
Citation: Hörtenhuber, S.J.;

Größbacher, V.; Schanz, L.; Zollitsch,

W.J. Implementing IPCC 2019

Guidelines into a National Inventory:

Impacts of Key Changes in Austrian

Cattle and Pig Farming. Sustainability

2023, 15, 4814. https://doi.org/

10.3390/su15064814

Academic Editors: Athanasios

Ragkos and Alexandros

Theodoridis

Received: 30 January 2023

Revised: 28 February 2023

Accepted: 3 March 2023

Published: 8 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Implementing IPCC 2019 Guidelines into a National Inventory:
Impacts of Key Changes in Austrian Cattle and Pig Farming
Stefan J. Hörtenhuber *,† , Verena Größbacher † , Lisa Schanz and Werner J. Zollitsch

Department of Sustainable Agricultural Systems, Institute of Livestock Sciences, University of Natural Resources
and Life Sciences Vienna, 1180 Vienna, Austria
* Correspondence: stefan.hoertenhuber@boku.ac.at
† These authors contributed equally to this work.

Abstract: This study examined enteric and excreta emissions from cattle and pigs with a focus on
effects of changed feeding practices. We assessed the impact of a revision of the Austrian Greenhouse
Gas and Air Pollutant Inventory (national method, NM), i.e., the implementation of the Tier2-method
of the IPCC-2019 guidelines, to a more dynamic integration of past and present feeding practices.
Cattle—in particular, dairy cows—had the highest contribution to enteric CH4 emissions and to
nitrogen (Nex) and volatile-solid (VSex) excretion, independent of the assessment method (NM or
IPCC-2019). These emissions as well as excreta quantities are directly associated with feeding. The
most relevant changes from implementing IPCC-2019 were (i) reduced enteric CH4 over the entire
time series and (ii) increased Nex and VSex, especially for the period from 1990 to 2005. Additionally,
uncertainties in the emissions and excreta were analyzed and related to the quantities of protein
consumed. From 1990 to 2020, favorable trends per unit of protein were shown due to increased
performance and concomitantly reduced animal numbers. The changes were especially pronounced
for CH4, Nex, and VSex from dairy cows (−40% to −46%) but also substantial for other cattle
(−26% to −31%), breeding pigs (−12% to −28%), and partially growing-fattening pigs (−3% to
−20%). Future mitigation potential may result from reduced dietary crude-protein content, especially
in pigs, and the use of feed additives. Feed additives for ruminants with enteric CH4-mitigating
effects showed a particularly high reduction potential for the total amount of greenhouse gases from
the livestock sector.

Keywords: GHG; greenhouse gas; livestock; mitigation

1. Introduction

Climate-change impacts and the reduction of greenhouse-gas (GHG) emissions are con-
sidered among the greatest challenges for anthropogenic and natural biological systems [1].
In the context of GHG emissions and other environmental impacts such as air-pollutant
emissions and acidification due to ammonia, livestock, and particularly ruminants, play
an important role [2,3]. Although large proportions of GHG emissions arise from other
sources in industrialized countries such as those in Western Europe, agriculture is still
among the five sectors with the highest emissions [4,5]. Global livestock production is a
major contributor to anthropogenic methane (CH4) emissions, with 32% of CH4 arising
from livestock production [6]. To tackle this issue, UNEP [6] recommends the mitigation
of one-sixth to one-seventh of the CH4 emissions from livestock production until 2030.
Moreover, agriculture is the greatest emitter of nitrous oxide (N2O), with 60% of global N2O,
and ammonia (NH3) [7]. The latter indirectly causes climate-relevant N2O emissions [3,8].

