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Highlights

1. Emission of single greenhouse gases and biogenic vs. fossil origins were assessed

2. Dairy (mountain and plain), beef, pig and poultry systems were evaluated

3. Peculiar emission patterns for each greenhouse gas in livestock systems were found
4. Beef had greater fossil-based greenhouse gases emissions than dairy, pig and poultry

5. Future mitigation strategies should address fossil-related greenhouse gases

Abstract

Conventional analyses of the carbon footprint of livestock systems do not consider the
relationships between the characteristics and sources of each greenhouse gas (GHGs; CH,,
N,O, CO;) and the different livestock systems. This study aimed to assess the carbon
footprint of a variety of livestock systems, including different animal categories (dairy cattle,
beef cattle, pig and poultry) and production circumstances (lowland and mountain areas).
An attributional cradle-to-gate-of-the-farm Life Cycle Assessment was used, considering the
emission pattern of each GHG and distinguishing fossil and biogenic origins. The production
stages included animal and manure management, on- and off-farm feed production and the
production and use of the farm materials. The functional unit was 1 kg of crude protein in
animal food (CPAF). Emissions per single GHG and production stage were analyzed with a
general linear model which included the effect of the livestock system, which proved to
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significantly influence the emission pattern of all GHGs, both in absolute terms (kg/kg CPAF)
and with respect to the single production stage. The CO, (fossil-based) resulted as the most
emitted GHG (10.2-27.6 kg/kg CPAF), 10-255 and 284-646 times greater than CH, and N0,
respectively. Methane was found to be more associated with the animal category
(ruminants), whereas N,O and CO, were more associated with the input intensity level.
Livestock systems strongly influenced the biogenic GHG emissions but not the fossil-related
one, with dairy, pig and poultry systems showing similar and lower values than beef. In
conclusion, the evaluation of the pattern of each GHG as well as of their biogenic or fossil
origin can give indications to address the reduction of global warming.

Keywords: livestock farming systems, life cycle assessment, global warming, animal
product sustainability, carbon footprint.

Implication

Carbon footprint assessment usually does not consider the relationships between
characteristics and sources of each greenhouse gas and livestock systems. Here we
evaluated the emission of different gases associated with beef, dairy, pig, and poultry
production systems, finding that each system was associated with a peculiar emission
pattern. Biogenic-related gases correlated with animal species and livestock systems.
Conversely, fossil-related gases differed only between beef and other livestock systems,
and were little affected by the shift from less to more productive systems. Fossil-related
gases emerged as an important target for future strategies to reduce the livestock
contribution to global warming.

Introduction

The anthropogenic emission of greenhouse gases (GHGs) and their relative increase
in atmospheric concentration have been fully recognized as the main drivers of the observed
increase in the Earth's surface mean temperature (International Panel on Climate Change
— IPCC, 2021). The contribution due to the food system has been evaluated to be almost
one-third of the whole anthropogenic GHG emissions, with a major share ascribed to
livestock production (Gerber et al., 2013; Xu et al., 2021). The three major anthropogenic
GHGs are methane (CH,), nitrous oxide (N,O) and carbon dioxide (CO;). They are
characterized by different atmospheric lifetimes (CH,4 is a short-lived climate pollutant —
SLCP - whereas N,O and CO, are long-lived climate pollutants — LLCPs) and different
potentials to change the radiative forcing, i.e. change Earth's energy fluxes, with CH, and
N,O being more efficient forcing agents compared to CO, (IPCC, 2013 and 2021). Agro-
livestock systems are directly and indirectly involved in the generation of CH,4, N,O and CO,
(Gerber et al., 2013; Reisinger and Clark, 2018). Methane production is generally due to the
microbial degradation of organic matter under reductive conditions, with enteric fermentation
in ruminants, animal manure storage and paddy rice cultivation being the most contributing
processes. Nitrous oxide is mainly the result of microbial-driven nitrification-denitrification
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processes, and its emission is mainly related to the management of animal manure and N-
based fertilization of cropland and grassland. Furthermore, CO, emissions from agro-
livestock systems are mainly associated with the biogenic oxidation of the feed organic
matter into CO, through biological respiration (in the animal and in the manure), the net
(emissions minus removals) CO, emissions due to human-induced land use change, the
emission due to energy generation and consumption (fuel and electricity consumed on-farm
and fossil sources used in the production and transport of external inputs), and, to a lesser
extent, the agricultural application of urea and lime. All these sources are considered to
contribute to global warming (IPCC, 2022), with the exception of the first one, since
biological respiration (CO, emitter in the atmosphere) is included in a fast cycle together
with the plant carbon fixation process (CO, remover), thus not leading to a net addition or
removal of atmospheric CO,.

In recent years, the evaluation of livestock systems in terms of GHG emissions has
generally been based on the Life Cycle Assessment (LCA) methodology (International
Organization for Standardization, 2006). The LCA is a standardized method that aims to
assess the environmental impact of a product considering all its life stages (Finnveden et
al., 2009). Animal-sourced food has been widely evaluated in terms of GHG emissions per
unit of product (i.e. carbon footprint; De Vries et al., 2015; McAuliffe et al., 2016; Baldini et
al., 2017) and several mitigation strategies have been proposed based on LCA results
(Hristov et al., 2013; Berton et al., 2023; Berton et al., 2024a). In scientific literature, LCA
results related to GHG emissions are usually reported in an aggregated way, as the amount
of each GHG is converted into a common measure unit, namely CO,-equivalent (CO,-eq).
The most used characterization model to aggregate the different GHGs is the 100-year
Global Warming Potential (GWP100), based on the 100-year change in radiative forcing due
to a pulse of gas into the atmosphere with respect to that due to a pulse of CO,, taken as a
reference.

However, the sole use of the aggregated unit GWP100 to interpret the carbon
footprint associated with a product has been questioned in recent years (Cherubini et al.,
2016; Levassuer et al., 2016), especially in the case of livestock products (Lynch et al, 2020;
Costa et al., 2021; Berton et al., 2024b). First, since the GWP100 factors have been updated
many times by the International Panel on Climate Change with the publication of its
Assessment Reports (IPCC, 2007, 2013, 2021), the GWP100 results published in the last
decade may not be fully comparable, as a large number of studies did not report
disaggregated GHG emission data, e.g. in the beef sector (Lynch, 2019). Secondly, various
sets of characterization models have been developed, such as Global Temperature
Potential (IPCC, 2021) or GWPstar (Cain et al., 2019; Smith et al., 2021). Although no
characterization model has been specifically recommended among the available ones, the
adoption of a model in place of another has an influence on the calibration of the net-zero
GHG emission threshold (Fesenfeld et al., 2018; Pérez-Dominguez et al., 2021), particularly
because of the relationship between such adoption and the weight attributed to SLCP gases
effects. As a result, different characterization factors are related to different combinations of
aggregated GHGs that can be further emitted as well as to different temporal patterns with
which GHG emissions can achieve that threshold (IPCC, 2021).

