, C. Lee, P. J. Gerber, B. Henderson,
and H. P. S. Makkar. 2013a. Mitigation of methane and nitrous oxide
emissions from animal operations: I. A review of enteric methane
mitigation options. J. Anim. Sci. 91:5045–5069.
Hristov, A. N., J. Oh, C. Lee, R. Meinen, F. Montes, T. Ott, J. Firkins, A.
Rotz, C. Dell, A. Adesogan, W. Z. Yang, J. Tricarico, E. Kebreab, G.
Waghorn, J. Dijkstra, and S. Oosting. 2013b. Mitigation of greenhouse gas emissions in livestock production – A review of technical
options for non-CO2 emissions. In: P. Gerber, B. Henderson, and H.
Makkar, editors, FAO Animal Production and Health Paper No. 177.
Food and Agriculture Organization, Rome, Italy.
Huang, W., B. W. Kirkpatrick, G. J. M. Rosa, and H. Khatib. 2010. A
genome-wide association study using selective DNA pooling identities candidate markers for fertility in Holstein cattle. Anim. Genet.
41:570–578.
Jones, F. M., F. A. Phillips, T. Naylor, and N. B. Mercer. 2011. Methane
emissions from grazing Angus beef cows selected for divergent residual feed intake. Anim. Feed Sci. Technol. 166–167:302–307.
Jones, R. J., and J. B. Lowry. 1984. Australian goats detoxify the goitrogen
3-hydroxy-4(1H)pyridone (DHP) after rumen infusions from an Indonesian goat. Experientia 40:1435–1436.
Jones, R. J., and R. G. Megarrity. 1986. Successful transfer of DHP-degrading bacteria from Hawaiian goats to Australian ruminants to
overcome the toxicity of Leucaena. Aust. Vet. J. 63:259–262.
Kavoi, M. M., D. L. Hoag, and J. Pritchett. 2010. Measurement of economic efficiency for smallholder dairy cattle in the marginal zones of
Kenya. J. Develop. Agric. Econ. 2:122–137.
Kennedy, J., P. Dillon, P. Faverdin, L. Delaby, F. Buckley, and M. Rath.
2001. Investigating the role and economic impact of concentrate
supplementation at pasture. Irish Grassl. Assoc. J. 35:49–62.
Kirkwood, R. N., and F. X. Aherne. 1985. Energy intake, body composition and reproductive performance of the gilt. J. Anim. Sci. 60:1518–
1529.
Kirkwood, R. N., and P. A. Thacker. 1992. Management of replacement
breeding animals. Vet. Clin. North Am. Food Anim. Pract. 8:575–
587.

Livestock greenhouse gas mitigation
Klusmeyer, T. H., A. C. Fitzgerald, A. C. Fabellar, J. M. Ballam, R. A.
Cady, and J. L. Vicini. 2009. Effect of recombinant bovine somatotropin and a shortened or no dry period on the performance of lactating dairy cows. J. Dairy Sci. 92:5503–5511.
Kolver, E. S., J. R. Roche, C. R. Burke, J. K. Kay, and P. W. Aspin. 2008.
Extending lactation in pasture-based dairy cows: 1. Genotype and
diet effect on milk and reproduction. J. Dairy Sci. 90:5518–5530.
Korver, S. 1988. Genetic aspects of feed intake and feed efficiency in dairy
cattle: A review. Livest. Prod. Sci. 20:1–13.
Kristensen, T., L. Mogensen, M. T. Knudsen, and J. E. Hermansen. 2011.
Effect of production system and farming strategy on greenhouse gas
emissions from commercial dairy farms in a life cycle approach. Livest. Sci. 140:136–148.
Kuhn, M. T., J. L. Hutchison, and G. R. Wiggans. 2006. Characterization
of Holstein heifer fertility in the United States. J. Dairy Sci. 89:4907–
4920.
LeBlanc, S. J., K. D. Lissemore, D. F. Kelton, T. F. Duffield, and K. E.
Leslie. 2006. Major advances in disease prevention in dairy cattle. J.
Dairy Sci. 89:1267–1279.
Longergan, P. 2007. State-of-the-art embryo technologies in cattle. Soc.
Reprod. Fertil. Suppl. 64:315–325.
Lopez-Gatius, F. 2012. Factors of a noninfectious nature affecting fertility
after artificial insemination in lactating dairy cows. A review. Theriogenology 77:1029–1041.