National Inventory Reports (NIRs; on GHG emissions) and Informative Inventory
Reports (IIRs; on air-pollutant emissions) are generated every year to evaluate the progress
of the mitigation measures for emissions of GHGs, NH3, NOX, and non-methane volatile
organic compounds (NMVOCs). The calculation methods follow either international
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guidelines or nationally established methods. The default calculation methods (Tier1 for
non-key sources and Tier2 for key livestock categories, depending on the country) ensure
transparent reporting and comparability between different countries’ NIRs and IIRs [9–11].
The latest and most comprehensive calculation procedures are the refined IPCC-2019
guidelines [11], which describe the calculation of NIRs’ Tier1 and Tier2 estimates. It is
essential that NIRs are representative of the specific annual conditions. This requires regular
revisions of the database and methodological updates of calculations incorporating changes
in the management of livestock-production systems. Revisions of inventories are essential,
on the one hand, to improve accuracy and concomitantly decrease uncertainties, and on the
other hand, to better reflect emission mitigation by using detailed and dynamic emission
models [10]. Recent revisions of the Austrian Air Pollutant Inventory focused on manure
and fertilizer management [10]. In the current study, we focus on cattle and pigs, which
are key species in Western European countries such as Austria and Germany [9,10]. In the
last two decades, the feeding management for these two species has changed substantially
in Austria; however, many data in the NIR and the IIR remained static for most livestock
categories. Variation in performance traits was previously not considered for feeding
parameters, with the exception of milk-yield-based feeding parameters for dairy and
suckler cows. Implementation of the IPCC-2019 guidelines in NIRs is still rare [12]. In
this respect, our novel application may provide benefits for other national inventories and
studies, including life-cycle analysis. There is a lack of publications on the effects of an
implementation of the IPCC-2019 guidelines on national GHG emissions from agriculture
and livestock. One recent paper discussed the guidelines’ changes for manure-related CH4
emissions in Canada but failed to address feed-related issues [13].

The aims of this study comprise an update of the basis for calculations regarding
livestock feeding to properly estimate annual GHGs and air pollutants emitted by live-
stock. Therefore, a calculation of current mitigation potentials, a comparison of the results
of updated calculations with previous estimates, and the identification of future mitiga-
tion potentials, such as the use of feed additives, was performed. Regarding improve-
ment potentials, we focused on the updated modeling of enteric CH4 emissions; Nex as
a basis for NH3, N2O, and NOX; and the VSex for CH4 emissions from manure manage-
ment. Our research questions are as follows: (1) What are the consequences of switching
from the previous national method (NM) to the IPCC-2019 Tier2 for both cattle and pigs?
(2) What are the reduction potentials of the selected mitigation measures? More specifically,
(2a) what is the reduction potential of improved efficiency (emissions and excretion per
kg protein in milk, beef, and pork) from 1990 to 2020? (2b) What are the reduction poten-
tials of reduced dietary crude protein (CP) for dairy cows, fattening bulls, and fattening
pigs? (2c) What are the reduction potentials of supplementing cattle and pig diets with
feed additives?

2. Materials and Methods

The feeding-related aspects of previous calculations according to the NM and the
updated calculations according to the IPCC-2019 guidelines [11] are described herein.

2.1. Materials

Animal numbers were derived from official statistics [14] and were used similarly for
both the calculation with the previous NM and the IPCC-2019 method. For IPCC-2019,
cattle were divided into 25 categories (Supplementary Material Figure S1) and pigs were
re-categorized into breeding pigs, i.e., sows, including piglets until weaning and boars,
weaned piglets, and fattening pigs. Data for separating the animal categories were obtained
from official statistics [14] and expert assessment [15]. For these categories, we calculated
the emissions and averaged on a pro-rata basis for the respective summarized categories.

Part of the livestock data was modeled with underlying parameters, which were
collected from official statistics and literature (described in Table S1 in the Supplementary
Material, see e.g., Refs. [16–32], and references herein) to calculate category-specific an-
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nual averages for each parameter based on record-date values (see Section 2.2 Methods,
Figures 1 and 2).
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Figure 2. Process diagram for the calculation of cattle’s enteric CH4 emissions, Nex, and VSex

according to the updated IPCC-2019 method [11]. National average data per livestock category
(in blue), the IPCC-2019 conversion factor (in yellow) and the gross energy amount, net energy for
growth, and N intake and retention (in green) are used to assess emissions (CH4) and excretion
(VSex, Nex) (in grey).
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The calculation method is presented in detail for dairy cows and fattening pigs, which
constitute the most important categories of all livestock species in terms of emissions;
further model input data can be found in the Supplementary Material. Finally, the re-
sults for subdivided categories were merged according to the categories used in the NM
(cattle < 1 year, breeding cattle 1–2 years, fattening cattle 1–2 years, fattening pigs, breeding
pigs, etc.), as these categories are used in the subsequent post-excretion calculation for the
manure-management system [10].