As livestock production contributes to the emission of all the main GHGs (CH,4, N,O
and CO,), also the need to combine the present-day evaluation of the carbon footprint with
the evaluation of the emission patterns of the single GHGs has increased (Lynch, 2019;
Lynch and Garnett, 2021).



Moreover, two different origins of anthropogenic GHGs can be identified, fossil and
biogenic. Fossil anthropogenic GHGs encompass all the emissions related to elements
(carbon, C, and nitrogen, N) naturally stored in relatively stable stocks (belowground fossil
energy resources and atmospheric N-N, for C and N, respectively) that are introduced into
the atmosphere-soil-biota-ocean exchange fluxes because of human activities (i.e.
extraction and combustion of fossil energy resources and production and use of N-based
chemical fertilizers). On the other hand, biogenic GHGs refer to those human-induced
emissions that involve C and N already circulating in the atmosphere-soil-biota-ocean
exchange fluxes (e.g. C- CO, removed through the photosynthetic process by plants and
emitted as C- CH4 by ruminant animals fed those plants). This distinction is increasingly
gaining attention since biogenic-based emissions usually imply a previous subtraction of
GHGs (mainly CO,) in the biosphere followed by a biological transformation and re-emission
into the atmosphere, while fossil-based emissions imply a net addition of GHGs into the
atmosphere (IPCC, 2021) and it could give an additional insight into the carbon footprint of
food products (Hitaj et al., 2019; Lynch and Garnett 2021).

Consequently, the complexity in terms of the different GHGs emitted by livestock
systems and the different origins of these GHGs should be thoroughly investigated to design
effective mitigation strategies and to help shape sustainable livestock production systems.
To do so, an extensive characterization of the carbon footprint of animal products, beyond
the aggregated GWP100 metric, is needed, and, to the present day, is quite absent (Lynch,
2019). Consequently, the aim of this study was to evaluate the carbon footprint of a diverse
set of livestock production systems, related to different livestock categories (dairy cattle,
beef cattle, pigs and poultry), different production circumstances (lowland and mountain
areas) and considering fossil vs. biogenic origins, with a detailed characterization of the
emission patterns of each individual GHG (CH4, N,O and CO,).

Material and Methods
Goal and scope definition

The emissions of the single GHGs were computed by applying a cradle-to-farm-gate
LCA model (Food and Agriculture Organization - FAO, 2020), whose setting and inventory
collection were equally structured for all the livestock systems. The goal of the study was
the assessment of the single main greenhouse compounds (CH4, N,O, CO;) and the
magnitude of the biogenic- and fossil-related emission sources associated with the animal
products obtained from the main livestock systems located in northern Italy (Table 1), in
order to provide a detailed description of the emission patterns of each abovementioned
GHG compound. These patterns will be useful to set specific strategies to curb GHG
emissions due to livestock. For this reason, the target audience included scientists’
community, stakeholders of the different livestock systems and policymakers. The following
livestock systems were analyzed in this study:

- Dairy cow farms in the plain area (high input farms rearing cows of specialized
breeds, mainly Holstein Friesian, fed rations based on cereal silages (maize and winter
cereals) and concentrates — DairyPLAIN);



- Dairy cow farms in the mountainous area (low input farms rearing cows of
specialized and local breeds feeding hay-based rations during winter and grazing on pasture
during summer - DairyMOUNTAIN);

- Finishing beef farms (specialized fatteners purchasing young bulls of 300-400 kg
body weight mainly from France which were fed cereal silages and energy and protein
concentrates up to 600-700 kg BW - BEEF);

- Heavy pig farms (specialized growers and fatteners purchasing pigs of 30 kg body
weight fattened to obtain heavy pigs of 170 kg BW aimed to produce Protected Designation
of Origin dry cured ham - PIG);

- Broiler farms (farms producing chickens of specialized commercial hybrids for meat
production and fed rations based on maize, wheat and soybean meal - BROILER).

The cradle-to-farm gate system boundaries were established to include the emissions
related to animal and manure management, the production of on-farm and purchased feeds
consumed by the animals, the production and use of farm materials (bedding materials and
energy sources) consumed by the farms, taking a time reference of 1 year (specifically, data
for this study refer to the year 2019). Emissions due to land use change were excluded, as
their computation with respect to specific production systems could be affected by high
variability (Audsley et al., 2010; Donke et al., 2020; Brandao et al., 2022). In cases where
the farms only partially covered the cradle-to-farm gate boundary, such as the beef, pig and
broiler fattening farms, the GHG emissions associated with the breeding phase were
calculated based on direct data collected by the authors (pig breeding phase, Berton et al.,
2024a) or based on emission factors retrieved from the literature (BEEF and BROILER).
The functional unit (i.e. the unit to which the emissions were referred) was 1 kg of crude
protein in the animal food (CPAF, milk and BW sold, depending on the livestock system).
This functional unit allows to consider together the different products associated with these
livestock systems (milk and BW sold) and referred to one of the main functions of animal
products with respect to human diets, i.e. proving protein of good quality (FAO, 2023). The
average crude protein content of the milk was derived from the official milk recording system,
whereas the crude protein content of beef, pork and chicken meat was derived from the
database of the Consiglio per la ricerca in agricoltura e I'analisi dell'economia agraria (2019)
(Supplementary Table S1). As the functional unit considered in this study was the protein
produced, no allocation was considered for the dairy system, although it is typically
multifunctional. Regarding feed ingredients derived from multifunctional processes (e.g.
wheat flour and wheat bran deriving from processing of wheat), an economic allocation was
used to assign the impact between the different co-products, in accordance with the Product
Environmental Footprint Category Rules standard for feed (European Feed Manufacturers'
Federation, 2018).

Life cycle inventory

Each farm was visited at least once by the same operator in order to collect the data
needed to characterize the farm structure, management and production output. The
questionnaire was structured in the same way with respect to the different livestock systems
to maximize the comparability of the results, with the partial exception of the data related to
animal rearing due to the particular characteristics of each livestock system. Consequently,
the data collection and editing related to animal rearing and management are described
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separately, whereas those related to manure management, feed production and materials
production were described once for all the livestock systems. Farm size, management and
output per livestock system are reported in Table 1, whereas information about ingredient
and chemical composition of the rations for productive animals is provided in Table 2 and
for the other animal categories in Supplementary Table S2.