Luna-Nevarez, P., D. W. Bailey, C. C. Bailey, D. M. VanLeeuwen, R. M.
Enns, G. A. Silver, K. L. DeAtley, and M. G. Thomas. 2010. Growth
characteristics, reproductive performance, and evaluation of their associative relationships in Brangus cattle managed in a Chihuahuan
Desert production system. J. Anim. Sci. 88:1891–1904.
Lynch, J. P., P. O’Kiely, R. Murphy, and E. Doyle. 2012. White-rot fungal
digestion of maize stover components harvested at sequential maturities. In: K. Kuoppala, M. Rinne, and A. Vanhatalo, editors. Proc.
XVI Int. Silage Conf. MTT Agrifood Research Finland, University
of Helsinki, Hameenlinna, Finland. p. 220–221.
Madalena, F. E. 2008. How sustainable are the breeding programs of the
global main stream dairy breeds? – The Latin-American situation.
Livest. Res. Rural Dev. 20, Article no. 19. www.lrrd.org/lrrd20/2/
mada20019.htm (accessed 15 March 2012).
Makkar, H. P. S. 2013. Feed and fodder challenges for Asia and the Pacific. In: Asian livestock: Challenges, opportunities and response.
Proc. International policy forum, Bangkok. Thailand. www.fao.org/
docrep/017/i3166e/i3166e00.pdf (accessed 8 April 2013).
Marett, L. C., M. J. Auldist, C. Grainger, W. J. Wales, D. Blache, K. L.
Macmillan, and B. J. Leury. 2011. Temporal changes in plasma concentrations of hormones and metabolites in pasture-fed dairy cows
during extended lactation. J. Dairy Sci. 94:5017–5026.
Martin, C., D. P. Morgavi, and M. Doreau. 2010. Methane mitigation in
ruminants: From microbe to the farm scale. Animal 4:351–365.
McDonnell, R., K. J. Hart, T. M. Boland, A. K. Kelly, M. McGee, and
D. A. Kenny. 2009. Effect of ranking on phenotypic residual feed
intake and diet on ruminal methane emissions from beef heifers In:
Agricultural Research Forum. Tullamore, Co. Offaly, Ireland. p. 31.
McSweeney, C., and R. Mackie. 2012. Micro-organisms and ruminant
digestion: State of knowledge, trends and future prospects. Background study paper no. 61. Food and Agriculture Organization,
Rome, Italy.
Mekoya, A., S. J. Oosting, S. Fernandez-Rivera S, and A. J. van der Zijpp.
2008. Farmers’ perceptions about exotic multipurpose fodder trees
and constraints to their adoption. Agrofor. Syst. 73:141–153.
Milani, F. X., D. Nutter, and G. Thoma. 2011. Invited review: Environmental impacts of dairy processing and products: A review. J. Dairy
Sci. 94:4243–4254.

5111

Miller, R. H., M. T. Kuhn, H. D. Norman, and J. R. Wright. 2008. Death
losses for lactation cows in herds enrolled in Dairy Herd Improvement test plans. J. Dairy Sci. 91:3710–3715.
Mirkena, T., G. Duguma, A. Willam, M. Wurzinger, A. Haile, R. Rischkowsky, A. M. Okeyo, M. Tibbo, and J. Sölkner. 2012. Communitybased alternative breeding plans for indigenous sheep breeds in four
agro-ecological zones of Ethiopia. J. Anim. Breed. Genet. 129:244–
253.
Montes, F., R. Meinen, C. Dell, A. Rotz, A. N. Hristov, J. Oh, G. Waghorn,
P. J. Gerber, B. Henderson, and H. P. S. Makkar. 2013. Mitigation
of methane and nitrous oxide emissions from animal operations: II.
A review of manure management options. J. Anim. Sci. 91:-5070–
5094.
Mourits, M. C. M., D. T. Galligan, A. A. Dijkhuizen, and R. B. M. Huirne.
2000. Optimization of dairy heifer management decisions based on
production conditions of Pennsylvania. J. Dairy Sci. 83:1989–1997.
Naqvi, S. M. K., V. Sejian, and S. A. Karim. 2012. Effect of feed flushing during summer season on growth, reproductive performance and
blood metabolites in Malpura ewes under semiarid tropical environment. Trop. Anim. Health Prod. 45:143–148.