2.2. Methods
2.2.1. The IPCC-2019 Calculation Procedure

The following flowcharts give an overview of the updated IPCC-2019 calculation with
cattle as an example: Figure 1 shows the calculation of feed gross energy demand and
Figure 2 visualizes the calculation of enteric CH4, VSex, and Nex.

The data sources used to calculate the parameters and functions in Figures 1 and 2 for
the data series from 1990 to 2020 are shown in Table S1 in the Supplementary Material.

In order to better illustrate the IPCC-2019 method, its input data are described below
for the examples of the animal categories of dairy cows (Section 2.2.2) and fattening pigs
(Section 2.2.3), which are highly relevant for Austrian livestock emissions. Based on this,
the derived intermediate results for cattle and pigs are shown in Section 2.2.4.

2.2.2. Input Parameters for the Assessment of Dairy Cows According to IPCC-2019

Body mass: The development of the average body mass (“weight” according to the
IPCC-2019 terminology, e.g., in Figure 1) is the basis for the calculation of the maintenance
net energy. The annual body mass of the average cow was derived from Austrian studies
based on the breeds Simmental, Brown Swiss, and Holstein Friesian, and 10 other less
relevant breeds [33–36]. The average body mass increased by 6% between 1990 and 2020,
from 676 kg to 719 kg.

Housing, pasture, and alpine pasture: Keeping cows indoors, grazing on pasture, or
grazing on extensive alpine pastures affects their net energy requirement for activity. Thus,
the average dairy cow was characterized according to the proportion of dairy cows in each
system as well as the proportion of time spent in each system per year. Representative
proportions of cows’ grazing times weighted by the average numbers of grazing hours
per day and the number of grazing days per year were available for the years 2005 [37]
and 2017 [38]. For 1990, an expert estimate [39] was used for the proportion of dairy cows
on pasture. Data for years between surveys or expert estimates (1990, 2005, 2017) were
interpolated. The number of days grazing on alpine pastures was taken from a study [40]
and from the official Austrian report on agriculture [41]. The remaining annual budget was
allocated to the different housing systems without affecting energy demands. The trends
regarding housing systems can be found in Supplementary Material Figure S2.

Milk yield, fat, and protein content of cow milk: Cows’ annual milk yield and milk-fat
content were used to calculate the net energy requirement for lactation. The protein content
of the milk was used for the calculation of N retention. Data on milk yield were based
on the annual milk yield (kg) per dairy cow from 1990 to 2020 and obtained from official
Austrian statistics [42]. Data on the average milk fat and protein content for the years 1991
to 2020 were also derived from official numbers [43]. Due to missing data for the year 1990,
the value of 1991 was adopted. The data on the annual average milk yield, fat content, and
protein content for dairy cows are visualized in Figure S3 in the Supplementary Material.

Gestation: The proportion of gestating animals per year was used to calculate the
net energy requirement for gestation. The proportion of gestating cows was calculated by
dividing 365 days by the calving interval (calculated per breed and weighted for breeds),
based on the data from the annual Austrian breeding reports [44,45]. The derived values
showed a rather constant gestation energy demand since 1990.

Energy demands, crude protein intake, ash intake, and digestibility: The calculation
of N intake was based on the proportion of the average crude protein (CP) content of
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dry matter (DM), and the calculation of VSex further required the proportion of ash in
feed DM [11]. The digestibility of the average diets was included in the calculation of
the gross energy. Dairy cows’ annual average CP content in feed DM was calculated
using a regression equation for the years 2016 to 2019 based on [33], depending on the
average Austrian annual milk yield. Values for 1990 to 2002 were based on the mean
values from two studies: One assessed the diets of 30 dairy farms in Austria [46], and
one surveyed diets on 40 Austrian dairy farms [47]. The average percentage of CP in DM
in these two studies was 13.7%. The values between 2002 and 2016 were interpolated in
relation to the average national daily milk quantity. CP content in DM has increased over
the years (Figure S4 in the Supplementary Material). The proportion of ash in feed DM was
obtained from the same studies for 1990 to 2002 [46,47]. For 2016, the proportion of ash in
feed DM was derived from [33]. For the period in between, data were interpolated. The
average digestibility of dairy cows’ diets was estimated based on model calculations on
feed intake (proportions of roughage and concentrates), adjusted to the level of the annual
milk yield [47], and expressed as a percentage.