Animal rearing and management: dairy and beef systems

Data about DairyMOUNTAIN herds (75 farms) originated from Berton et al. (2021),
whereas data on DairyPLAIN (28 farms) originated from Berton et al. (2023). With respect
to herd size and composition, data on the number of dairy cows (lactating and dry cows),
age at first calving, calving interval, replacement and culling rates, and duration of the dry
period were collected from the official milk recording system, whereas the number of calves
born, average weaning age, and the use or not of X-sorted and/or beef semen were obtained
from on-farm interviews. Briefly, the number of newborn calves was computed by assuming
that all the pregnant heifers (dairy cows x replacement rate) produced one calf and the
remaining newborn calves originated from dairy cows. In the herds using X-sorted semen to
inseminate heifers, success and purity rates were derived from Bittante et al. (2020),
whereas in the herds where part of the dairy cows was inseminated with beef semen, the
relative proportion of dairy cows was obtained through the farm interview. The calves sold
were the sum of the purebred female calves not retained for reproduction plus the dairy-beef
calves and all the purebred male calves. Furthermore, the number of culled cows was
computed as dairy cows x culling rate.

Regarding feed intake, data on the feed distribution system (total mixed ration or
traditional feeding, with concentrate administered at milking or in the manger or with
automatic feeder and forage fed ad libitum); the ingredient composition of the rations fed to
the different cattle categories (lactating cows, dry cows, heifers) and their relative periods of
utilization (i.e., in-house and grazing periods) were derived from Berton et al. (2021) for
DairyMOUNTAIN and Berton et al. (2023) for DairyPLAIN. The computation of feed intake
was based on the procedure adopted by Berton et al. (2020) and based on the ratio between
the animal net energy (NE) requirements — computed as the sum of the maintenance and
lactation requirements (National Research Council, 2001) and those related to activity,
growth, and pregnancy (IPCC, 2019) — and the NE content (per kg DM) of the rations. In
this study, we adopted the same procedure, but we applied the NE requirement for
maintenance using the updated values published by National Academies of Sciences,
Engineering, and Medicine (2021). On the other hand, the NE content of the rations was
calculated as the sum of the NE content of each feed ingredient, weighted by its relative
inclusion in the ration. The net energy content value of the single feedstuffs, as well as
values of gross and digestible energies and chemical composition, were derived from
Martillotti et al. (1996), Sauvant et al. (2004) and Institut de la Recherce Agronomique (2019)
for all the feed ingredients except for commercial compound feeds, for which gross energy,
digestible energy and NE contents were estimated based on the lists of ingredients,
weighted by their relative inclusion, whereas chemical compositions were listed on the
commercial labels. The nitrogen input-output flow was computed by applying the procedure
published by Ketelaars and Van der Meer (1999). Nitrogen intake was computed as dry
matter intake x crude protein content x 0.16, whereas N retention was computed by
considering the output in terms of milk, BW gained, and newborn calves (pregnancy) and
the retention coefficient derived from Ketelaars and Van der Meer (1999). Nitrogen excretion
was computed as the difference between N intake and N retention. Manure was collected
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both as solid (46% and 55%, on average, respectively for DairyPLAIN aand
DairyMOUNTAIN) and slurry (54% and 45%), and stored for six months on average (two
periods of spreading on agricultural soils per year).

Regarding beef farms, inventory data for 245 animal batches (i.e., groups of animals
homogeneous for genetic type, sex, origin, fattening farm, and finishing period) reared in 17
farms were derived from Berton et al. (2018), who evaluated the environmental footprint of
the fattening phase of young bulls and heifers in northeastern ltaly, a system representative
of the intensive beef fattening system in Italy. The inventory included data on the number of
heads, sex, genetic type, initial and final BWSs fattening duration, as well as ingredient and
chemical composition of the rations fed during the fattening period. The feed intake and
nitrogen (N) input-output flow were calculated applying the same procedure used for dairy
farms. Manure in the farms was collected as slurry (53%, on average) and solid (47%), with
storage period similar to that reported for dairy systems. Regarding the suckler cow-calf
phase (i.e., from birth to the arrival of young bulls in the Italian fattening farm), Italian
fattening farms mainly purchased young animals from France (Istituto di Servizi per il
Mercato Agricolo Alimentare, 2023). In coherence with the cradle-to-farm gate approach,
we considered the entire lifespan of the fattened animals, from birth to sale to the
slaughterhouse, according to the procedure described below.

Animal rearing and management: pig and broiler systems

Data on PIG system were derived from Berton et al. (2024a). Briefly, eight breeding
farms and 10 fattening farms, representative of the northern lItaly production system, were
involved. The former reared sows and produced young pigs at nearly 30 kg BW for fattening
farms as output, while the latter acquired those piglets and fattened them to nearly 170 kg
BW. Inventories and GHG emissions of the breeding and fattening farms were computed
separately, and the computation of the whole pig cycle (0-170 kg BW) was obtained by
adding up the embedded emissions associated with the 30-kg young pig leaving the
breeding farm and the emissions generated in the fattening farm.

The inventories for both breeding and fattening farms were performed based on
official documentation linked to the Integrated Pollution Prevention and Control and Nitrates
EU directives, and farm questionnaires filled in with the farmers. For breeding farms, data
on animal inflow (number of piglets born and gilts purchased from the market to replace
culled sows) and outflow (number of young pigs sold and culled sows) were computed based
on the number of sows, number of litters and piglets born per sow and year, mortality rates,
and number of purchased gilts. The feed intake of different animal categories (lactating and
gestating sows, boars, pre-weaning piglets, weaning-to-sale piglets, gilts) was calculated
considering the annual consumption of each feed ingredient, the ingredient composition of
the rations, and the animal presence (number x days of presence) of each animal category.
The chemical composition of the rations was computed using the same procedure described
previously for cattle systems, as well as the N input—output flow, assuming an N retention
factor per kg BW gained of 2.5% for sows and 2.4% for pre-weaning piglets and gilts
(Poulsen and Kristensen, 1998). Manure was collected as slurry. Regarding the pig fattening
farms, piglets were purchased and sold at around 30 and 170 kg BW, respectively. Annual
data on the number of animals purchased and sold, with relative BW, the average duration
of the production cycle, and diet formulations, with relative temporal use, were retrieved from
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farm interviews. Computations of the annual consumption of each feedstuff, energy content
and chemical composition of the diets, as well as N input-output flow were carried out in the
same way described for pig breeding farms, assuming an N retention factor of 2.4% BW
(Poulsen and Kristensen, 1998; Gallo et al., 2014).