National Pork Board. 2012. Quick facts: The pork industry at a glance.
Publication no. 09133-04/12. National Pork Board, Des Moines, IA.
Niemann, H., B. Kuhla, and G. Flachowsky. 2011. Perspectives for feed
efficient animal production. J. Anim. Sci. 89:4344–4363.
Nkrumah, J. D., C. Li, J. A. Basarab, S. Guercio, Y. Meng, B. Murdoch,
C. Hansen, and S. S. Moore. 2004. Association of a single nucleotide polymorphism in the bovine leptin gene with feed intake, feed
efficiency, growth, feeding behaviour and carcass quality and body
composition. Can. J. Anim. Sci. 84:211–219.
Nogueira, G. P. 2004. Puberty in South American Bos indicus (Zebu)
cattle. Anim. Reprod. Sci. 82–83:361–372.
Norman, H. D., J. R. Wright, S. M. Hubbard, R. H. Miller, and J. L.
Hutchison. 2009. Reproductive status of Holstein and Jersey cows in
the United States. J. Dairy Sci. 92:3517–3528.
Notter, D. R. 2008. Genetic aspects of reproduction in sheep. Reprod.
Domest. Anim. 43 (Suppl. 2):122–128.
O’Brien, D., L. Shalloo, C. Grainger, F. Buckley, B. Horan, and M. Wallace. 2010. The influence of strain of Holstein-Friesian cow and feeding system on greenhouse gas emissions from pastoral dairy farms. J.
Dairy Sci. 93:3390–3402.
Oldenbroek, J. K. 1986. The performance of Jersey heifers and heifers of
larger dairy breeds on two complete diets with different roughage
contents. Livest. Prod. Sci. 14:1–14.
Oldenbroek, J. K. 1988. The performance of Jersey cows and cows of
larger dairy breeds on two complete diets with different roughage
contents. Livest. Prod. Sci. 18:1–17.
O’Mara, F. P. 2011. The significance of livestock as a contributor to global
greenhouse gas emissions today and in the near future. Anim. Feed
Sci. Technol. 166–167:7–15.
Oosting, S. J., A. Mekoya, S. Fernandez-Rivera, and A. J. van der Zijpp.
2011. Sesbania sesban as a fodder tree in Ethiopian livestock farming systems: Feeding practices and farmers’ perceptions of feeding
effects on sheep performance. Livest. Sci. 139:135–142.
Oosting, S. J., J. van Bruchem, and X. B. Chen. 1995. Intake, digestion
and small intestinal protein availability in relation to ammoniation
of wheat straw with or without protein supplementation. Br. J. Nutr.
74:247–268.
Oosting, S. J., P. J. M. Vlemmix, and J. van Bruchem. 1994. Effect of
ammonia treatment of wheat straw with or without supplementation
of potato protein on intake, digestion and kinetics of comminution,
rumen degradation and passage in steers. Br. J. Nutr. 72:147–165.
Østergaard, V., S. Korver, H. Solbu, B. B. Andersen, J. Oldham, and H.
Wiktorsson. 1990. Main report – E.A.A.P. working group on: Efficiency in the dairy cow. Livest. Prod. Sci. 24:287–304.

5112

Hristov et al.

Owen, E., T. Smith, and H. Makkar. 2012. Successes and failures with
animal nutrition practices and technologies in developing countries: A synthesis of an FAO e-conference. Anim. Feed Sci. Technol.
174:211–226.
Panetto, J. C., J. P. Gutierrez, J. B. Ferraz, D. G. Cunha, and B. L. Golden.
2010. Assessment of inbreeding depression in a Guzerat dairy herd:
Effects of individual increase in inbreeding coefficients on production and reproduction. J. Dairy Sci. 93:4902–4912.
Parr, S. L., K. Y. Chung, M. L. Galyean, J. P. Hutcheson, N. DiLorenzo,
K. E. Hales, M. L. May, M. J. Quinn, D. R. Smith, and B. J. Johnson.
2011. Performance of finishing beef steers in response to anabolic
implant and zilpaterol hydrochloride supplementation. J. Anim. Sci.
89:560–570.
Parthasarathy Rao, P., and M. Blümmel. 2010. A note on the response of
sheep to differently priced sorghum stover traded concomitantly and
implications for the economy of feeding. Anim. Nutr. Feed Technol.
10(Suppl. 1):105–111.