Methane conversion factor: The methane-conversion factor (YM) was derived from [11]:
For 2020, a YM of 6.3 for medium-producing cows was assumed based on the annual
milk yield of 7286 kg and diet digestibility of 71.7% for Austrian dairy cows. For 1990,
a methane-conversion factor for low-producing cows of 6.5 was assumed based on the
annual milk yield of 3791 kg of Austrian dairy cows. The methane-conversion factor was
chosen primarily on the basis of the milk yield, as these are the most reliable data, but
feed digestibility was also considered. Thus, the methane-conversion factor in the updated
version is lower than in the previous NM, in which a YM of 6.5 was assumed throughout
the time series from 1990 to 2019.

2.2.3. Input Parameters for the Assessment of Fattening Pigs According to IPCC-2019

Body mass, housing systems: The annual average body mass of fattening pigs
at slaughter was derived from official Austrian statistics [14]. As almost all fattening
pigs are kept in fully confined houses, energy demand did not have to be adjusted to
free-range conditions.

Fattening-pigs’ performance was calculated based on annual data from the Association
of Austrian Pig Farmers (annual reports, e.g., [48]) and annual official data on livestock
numbers and body mass at slaughter, e.g., [49], for the year 2020. Data on body mass were
re-allocated to commonly used categories, for instance “fattening pigs above 32 kg to the
end of fattening” or “piglets from 8 to 32 kg”.

Energy demands and nutrient intake: The annual feed-energy requirement of fattening
pigs, which defines the feed intake, was calculated according to [50]. Protein content was
based on average diets and the feed components’ typical protein contents. If available
for Austria, representative values were used [51]; otherwise, default values [52] were
used instead. Furthermore, on many farms, protein content of feed and the number of
pigs kept per hectare of land are oriented towards the Austrian national limits regarding
N-fertilization [53]. These limits changed over the time series and were partially reflected
in the calculation by a trend towards reduced dietary crude-protein intake.

Methane-conversion factor: With a combination of updated annual gross energy intake
of pigs and methane-conversion factors (MCFs) from [54] (4.6 kJ MJ−1 for fattening pigs),
enteric fermentation could be calculated dynamically using the IPCC Tier2 method over
the time series.

2.2.4. Gross Energy Requirement, Digestibility, and Crude-Protein and Ash Contents for
Cattle and Pig Categories

Using the IPCC-2019 method [11] and representative input data for all cattle and pig
categories (see Sections 2.2.2 and 2.2.3, respectively), the values in Table 1 were calculated for
daily gross energy requirements, digestibility, and dietary crude-protein and ash contents.
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Table 1. Daily gross energy requirement, diet digestibility, and dietary crude-protein and ash contents
for different cattle and pig categories.

Year Dairy
Cows

Suckler
Cows

Breeding
Heifers 1–2

Years

Fattening
Heifers,

Bulls, and
Oxen 1 1–2 yr

Cattle <
1 Year

Cattle >
2 Year

Breeding
Sows

Fattening
Pigs Piglets

GE 2 intake
(MJ/day)

1990 253.8 231.8 175.4 178.1 75.9 163.4 43.7 10.9 1.88
2005 290.6 247.6 171.2 175.5 83.7 158.6 45.1 10.8 1.88
2020 315.3 252.8 176.1 177.1 82.3 167.1 51.2 11.1 1.84

MCF 3

YM (%)