Regarding broilers, inventory data on the animals and feed consumption originated
from 75 fattening cycles performed in 15 farms in 2020. All farms belonged to the same
vertically integrated broiler company, which provided animals, compound feeds, and
veterinary assistance to the farmers. For each fattening cycle, data on the initial and final
number of animals and relative BW, sex, duration of the production cycle, and consumption
of each feed ingredient composing the ration (wheat flour, maize flour, soybean meal, fat,
and mineral integration) were retrieved from farm interviews. Manure was collected as solid
exhausted litter (wood shavings/wheat straw with feces). As stated for the beef system, a
cradle-to-farm gate approach was also applied for the broiler system. In this context, we
considered not only the fattening period but also the breeding phase, i.e., the period from
the birth of the chick to the beginning of the fattening period.

Manure storage, feedstuff production and farm materials

For each farm, data concerning the manure storage system were collected,
considering the relative percentage of solid manure and slurry. Although in a few farms
manure was treated with solid/liquid separation and/or used for biogas production, manure
treatments were not considered in this study to avoid including factors independent of the
animal species and livestock systems. Regarding on-farm feed production, data were
collected about each on-farm crop whose productive output was used as feed in the animal
rations, in order to compute the GHG emissions of each on-farm feed. In particular, for each
crop, the land area, type and amount of manure and mineral fertilizers spread on the soill,
as well as the amount of pesticides and fuel consumed were collected. On the other hand,
the amount of purchased feeds was obtained from the ingredient composition of the rations
and the estimated feed intake, checking the estimated total amount against farm invoices
and stocks. The diet self-sufficiency rate was computed as the DM produced on-farm divided
by the overall farm DM consumption. Additionally, data about the consumption of fuel and
bedding materials (straw and sawdust) for animal management, as well as electricity, were
collected for each farm during the farm interviews.

Greenhouse gases emission computation and Life cycle impact assessment

The computation of the GHG emissions related to the different livestock systems was
based on a unified framework of equations and emission factors (Supplementary Tables
S3a-c, 4, and 5). Enteric CH4 was considered for dairy, beef, and pig systems. Enteric CH,
was estimated using the factor proposed by IPCC (2019) for pigs, whereas for ruminants we
adopted the equations proposed by Ramin and Huhtanen (2013), because these authors
used a larger set of variables for describing the chemical composition of the animal diets
than IPCC (2019). Additionally, equations from the IPCC (2019) protocol were used to
estimate emissions associated with manure storage (CH; and N,O) as well as N,O
emissions (direct and indirect) from manure and N-based fertilizers spread on on-farm land
dedicated to feedstuff production. The N pool from which indirect N,O emissions originated
from manure and N-based fertilizer spreading was estimated according to European
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Environmental Agency (2019) and IPCC (2019) protocols for N volatilized into the
atmosphere and N leached into waterbodies, respectively. The production of external inputs
used in on-farm feed production (fertilizers, pesticides, fuel) as well as the production and
use of bedding materials and energy sources, the emission factors for CO,, CH,4, and N,O
were derived from Ecoinvent v3.8 (Wernet et al., 2016) and Agri-footprint v5.0 (Blonk
Consultants, 2019) datasets. To maintain consistency with the cradle-to-farm gate
boundaries, emissions related to the breeding phase associated with young animal
production in BEEF and BROILER systems were computed by multiplying the animal BW at
the start of the growing step by emission factors (e.g., kg CH4/kg BW) associated with the
breeding phase. These breeding-based emission factors were derived from Berton et al.
(2017) for BEEF and from the Ecoinvent dataset for BROILER.

Fossil and biogenic sources were computed as follows. The emissions from enteric
fermentation, manure storage, and manure spreading were computed as biogenic. On the
other hand, the fossil sources included CO, and CH,4 emissions from fossil energy sources
plus N,O emitted from N contained in N-based mineral fertilizers. Emission factors related
to fossil emissions were derived from Ecoinvent v3.8 (Wernet et al., 2016) and Agri-footprint
v5.0 (Blonk Consultants, 2019) datasets.

The different compounds (CH4, N,O, CO;) were evaluated both separately and
aggregated. Regarding the evaluation of biogenic- and fossil-related sources,
characterization factors used to convert the quantity of each compound to the same common
unit (CO,-eq) referred to the GWP100 model included in the 5th IPCC Assessment Report
(IPCC, 2013), considering a 100-year time horizon period (CO,: 1, CH,4 biogenic: 28, CH,
fossil: 30, N,O: 265).

Statistical analysis

The amounts of CH4, N2O, and CO, (kg/kg CPAF) generated by each livestock
system, the amounts of the same compounds originating from each production stage
(enteric fermentation, manure management, feed production, and farm materials) of
different livestock systems, as well as the amounts of biogenic- and fossil-related GHG
emissions (as CO,-eq) were analyzed for normal distribution using Shapiro Wilk test (PROC
UNIVARIATE in Statistical Analysis Systems software; Statistical Analysis Systems
Institute, 2014). The same variables were analyzed using a generalized linear model
(function PROC GLM in Statistical Analysis Systems software; Statistical Analysis Systems
Institute, 2014) that included the fixed effect of the livestock systems. Differences between
the least squares means were adjusted using the Bonferroni correction method and
considered significant at P values lower than 0.05. Additionally, orthogonal contrasts were
performed as follows: ruminant (BEEF + DAIRY cattle) vs. monogastric (PIG + BROILER)
systems and, within ruminant systems, systems specialized for beef production (BEEF) vs.
systems specialized for dairy production (DairyMOUNTAIN + DairyPLAIN). Other possible
orthogonal contrasts were already assessed with the differences between the least square
means adjusted by the Bonferroni correction method.

Results



The least square means of the emission of each GHG compound per functional unit
for the different livestock systems are reported in Table 3. In absolute terms (without
applying characterization factors), CO, was the most emitted compound by all livestock
systems, with an amount 10 to 255 times greater than CH,; and 284 to 646 times greater
than N,O. The livestock system significantly influenced the emission pattern of all three
gases (P<0.001).

Methane emission showed a remarkable interval range, with the highest emitting
system (BEEF, nearly 2.9 kg/kg CPAF) having an average emission 72 times greater than
the lowest emitting one (BROILER). As expected, ruminant systems exhibited significantly
higher CH,4 values than monogastric ones, as evidenced by the orthogonal contrast (Table
3). Within ruminant systems, BEEF had significantly higher emissions than dairy systems
(2.9 vs. 0.9 kg CHy4, P < 0.001), which in turn showed significantly higher emissions in
DairyMOUNTAIN compared to DairyPLAIN (+34%). Among monogastric systems, PIG
showed significantly higher emissions than BROILER.