Parthasarathy Rao, P., and A. J. Hall. 2003. Importance of crop residues
in crop-livestock systems in India and farmers’ perceptions of fodder
quality in coarse cereals. Field Crops Res. 84:189–198.
Pelletier, N., R. Pirog, and R. Rasmussen. 2010. Comparative life cycle
environmental impacts of three beef production strategies in the Upper Midwestern United States. Agric. Syst. 103:380–389.
Pennsylvania State University Extension. 2013. Greenhouse Gases:
Swine and Poultry. http://extension.psu.edu/aec/factsheets/greenhouse-swine-and-poultry. (Accessed 21 September 2013.)
Perera, B. M. A. O. 2011. Reproductive cycles of buffalo. Anim. Reprod.
Sci. 124:194–199.
Pinedo, P., C. Risco, and P. Melendez. 2011. A retrospective study on the
association between different lengths of the dry period and subclinical mastitis, milk yield, reproductive performance, and culling in
Chilean dairy cows. J. Dairy Sci. 94:106–115.
Place, S. E., and F. M. Mitloehner. 2010. Invited review: Contemporary
environmental issues: A review of the dairy industry’s role in climate
change and air quality and the potential of mitigation through improved production efficiency. J. Dairy Sci. 93:3407–3416.
Rastani, R. R., R. R. Grummer, S. J. Bertics, A. Gümen, M. C. Wiltbank,
D. G. Mashek, and M. C. Schwab. 2005. Reducing dry period length
to simplify feeding transition cows: Milk production, energy balance,
and metabolic profiles. J. Dairy Sci. 88:1004–1014.
Rath, D., and L. A. Johnson. 2008. Application and commercialization
of flow cytometrically sex-sorted semen. Reprod. Domest. Anim.
43(Suppl. 2):338–346.
Rivera, F., C. Narciso, R. Oliveira, R. L. Cerri, A. Correa-Calderón, R. C.
Chebel, and J. E. Santos. 2010. Effect of bovine somatotropin (500
mg) administered at ten-day intervals on ovulatory responses, expression of estrus, and fertility in dairy cows. J. Dairy Sci. 93:1500–
1510.
Rotz, C. A., K. J. Soder, R. H. Skinner, C. J. Dell, P. J. Kleinman, J. P.
Schmidt, and R. B. Bryant. 2009. Grazing can reduce the environmental impact of dairy production systems. Forage Grazinglands
doi:10.1094/FG-2009-0916-01-RS
Roy, S., and D. V. Rangnekar. 2006. Farmer adoption of urea treatment
of cereal straws for feeding of dairy animals: A success in Mithila
milkshed, India. Livest. Res. Rural Dev. 18. www.lrrd.org/lrrd18/8/
roy18118.htm (Accessed 21 September 2013).
Saintilan, R., I. Merour, T. Tribout, J. Bidanel, L. Brossard, J. van Milgen,
and H. Gilbert. 2012. Sélection pour l´efficacité alimentaire chez le
porc en croissance: Opportunités et conséquences de l´utilisation de
la consommation moyenne journalière résiduelle dans les populations en sélection collective. (In French.) Journ. Rech. Porcine Fr.,
[C. R.] 44:13–18.
Saleem, M. A. M. 1998. Nutrient balance patterns in African livestock systems. Agric. Ecosyst. Environ. 71:241–254.

Santschi, D. E., D. M. Lefebvre, R. I. Cue, C. L. Girard, and D. Pellerin.
2011. Complete-lactation milk and component yields following a
short (35-d) or a conventional (60-d) dry period management strategy in commercial Holstein herds. J. Dairy Sci. 94:2302–2311.
Sarnklong, C., J. W. Cone, W. Pellikaan, and W. Hendriks. 2010. Utilization of rice straw and different treatments to improve its feed value
for ruminants: A review. Asian-Aust. J. Anim. Sci. 23:680–692.
Schiere, J. B. 1995. Cattle, straw and system control: A study of straw
feeding systems. PhD Diss. Wageningen University, Wageningen,
The Netherlands.
Schiere, J. B., A. L. Joshi, A. Seetharam, S. J. Oosting, A. V. Goodchild, B.
Deinum, and H. van Keulen. 2004. Grain and straw for whole plant
value: Implications for crop management and genetic improvement
strategies. Aust. J. Exp. Agric. 40:277–294.