1990 6.50 6.50 6.30 6.30 4.34 6.30 2.04 1.00 0.33
2005 6.40 6.50 6.30 6.30 4.49 6.30 2.10 1.03 0.36
2020 6.30 6.50 6.30 6.30 3.84 6.30 2.38 1.07 0.34

Digestibility
(%)

1990 66.5 65.3 65.1 73.5 83.5 66.7 75.2 79.9 78.4
2005 69.4 66.0 65.1 73.0 80.8 65.7 75.3 80.1 78.4
2020 71.6 66.0 65.1 72.1 82.8 66.0 76.3 82.0 80.8

Ash content
(kg/kg)

1990 0.083 0.110 0.102 0.069 0.081 0.090 0.066 0.047 0.059
2005 0.082 0.110 0.102 0.072 0.085 0.092 0.057 0.047 0.059
2020 0.081 0.110 0.102 0.079 0.083 0.088 0.058 0.048 0.059

Crude-protein
content
(kg/kg)

1990 0.137 0.119 0.118 0.121 0.171 0.119 0.174 0.181 0.183
2005 0.139 0.120 0.118 0.120 0.169 0.119 0.165 0.175 0.179
2020 0.146 0.120 0.118 0.119 0.175 0.119 0.149 0.161 0.171

1 Including steers; 2 GE = gross energy; 3 MCF = methane conversion factor.

The gross energy requirement is a decisive input parameter for the calculation of CH4
emissions, Nex, and VSex. It is composed of different net energy requirements (Figure 1).
For example, in dairy cows, the overall gross energy requirements increased by 24% after
1990 due to higher net energy for maintenance (+5%), lactation (+97%), and gestation (+5%).
The energy requirement for activity decreased after 1990 (−53%), as fewer dairy cows were
kept in pasture, leading to a low impact on gross energy requirement. The dietary gross
energy requirement for fattening pigs was relatively constant, showing just a slight increase
of 1% between 1990 and 2020 (Figure 3; Table 1).
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requirement of dairy cows according to the previous national method (NM). In fattening pigs, gross
energy requirements were not calculated in the previous NM.
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2.2.5. For Comparison: The Previous National Method

Information on feeding parameters in the previous NM can be found mainly in the
previous NIRs [4], with the most important data described in [55–59]. Regarding feed
intake, crude protein, ash, and energy requirements, previous calculations were based on
calculation of theoretical demands [60] for cattle. For pigs, a mix of measured values for
VSex [61], Tier1 values according to IPCC-2019 [62,63], and nationally calculated values for
Nex [64] was used.

2.2.6. Calculation of Emissions Related to Crude-Protein Yields over the Time Series, Lower
CP Intake, and the Use of Feed Additives

To analyze the increasing efficiency of livestock over the time series, both Nex per head
and year and the Nex per kg of CP in milk, beef, and pork were assessed with the updated
method. The same applied to VSex and enteric CH4 emissions. CP yielded from dairy cows
was calculated from average CP contents of the milk delivered to dairies according to [43],
multiplied by the milk quantity produced per cow and year. For the calculation of CP in
beef from cull cows, their lifetime was taken into consideration. For growing and fattening
cattle and pigs, the CP amounts in the animals were calculated based on the CP retained in
the carcass multiplied by the number of animals.

To estimate the reduction potentials of reduced CP intake, a 5% reduction in CP
intake was assumed for dairy cows, fattening bulls, and fattening pigs. The assessment
of reduction potential of the use of feed additives considered a theoretical reduction of
5%, 10%, and 20% of enteric CH4 for Austrian cattle. The 5% reduction potential was
based on experimental data, which can be realized by phytogenic feed additives [65–67].
These phytogenic feed additives are—with a low application rate—already used in the
livestock sector in Austria and other European countries. The 20% was derived from data
on the synthetic additive 3-nitrooxypropanol (3-NOP) [68] and the 10% was a mixture of
phytogenic and synthetic feed additives that can be found throughout the whole market.

3. Results
3.1. The Effects of Changing from the Previous Austrian National Method to IPCC-2019

Overall, both methods resulted in similar quantities of emitted enteric CH4, Nex, and
VSex. Temporal trends were similar, with the exception of the animal category “Other cattle”
(i.e., all cattle except dairy cows; Figures 4–6).