On the other hand, N,O showed much lower variability between livestock systems
than CH,4, again with a significantly higher value for beef and the ratio between the highest
and lowest emission values of the other four livestock systems was close to 2. As already
evidenced for CH,, ruminant systems were associated with a higher emission than
monogastric systems (53.0 vs. 20.1 g N,O, P < 0.001), with BEEF showing significantly
higher values than dairy systems. Unlike CH,4, DairyPLAIN was associated with a greater
N2O emission per unit of CPAF than DairyMOUNTAIN (+26%, P<0.001). Consistent with
CH, results, PIG was associated with higher values than BROILER (+36%, P<0.001) but
not with DairyMOUNTAIN.

Lastly, CO, appeared as the GHG compound that showed the smallest variation
among the livestock systems considered. Ruminant systems again showed significantly
higher values than monogastric ones, but with a much lower difference than that observed
for CHs and N,O (+57%). Within ruminant systems, BEEF had significantly greater CO,
emissions than dairy systems (DairyMOUNTAIN and DairyPLAIN), which in turn did not
differ within the system. Similarly, no differences were found between the two monogastric
systems, PIG and BROILER. Unlike CH4 and N,O emission patterns, no differences were
observed between dairy systems and monogastric systems.

The quantitative emissions of each GHG compound in the different livestock systems
were associated with different production stages in a very specific way, as shown in Figures
1-3. The emissions of CH,4 in ruminant systems (BEEF, DairyMOUNTAIN, and DairyPLAIN)
were mainly related to enteric fermentation processes, accounting for 80% to 90% of all CH,4
emissions (Figure 1). The BEEF showed the highest enteric CH, intensity, on average 2.5
times higher than that observed for dairy systems, which in turn had an intensity 10-14 times
higher than PIG. Lastly, BROILER showed nearly no contribution of enteric processes to
CH,4 emission. The remaining CH,4 emission was mainly associated with the manure storage
stage, with a pattern quite different from that observed for enteric methane. In fact, PIG was
associated with the highest value of CH; emission due to manure management and
BROILER with the lowest value, whereas ruminant systems were intermediate. Both feed
production and materials showed very little CH, intensity, with BEEF showing higher values
than the other systems with respect to both production stages.

Regarding N,O (Figure 2), the main source of emissions for all livestock systems was
feedstuff production, accounting for 65 to 90% of the total N,O emission depending on the
livestock system. In particular, BEEF showed a much higher N,O value due to feed
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production than the other livestock systems, followed by DairyPLAIN. PIG and
DairyMOUNTAIN had comparable N,O emissions due to feed production, whereas
BROILER showed the lowest N,O emission in this phase. Manure management was the
second most important source of N,O (Figure 2). BEEF was again the system characterized
by the highest intensity of N,O emission due to manure storage. Dairy systems were
intermediate, with DairyMOUNTAIN slightly higher than DairyPLAIN, whereas monogastric
species showed the lowest intensity, with very similar values.

Regarding CO, (Figure 3), feed production was the most important contributor to the
intensity of emission in all the systems considered, except DairyMOUNTAIN. BEEF had the
highest emission intensity, PIG and BROILER had intermediate and very similar values, and
dairy systems, particularly DairyMOUNTAIN, had the lowest values. Energy and materials
were the second most important contributors to CO, emissions, with BEEF ranking the first
position and monogastric species the least, while dairy systems were intermediate. Lastly,
transport was a substantial source of CO, emission, particularly for beef, whereas dairy and
monogastric systems showed small and similar values.

The intensity of each single GHG emission, separated by livestock system and origin
of emissions (biogenic-related or fossil-related), is reported in Figure 4. Biogenic-related
emissions were predominant in ruminants, whereas GHG emissions were balanced
between biogenic and fossil origin in PIG and largely dominated by fossil-related sources in
BROILER. The biogenic emission pattern was dominated by CH,, either from enteric
fermentation (ruminant systems) or manure management (P1G), whereas in BROILER the
pattern was mainly associated with N,O originating from the feed production stage. BEEF
had a 3 to 28 times higher intensity of GHG emissions from biogenic origin than those
observed for the other livestock systems. Within dairy systems, DairyMOUNTAIN showed
greater GHG emission from biogenic sources than DairyPLAIN, which in turn was greater
than that observed for PIG. Although monogastric systems showed lower emissions than
ruminant ones, PIG evidenced a value significantly greater than that of BROILER.

Regarding fossil-related sources, emission intensity was nearly three times greater in
BEEF than in the other livestock systems, which in turn showed very similar values. Carbon
dioxide was by far the most emitted GHG when only fossil-related sources were considered,
both in ruminant and monogastric systems (74-89%). Within CO,, the contribution due to
feed production was generally the highest, with the exception of DairyMOUNTAIN, for which
the predominant contributor was farm energy sources.

Discussion

Livestock systems have been associated with the emissions of all major greenhouse
gases (CH4, NoO, and CO,), whose human-induced increase in atmospheric concentration
has been widely recognized as the driver of global warming (IPCC, 2021). Since the
reduction of these main gases has been identified as urgent to achieve global emission
reduction targets (Rogelj et al., 2018), characterizing the single GHG emission pattern
associated with livestock systems has gained importance. Consequently, this study aimed
to provide a detailed pattern of the different GHG compounds emitted by the most
widespread livestock systems in northern ltaly, an area with high livestock density and that
is a prominent contributor to the national animal-source food market.
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Emission patterns: quantitative aspects

The results of this study showed that each livestock system had a peculiar pattern
characterizing the associated GHG mix emitted into the atmosphere, both in terms of
compounds emitted and production stages involved. From a quantitative perspective, CO,
was the most emitted GHG, without significant differences among the various livestock
systems, either ruminants or monogastrics. This could be unexpected, as livestock systems
are generally reported as main emitters of non-CO, gases (Gerber et al., 2013), and most
mitigation options proposed in the scientific literature address reducing CH; and N,O
emissions (Hristov et al., 2013). In fact, CO, is by far the most emitted GHG from human
activities, not only with respect to livestock but also to all anthropogenic sources (almost 100
and 3700 times more than CH4 and N,O, respectively) (IPCC, 2021). This implies that,
without considering the lifetime and energy-trapping capacity of the different GHGs,
livestock systems are required to implement farm strategies capable of limiting CO,
emissions.

Furthermore, GHG compounds showed a very different range of values, with CH, exhibiting
a much larger variation among livestock systems than N,O and CO, (see Table 3). This
difference could be explained primarily by analyzing the sources in different production
stages that contribute to the emission of each GHG compound. In fact, CH, production is
highly dependent on the enteric fermentation process, which is present in ruminants and
almost absent in monogastric animals, and to a lesser extent on manure storage. In contrast,
feed production (N,O, CO,) and farm materials (CO,) stages were notably present in all
livestock systems (see Figures 1-3). Consequently, the CH, pattern was highly associated
with the type of animal species and categories reared (decreasing from beef to dairy cattle,
to pigs, and to poultry), whereas N,O and even more CO, were associated with the amount
of input required to produce animal proteins as output. This distinction is of interest, since
farm organization and management (i.e., what type and amount of input used) is mainly
under the control of farmers, who may improve the relative efficiency of the production
process (as seen in recent decades for all livestock systems — Acosta et al., 2019), whereas
the animal constitutes a further level between farmers' decisions and the desirable outputs.