Scramlin, S. M., W. J. Platter, R. A. Gomez, W. T. Choat, F. K. McKeith,
and J. Killefer. 2010. Comparative effects of ractopamine hydrochloride and zilpaterol hydrochloride on growth performance, carcass
traits, and longissimus tenderness of finishing steers. J. Anim. Sci.
88:1823–1829.
Shook, G. E. 2006. Major advances in determining appropriate selection
goals. J. Dairy Sci. 89:1349–1361.
Silvestre, F. T., T. S. M. Carvalho, P. C. Crawford, J. E. P. Santos, C. R.
Staples, T. Jenkins, and W. W. Thatcher. 2011. Effects of differential
supplementation of fatty acids during the peripartum and breeding
periods of Holstein cows: II. Neutrophil fatty acids and function, and
acute phase proteins. J. Dairy Sci. 94:2285–2301.
Smith, P., D. Martino, Z. Cai, D. Gwary, H. Janzen, P. Kumar, B. McCarl,
S. Ogle, F. O’Mara, C. Rice, B. Scholes, and O. Sirotenko. 2007.
Agriculture. In: B. Metz, O. R. Davidson, P. R. Bosch, R. Dave, and
L. A. Meyer, editors, Climate change 2007: Mitigation. Contribution
of Working Group III to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge Univ. Press,
Cambridge, UK. p. 498–540. www.ipcc.ch/publications_and_data/
publications_ipcc_fourth_assessment_report_synthesis_report.htm.
(Accessed 21 September 2013)
Soares, M. P., L. G. Gaya, L. H. Lorentz, F. Batistel, G. A. Rovadoscki, E.
Ticiani, V. Zabot, Q. Di Domenico, A. P. Madureira, and S. F. Pertile.
2011. Relationship between the magnitude of the inbreeding coefficient and milk traits in Holstein and Jersey dairy bull semen used in
Brazil. Genet. Mol. Res. 10:1942–1947.
Solis, J. C., F. M. Byers, G. T. Schelling, C. R. Long, and L. W. Greene.
1988. Maintenance requirements and energetic efficiency of cows of
different breed types. J. Anim. Sci. 66:764–773.
Stott, A., M. MacLeod, and D. Moran. 2010. Reducing greenhouse
gas emissions through better animal health. Rural Policy Centre, Scottish Agricultural College. www.knowledgescotland.org/
briefings.php?id=161. (Accessed 21 September 2013).
Subba Rao, A., U. H. Prabhu, S. R. Sampath, and S. J. Oosting. 1993.
Variation in chemical composition and digestibility of finger millet
(Eleusine coracana) straw. In: K. W. Riley, S. C. Gupta, A. Seetharam, and J. N. Mushonga, editors, Advances in small millets. Oxford
& IBH Publ. Co., New Delhi/Bombay/Calcutta, India. p. 297–307.
Sudana, I. B., and R. A. Leng. 1986. Effects of supplementing a wheat
straw diet with urea or a urea molasses block and or cottonseed meal
on intake and live weight change of lambs. Anim. Feed Sci. Technol.
16:25–35.
Sundstøl, F., and E. Owen. 1984. Straw and other fibrous by-products
as feed: Developments in animal and Veterinary Sciences. Elsevier,
Amsterdam, The Netherlands.
Talafha, A. Q., and M. M. Ababneh. 2011. Review Awassi sheep reproduction and milk production. Trop. Anim. Health Prod. 43:1319–1326.

Livestock greenhouse gas mitigation
Tarawali, S., M. Herrero, K. Descheemaeker, E. Grings, and M. Blümmel. 2011. Pathways for sustainable development of mixed crop
livestock systems: Taking a livestock and pro-poor approach. Livest.
Sci. 139:11–21.
Thatcher, W. W., T. R. Bilby, J. A. Bartolome, F. Silvestre, C. R. Staples,
and J. E. P. Santos. 2006. Strategies for improving fertility in the
modern dairy cow. Theriogenology 65:30–44.
Thomet, P., V. Piccand, F. Schori, J. Troxler, W. Wanner, and P. Kunz. 2010.
Efficiency of Swiss and New Zealand dairy breeds under grazing
conditions on Swiss dairy farms. In: Grassland in a changing world.
Proceedings of the 23rd General Meeting of the European Grassland
Federation, Kiel, Germany. p. 1018-1020.