Based on the updated calculations, over the 30-year period, on average, 53% of the
total CH4 of the cattle and pig sector was emitted by dairy cows, 45% by other cattle, and
only 2% by breeding and fattening pigs. Enteric methane emissions were lower when
calculated with IPCC-2019 than with NM throughout all categories and years, with the
exception of dairy cows in 1990 (Figure 4). The most notable drop in enteric methane
emissions was seen in the category “Other cattle” across all years.

Uncertainty ranges were calculated for the results derived with the IPCC-2019 method
for the years 1990, 2005, and 2020. They showed standard deviations of approximately 10%
for dairy cows and other cattle and approximately 20% for breeding and fattening pigs for
each of the three years (see Supplementary Material Table S2).

Regarding an average (1990, 2005, and 2020) of cattle’s and pigs’ Nex calculated with
the NM, 37% derived from dairy cows, 43% from other cattle, just 4% from breeding pigs
(excluding gilts that are not inseminated), and 16% from fattening pigs. With IPCC-2019,
the quantities of Nex were higher in all categories, with the exception of dairy cows in 2020
and breeding sows across all years (Figure 5). For pigs, lower Nex in breeding pigs and
higher Nex in fattening pigs was observed when comparing emission quantities from the
NM and IPCC-2019. In addition, IPCC-2019 resulted in higher Nex of fattening pigs.
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The margin of uncertainty estimated for the IPCC-2019 method for the years 1990,
2005, and 2020 resulted in standard deviations of approximately 9% for dairy cows and
other cattle and approximately 7% for breeding and fattening pigs for each of the three
years (see Supplementary Material Table S2).

With the NM, 43% of VSex from cattle and pigs resulted from dairy cows, 45% from
other cattle, 2% from breeding pigs, and 10% from fattening pigs (with gilts that were
not inseminated). Calculating VSex with IPCC-2019 resulted mostly in higher emission
quantities, except for the category of “Breeding pigs” (Figure 6).

Uncertainty ranges for VSex, which were assessed for the IPCC-2019 figures for the
years 1990, 2005, and 2020, resulted in standard deviations of approximately 8% for dairy
cows and other cattle and approximately 5% for breeding and fattening pigs for each of the
three years (see Supplementary Material Table S2).

3.2. Reduction Potential Originating from Increased Animal Efficiency

Comparing the change in emissions per head and year with the change in emissions
per kg CP in products (milk, beef, and pork) illustrates developments in the production
efficiency of animals (Figure 7; the corresponding values are given in Table S3 in the Sup-
plementary Material). The greatest deviations (measured in percentage change) between
emissions per head and year and emissions per kg CP in products are visible for dairy cows
and other cattle.

In dairy cows, the annual production of milk and body CP almost doubled from
130.7 kg in 1990 to 260.1 kg in 2020, primarily due to increased milk yield (+127.1 kg CP
increase over 30 years) and to a much lesser extent due to higher body mass (+2.3 kg CP).
Simultaneously, the performance of dairy cows increased with a concurrent decrease in
net energy demand for maintenance per unit of milk produced. Thus, the emissions per
kg CP in dairy cows’ milk and beef decreased substantially, as shown in Table 1. Similarly,
in the category other cattle relative changes in emissions per animal and year increased
generally, whereas the emissions per kg CP decreased across the time series. Furthermore,
independent of the unit of measurement, all emissions exhibited large fluctuations between



Sustainability 2023, 15, 4814 10 of 21

1990 and 2010. In breeding pigs, emissions per head and year increased for enteric CH4
and VSex but slightly decreased for Nex due to N-reduction in the animal feed. In contrast,
emissions per kg CP decreased across all emission categories as a result of an increase in the
produced kg CP per animal (from 14.8 kg in 1990 to 16.7 kg in 2020) due to a higher number
of weaned piglets per year. In fattening pigs, only CH4 increased per animal place and
year, whereas Nex and VSex were almost constant. The production of CP per fattening-pig
place grew from 14.8 kg in 1990 to 16.7 kg in 2020 due to a higher body mass at the end of
the fattening period as well as increased number of fattening periods per year. Because of
this increase, all emissions per kg CP were reduced (Table 1).
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3.3. Reduction Potential of Reducing Dietary Crude-Protein Content and of Using Feed Additives