Emission patterns: livestock systems

A generally increasing emission can be observed moving from monogastric systems
(BROILER and PIG) to dairy (DairyPLAIN and DairyMOUNTAIN) to beef (BEEF) systems.
These results were expected and in line with the previous scientific literature (Gerber et al.,
2013; Poore and Nemecek, 2018). However, a deeper assessment of the GHG emission
pattern of the different livestock systems, which was the aim of this study, showed that the
ranking of the different livestock systems was sensitive to the production stages considered.
Although some production stages contributed more than others to the total GHG emissions
of the different livestock systems, the consideration of each production stage can offer
interesting information about which GHG compound is mostly generated and consequently
which processes should be primarily addressed when setting mitigation strategies. This is
particularly important when a production stage can generate more than one GHG
compound, such as manure storage (CH4 and N,O) and feed production (N,O and CO,). In
fact, knowing which GHG compound is mainly emitted can guide mitigation efforts, as the
technical and economic resources of farmers and other stakeholders such as advisors and
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policymakers are finite and must be allocated as effectively as possible. For example, when
evaluated as GWP100, PIG manure storage emission was largely driven by CH4 (CH4/ N,O
ratio equal to 10.1), in contrast to that related to BROILER (CH,4/ N,O ratio equal to 0.5, data
not shown). On the other hand, feed production for less intensive systems (based on kg
protein output / ha land occupied) such as BEEF and DairyMOUNTAIN was generally driven
by N,O, whereas that related to DairyPLAIN, PIG, and BROILER was driven by CO, (data
not shown). When scaling these issues at a regional level, considering data about the annual
dairy milk and BW total production provided by official agencies (Sistema Informativo
Veterinario, 2024), BROILER, DairyPLAIN and BEEF emerged as the most important
systems in terms of CPAF provision (37%, 34% and 21%, respectively). BEEF showed also
a notable contribution to the regional emission of CH4 and N,O (>50%), whereas the regional
emission of CO, appeared more distributed among systems (from 25% to 40% share per
system), suggesting that mitigation strategies based on the balancing of different livestock
types would be complex (Supplementary Figure S1).

At a general level, the single GHG pattern led to questioning which compound should
be mitigated as a priority, as each GHG has its individual behavior in terms of atmospheric
residence time and warming potential (IPCC, 2021). In fact, the reduction of either SLCP or
LLCP can result in different pathways of global warming, which clearly affects the policies
that should be adopted (Shindell et al., 2017; Fesenfeld et al., 2018). Reducing the emission
of SLCPs (i.e., CH,4) can lead to visible results in terms of the relative decline of its
atmospheric concentration and consequent warming effects, since the low residential time
allows achieving a new steady-state concentration in a short time (i.e. the concentration
maintained in equilibrium by input and degradation fluxes) when changing the input flux rate.
As a consequence, limiting the emission of anthropogenic SLCPs by now (ideally up to zero)
can theoretically lead to reverse some temperature-related, positive feedback phenomena
such as the melting of permafrost, with consequent release of carbon now stored in the soil
(IPCC, 2021; Miner et al., 2022). However, reducing only the emission of the SLCPs, while
not reducing that related to LLCPs, would not be truly effective in achieving the goal of
minimizing the increase in the global temperature, because of the high persistence of LLCPs
after their release in the atmosphere. In fact, inaction in promptly reducing LLCP emissions
would result in an increasing peak temperature (i.e., the temperature observed after
achieving net-zero GHG emission) that would be observed for a long time (as the lowering
in LLCP concentration will be very slow due to their great residential time). Instead, when
both SLCP and LLCP emission rates are lowered, temperature has been foreseen to
achieve a lower peak and then decrease (Fuglestvedt et al., 2018; Schleussner et al., 2019).
As a consequence, all livestock systems, their GHG patterns being based on CH,4 or on N,O
and CO,, can have an active role in lowering the observed anthropogenic increase in the
mean atmospheric surface temperature.

Emission patterns: biogenic vs fossil sources

Human-related GHG sources can be classified based on their relationship with
existing biogeochemical cycles, particularly whether the carbon or nitrogen included in the
GHG molecules is derived from stable sinks or not. This is an emerging issue: for example,
fossil-derived CHy, although having a similar climate impact to biogenic-derived CHy4, has a
different climate fate. Indeed, the CO, resulting from fossil-derived CH,4 oxidation in the
atmosphere determines a net addition of carbon into the atmosphere, whereas that resulting
from biogenic CH,4 returns to the same sink (atmospheric CO,) where it was originally
present before its removal by plant photosynthesis. Consequently, reducing fossil-related

13



sources of GHG compounds to zero can be a highly effective area of intervention to curb
anthropogenic emissions into the atmosphere. This distinction has emerged in recent years
in the assessment of livestock GHG emissions (Costa et al., 2021; Liu et al., 2021).

The results of this study showed that different livestock systems had peculiar patterns
in terms of biogenic and fossil-derived GHG emissions. Regarding biogenic sources, no
GHG emerged as a univocal proxy, with enteric CH,4 being a proxy for ruminants, manure
CH, for pigs, and manure N,O for broilers. This finding suggests that biogenic GHGs are
intrinsically linked to the specificities of each livestock species. Although this connection
could be expected, it is nevertheless noteworthy, because mitigation options on this issue
need to be shaped considering both the biological processes of each species and the
technological aspects of animal husbandry (e.g., how manure is collected, managed, and
stored). On the other hand, CO, emerged as a proxy of fossil-related GHG emissions, with
minor roles for CH; and N,O. In this sense, LCA-based CO, emission estimates could be
used as a proxy of the reliance of a production system on fossil resources and consequently
as a potential tool to address strategies to minimize the atmospheric addition of net carbon.