Tiezzi, F., C. Maltecca, M. Penasa, A. Cecchinato, Y. M. Chang, and
G. Bittante. 2011. Genetic analysis of fertility in the Italian Brown
Swiss population using different models and trait definitions. J. Dairy
Sci. 94:6162–6172.
Tribout, T., J. C. Caritez, J. Gruand, M. Bouffaud, P. Guillouet, Y. Billon,
C. Péry, E. Laville, and J. P. Bidanel. 2010. Estimation of genetic
trends in French Large White pigs from 1977 to 1998 for growth and
carcass traits using frozen semen. J. Anim. Sci. 88:2856–2867.
Udo, H. M. J., H. A. Aklilu, L. T. Phong, R. H. Bosma, I. G. S. Budisatria,
B. R. Patil, T. Samdup, and B. O. Bebe. 2011. Impact of intensification of different types of livestock production in smallholder croplivestock systems. Livest. Sci. 139:22–30.
USDA. 2007. Dairy 2007, Part I: Reference of dairy cattle health and management practices in the United States. USDA, Fort Collins, CO.
USDA. 2011. State and national standardized lactation averages by breed
for cows calving in 2011. http://aipl.arsusda.gov/publish/dhi/current/
lax.html. (Accessed 21 September 2013.)
'USDA. 2012. Dairy products: Per capita consumption, United States,
1975-2012. www.ers.usda.gov/data-products/dairy-data.aspx#.
Uj3KAD9nZiM. (Accessed 21 September 2013.)
Van Amburgh, M. E., D. M. Galton, D. E. Bauman, and R. W. Everett.
1997. Management and economics of extended calving intervals
with use of bovine somatotropin. Livest. Prod. Sci. 50:15–28.
Van Vuuren, A. M., and P. Chilibrost. 2011. Challenges in the nutrition and
management of herbivores in the temperate zone. Animal 7(Suppl.
1):19–28.

5113

VanRaden, P. M., M. E. Tooker, J. B. Cole, G. R. Wiggans, and J. H. Megonigal Jr. 2007. Genetic Evaluations for mixed-breed populations. J.
Dairy Sci. 90:2434–2441.
Visalvethaya, W., W. Tanasuparuk, and M. Techakumphu. 2011. The development of a model for artificial insemination by backyard pig
farmers in Thailand. Trop. Anim. Health Prod. 43:787–793.
Waghorn, G. C., and R. S. Hegarty. 2011. Lowering ruminant methane
emissions through improved feed conversion efficiency. Anim. Feed
Sci. Technol. 166–167:291–301.
Wall, E., G. Simm, and D. Moran. 2010. Developing breeding schemes
to assist mitigation of greenhouse gas emissions. Animal 4:366–376.
Walli, T. K. 2011. Biological treatment of straws. In: Proc. FAO electronic
conference. Successes and failures with animal nutrition practices
and technologies in developing countries. Food and Agriculture Organization, Rome, Italy. p. 57–61.
Walli, T. K., M. R. Garg, and H. P. S. Makkar. 2012. Crop residue based
densified total mixed ration – A user-friendly approach to utilise food
crop by-products for ruminant production. FAO Animal Production and Health Paper No. 172. Food and Agriculture Organization,
Rome, Italy.
Warnick, L. D., D. Janssen, C. L. Guard, and Y. T. Gröhn. 2001. The
effect of lameness on milk production in dairy cows. J. Dairy Sci.
84:1988–1997.
Weber, K., J. A. Rendon, C. Antwi, A. VanEenennaam, and E. Kebreab.
2013. Methane production is not associated with sire groups or residual feed intake in feedlot Angus cattle. In: Proc. Greenhouse Gases
and Animal Agriculture Conference, Dublin, Ireland (in press).
Weigel, K. A. 2004. Exploring the role of sexed semen in dairy production
systems. J. Dairy Sci. 87:(E. Suppl.):E120–E130.
Weigel, K. A. 2006. Prospects for improving reproductive performance
through genetic selection. Anim. Reprod. Sci. 96:323–330.
Wilson, D. J., R. N. Gonzalez, and H. H. Das. 1997. Bovine mastitis pathogens in New York and Pennsylvania: Prevalence and effects on somatic cell count and milk production. J. Dairy Sci. 80:2592–2598.
Zi, X.-D. 2003. Reproduction in female yaks (Bos grunniens) and opportunities for improvement. Theriogenology 59:1303–1312.