Furthermore, biogenic and fossil-related sources also differentiate with respect to
how they rank the various livestock systems. Indeed, the similar trend observed between
biogenic and total emission intensities per CPAF unit was in contrast with the absence of a
relation between fossil and total emission ones. This divergence suggests that increasing
the production intensity (here expressed as kg protein in animal products per ha of land
surface used) observed moving from beef to dairy to pig and broilers (Table 1) allowed to
decrease the amount of biogenic GHG emitted per unit of animal protein, through a
combination of decreasing feed amounts needed to obtain one animal product unit and
increasing reliance on high-energy, high-digestible feeds (Hristov et al. 2013). Conversely,
the mere increase in production intensity does not seem to be an effective strategy for
reducing emissions linked to fossil sources. On one hand, BEEF (lowest observed
production intensity) showed the greatest fossil-based emissions (Figure 4). This could be
related to a low feed efficiency, that increased the feed amount needed to produce one unit
of CPAF and the consequent impacts associated with these additional feeds. Moreover, the
limited feed self-sufficiency observed for this livestock system tends to increase its GHG
emissions due to the higher carbon footprint of imported feeds and the increase in feed
transportation (Battini et al., 2016; Berton et al., 2018). On the other hand, the non-significant
differences observed between dairy, pig, and broiler systems (Figure 4) suggest that
increasing efficiency of production or changing the animal species reared are not automatic
ways to reduce fossil-based GHGs, precisely those that result in a net addition of
greenhouse gases to the atmosphere. This result, which can be considered quite robust as
the CO;, intensity value is not altered by different emission metric sets (being the reference;
IPCC, 2021), is of fundamental importance because fossil-related efficiency emerged as an
area, within the GHG mitigation topic, on which additional mitigation options should be
explored and addressed to comprehensively reduce livestock GHG emissions.

Carbon dioxide emission is primarily due to fossil fuel utilization in energy production
— directly used on the farm as fuel for tractors or electricity and indirectly in the production
and transport of purchased inputs. Consequently, farmers could have an active role,
operating both directly and indirectly. Directly, farmers could increase the energy efficiency
of farm facilities and equipment (Gotasa et al., 2021; Sanford and Go, 2022). Measures to
this regard could rely on switching to renewable energy sources (Qiao et al., 2019) located
off-farm or on-farm using photovoltaic panels and/or anaerobic digester (Costantini et al.,
2024). Moreover, farmers could adopt measures to reduce the use of mineral fertilizers —
whose production is highly based on fossil energies (Menegat et al.,, 2022) — through
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precision farming techniques (Soto Embodas et al., 2019). Also, efforts to close nutrient
(e.g., nitrogen) cycles and consequently increase the circularity level in animal production
systems (Kronberg et al. 2021; Mgller et al., 2024) could support farmers in directly
decreasing the emission of fossil CO,. Secondly, farmers can also operate as consumers of
purchased inputs, selecting those that are competitive not only in terms of price but also in
terms of environmental efficiency (Méda et al., 2021). Thirdly, the increase in the capacity
of agricultural soils to store CO, as soil organic carbon has been explored in recent years
as a mitigation strategy for reducing CO, emission (Bai and Cotrufo, 2022; Lessmann et al.,
2022). To this regard, increasing the level of soil organic carbon, beyond the effects on
reducing the presence of CO, in atmosphere, can positively affect some soil properties such
as water balance control and nutrient supply (Blanco-Canqui et al., 2013). However, the
existing challenges in terms of standardized protocols for measurement, reporting and
verification of the carbon sequestration actions have to be considered (International Dairy
Federation, 2022; Oldfield et al, 2022). Finally, all these strategies need to be implemented
considering also the specificities of the context, e.g. climate or pedological conditions, and
intertwined interactions, on which policy evaluation models - such as CAPRI (Britz and
Witzke, 2014) - or deterministic ones - such as SIMSDAIRY (Diaz de Otalora et al, 2024) -
can have an interesting role. In perspective, the implementation of such a transition calls on
the scientific community and policymakers to evaluate and support innovative schemes to
help farmers make informed choices to reduce livestock-related GHG emissions,
considering both biogenic and fossil-related sources.

Limitations of the study

This study refers to the geographical context of northern Italy and to the main
livestock systems typical of this context (i.e. intensive plain and alpine dairy farms, intensive
beef fatteners, specialized heavy pig herds and broiler chicken farms). Therefore, it does
not consider other livestock systems carried out with the same species and/or categories,
such as for instance the organic farming (van der Werf et al., 2022) or the pig systems of
other European countries, based on animals slaughtered at lower BW than in ltaly (Pexas
and Kyriazakis, 2023) or livestock systems concerning other species or categories, such as
sheep and goats, laying hens, rabbits and farmed aquatic species. These can limit the
applicability of our results. On the other hand, with respect to the geographical context, the
analyzed systems have many features that can be found also in the most important systems
in other European countries (i.e. intensive dairy or broiler farms with confined animals,
belonging to high performing breeds, and high use of energy- and protein-rich feeds).
Moreover, BEEF system in this study already includes other geographical contexts (France)
with respect to the suckler cow-calf phase. In perspective, a detailed GHG emission pattern
related to other animal species and categories and peculiar geographical contexts can
improve the possibility for the scientific community, stakeholders and policymakers to
address the reduction in GHG emissions associated with the overall livestock production.

Conclusion

15



Greenhouse gas emissions associated with livestock production have been
increasingly assessed, with the purpose of identifying innovative practices capable of
mitigating the role of livestock in the human-induced increase in mean global atmospheric
temperature. However, evaluations based only on aggregated values can be ineffective in
capturing the peculiarities associated with the characteristics of each GHG compound and
the complex interactions between animals, production stages, and production systems.
Considering a wide range of livestock systems in terms of animal species, categories, and
system typologies, the results of this study showed that each system is associated with a
specific emission pattern in terms of single GHG as well as the interaction between GHGs
and production stages within the livestock systems. Furthermore, this study highlighted the
importance of considering not only the compound and the production stage within the
systems but also the origin — biogenic or fossil — of the GHG emissions, as fossil-related
emissions were similar between dairy, pig, and poultry systems and little affected by the shift
from less productive to more productive systems. In perspective, mitigation practices should
consider these detailed emission patterns in order to effectively operate on those GHGs that
are most associated with the production stage where each practice is implemented. Lastly,
special focus should be placed on reducing fossil-related emissions, particularly those linked
to CO,, in order to direct livestock systems toward an effective role in global efforts to
achieve climate neutrality while providing high-quality food.
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Table 1. Descriptive statistics of farm size, production yield and diet self-sufficiency rate per livestock systems

Livestock system

Variable Unit
BEEF DawyMSUNTAI Da|r3’<lPLAI PIG BROILER
Animal type Young bulls Dairy cows, Dairy cows, Pig (30-170 Broiler (0.05-
reared mountain kg BW) 2.7 kg BW)
plain
Breeding Massif Northern Northern ltaly,
phase (if Central Italy, plain, plain, intensive
off-farm)’ (France), intensive  hen rearing for
mountainou Sow rearing chick
s area with for young production at
permanent pig 0.05 kg BW
grasslands production
at 30 kg BW
Farms n 17 75 28 10 17
Landless % 0 0 0 40 100
farms (for
feed
production)
Farm ha/farm 93+34 33123 64163 39+44 010
agricultural
area for
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feed
production

Farm size,
animal
places

Farm size,
reproductiv
e animals

Farm size,
replacemen
t animals

Milk yield
(3.3%
protein,
4.0% fat)

BW yield,
reproductiv
e females

BW yield,
growing
animals

Production
cycle,
growing
animals

n/farm

n/day, annual mean per farm

n/day, annual mean per farm

kg /cowlyear

kg BW gained/cow/year

kg BW gained /animal place/year

animals per place/year

6824292
28+19
10+7
6 400+1661
210454
541145
1.61+0.15

120+110

29411250

244178

3 25241
996

28119

1.85+0.13

3924412 6087

1412

6.93+0.47
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Diet self- % dry matter 44.3+11.4 70.8+21.2 50.6£16.2 17.8+25.2 0+0

sufficiency
rate

CPin kg CP/ha on-farm 537+160 229+151 8491789 3 37543 Landless
animal 296 farms
products,

yield (from

animals

sold and

milk)

CPin kg CP/ha on- and off-farm (cradle-to-farm gate, breeding + 5242 151151 252457 276154 345123
animal fattening)

products,

yield (from

animals

sold and

milk)

' data retrieved from Berton et al. (2017) for BEEF, Berton et al. (2024) for PIG and from Ecoinvent database (Werner et al., 2016) for BROILER.
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Table 2 Ingredients and chemical composition of the diets fed to the animals of the
different livestock systems (mean = SD)

Livestock system

Variable
BEEF  DairyPLAIN DairyMSUNTA' PIG BROILER

Animal type Ygﬂng Lagfv’f/ing Lactating cow Grg\ils\;ing C?l:icc);ilgn
Feed intake, kg DM/head/d 10.2+0.8  23.3+2.1 20.7+3.5 2.7+0.1 0.11+0.01
Ingredient composition, %DM

Maize silage 28.9+6.2 22.5+11.9 8.3111.8

Sorghum silage 0.3x1.2 5.418.2

Wheat silage 0.2+1.5 3.2+5.3

Other cereal silage 0.2+1.1 0.914.8

Maize ears silage 9.7£12.2 3.716.6

Maize grain silage 27154 2.916.5 17.91£23.0

Hay 0.1+£0.3 5.0£7.5 41.9+23.4

Alfalfa hay 2.943.5 10.849.1 4.046.0

Grass silage 2.1+3.4 10.91£14.3

Grass, at pasture 22.51+22.6

Wheat straw 4.5+1.2 1.242.1 0.5+1.8

Other forages 0.5£2.1

Maize flour 18.0£11.8  13.1£7.9 27458 16.8+22.3 34.1+0.2



Barley flour 0.7+2.3 0.6+1.4 5.847.1

Wheat flour 18.7£24.7 33.5+0.5

Soybean meal 2.312.5 7.515.4 0.5+2.1 8.516.5 25.1£1.0

Other oilseeds and oilseed 0.140.7 22446

meal

Compound feed 17.8+7.1 5.3£8.3 8.7£11.6 23.6+30

Compound mixture 8.61£24.7

Supplements and by-products 11.75.8 4.5+51 8.7+6.1 7.3+0.2

Chemical composition

Net energy', MJ / kg DM 7.2+0.1 6.6+0.3 5.3+0.4 9.4£1.3

Metabolisable energy, MJ / kg

DM 13.320.5
CP, % DM 13.71£0.6 15.5+1.2 13.8+1.4 14.2+1.1 19.0£0.4
Ether extracts, % DM 2.7x0.4 3.8+0.7 3.2+0.2 4.0+0.8 7.840.2
Ash, % DM 5.710.4 7.1£0.9 8.6+0.8 3.4x0.7 5.3+0.1

NDF, % DM 290.0+£1.9 34.9+4.2 56.0+6.9 11.8+1.3 13.1£0.1

" BEEF: net energy as forage unit, meat x 7.26, DairyMOUNTAIN and DairyPLAIN: net energy as forage
unit, milk x 7.11, PIG: net energy evaluated for growing pig.



Table 3. Results of ANOVA and least square means of the emission of each single greenhouse gas associated with the production of 1
kg CP in the product, per livestock system (433 observations)

Livestock system’ Orthogonal contrasts, P-

value
ltems RMS p-
BEEF PIG E value Ruminantsvs  Dairy vs
DairyMOUNTAI DairyPLAIN BROILER (BR) monogastrics  beef cattle
(BE) N (DaM) (DaP) (PI) (DaM+DaP+BE (DaM+Da
vs. PI+BR) P vs. BE)
Observations 245 75 farms 28 farms 10 75 batches in 15
batches farms farms
in 17 farms
Output Meat Milk and Milk and Meat Meat
meat
meat
Emission
compounds?
CH,, kg 2.882 1.020 0.76¢ 0.41¢ 0.04¢ 0.14 <0.001 <0.001 <0.001
N,O, g 97.22 27 .4¢ 34 .4 24 .5¢ 15.84 5.5 <0.001 <0.001 <0.001
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CO,, kg 27.62 10.6° 10.1° 10.3° 10.0°

4.4

<0.001

<0.001

<0.001

! Livestock systems: BEEF (BE), 0-700 kg BW; PIG (Pl), 0-170 kg BW, BROILER (BR), 0-2.8 kg BW

2 Least square means within a row with different superscripts differ significantly - P value<0.05.
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Figure captions
Figure 1

Methane emission (kg, least square means and SE) per kg of CP in the product and per
livestock system, partitioned with respect to the production stage where the emission
originated. (least square means with different superscripts within bar of the same color differ
significantly (P value<0.05)) (433 observations).

Figure 2.

Nitrous oxide emission (g, least square means and SE) per kg of CP in the product and per
livestock system, partitioned with respect to the production stage where the emission
originated. (least square means with different superscripts within bar of the same color differ
significantly (P value<0.05)) (433 observations).

Figure 3

Anthropogenic carbon dioxide emission (kg, least square means and SE) per kg of CP in
the product and per livestock system, partitioned with respect to the production stage where
the emission originated. (least square means with different superscripts within bar of the
same color differ significantly (P value<0.05)) (433 observations).

Figure 4.

Least square means and SE of the emission (kg COs-eq, 100-years global warming
potential) from biogenic- and fossil-related sources, partitioned per single gas and per
production stage, referred to 1 kg of CP in the product, per livestock system (least square
means with different superscripts within bar related to the same origin (biogenic or fossil)
differ significantly (P value<0.05)) (433 observations).
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