The amount of CP in the ration is a determining factor for Nex rates. While the annual
average CP content of dairy cows’ diets increased by 7% from 1990 to 2020 due to milk-yield
increase, it remained constant for other cattle (see Table 1). In contrast, average CP content
decreased by 17% for breeding pigs, 12% for fattening pigs, and 7% for weaned piglets.
Overall, for pig feed, an average of a 12% CP decrease represents a considerable reduction
for NH3 or N2O emissions.

Under current conditions, reducing the CP content in dairy cows by 5% from 14.6%
to 13.9% would reduce Nex by −6.8% from 106.9 kg to 99.6 kg. In fattening bulls from
birth to slaughter, a reduction of CP by 5% in all life phases would result in an average CP
content of 13.9% instead of 14.7%, leading to a drop in Nex of 6.3% from 61.5 kg to 57.7 kg.
In fattening pigs, lowering the CP content from 16.4% to 15.6% would reduce Nex by 8.33%
from 4.51 kg to 4.14 kg (Figure 8).

Phytogenic feed additives are used by a rather small proportion of Austrian dairy- and
beef-cattle, pig, and poultry farms. A potential reduction of enteric CH4 emissions from
all cattle by 5% due to the use of phytogenic feed additives in 2020 would diminish CH4
by 6.5 Mg. A theoretical application of a mixture of 50% each of phytogenic and synthetic
feed additives (the latter with at least 20% reduction potential) on Austrian cattle farms for
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all cattle would result in a 13 Mg reduction, and a full application of synthetic additives
would decrease enteric CH4 by 26 Mg.
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4. Discussion
4.1. Differences in Results When Using the Previous and the Updated Method
4.1.1. Changing Trends over the Time Series from 1990 to 2020

Across all emission categories, dairy cows were the main source of higher emissions in
1990 and of lower emissions in 2020 when calculated with IPCC-2019 rather than with the
NM. In 2005, dairy cows emitted less CH4 and more Nex and VSex when based on IPCC-2019.
These differences originate from changes in gross energy demand and underlying data: In
the NM, gross energy was based on model diets derived from theoretical requirements,
probably underestimating the actual intake. With the updated method, gross energy
demand was calculated according to the IPCC-2019 methodology and based on on-farm
data from several collections, e.g., the average CP-intake was based on on-farm surveys
with data from [33,46,47] instead of theoretical CP requirements. This, on average, resulted
in higher CP intake in 1990 and slightly lower CP intake in 2020 for cattle and pigs. Using
empirical data is in accordance with the EMEP/EEA Air Pollutant Emission Inventory
Guidebook 2019 [9], which links to “animal nutrition analyses” and thus data, which are
derived from feeding trials or on-farm experiments rather than theoretically assessing the
(minimum) CP requirement. Consequently, and especially for dairy cows and fattening
pigs, the trends for Nex (Figure 5) and VSex (Figure 6) showed a steeper decline compared
to the previous NM. In addition to absolute-emission targets, the role of relative targets is
critical for the present as well as the future (see, e.g., National Emission Ceilings (NEC) EU
directive 2016/2284) [69]. Therefore, the switch to the updated method allows for better
assessment of mitigation options for on-farm implementation.

An important methodological improvement is the replacement of static values by
more accurate, dynamic parameters across all cattle and pig categories, which allowed the



Sustainability 2023, 15, 4814 12 of 21

calculation of annual changes and more pronounced trends over the time series [10]. In our
method update, changes in average body mass for dairy cows and every category of other
cattle due to altered proportions of cattle breeds and changes in genetics are incorporated
into the calculation. In line with this, varying fat and protein contents of cow milk and
effects of increasing fattening performance in beef cattle, which were not included in the
NM, are now evaluated. As a result, the method better considers changing circumstances
across time. Similarly, reduction options can be analyzed more accurately to inform farmers
and advisors. This was also pointed out by other reports and studies, e.g., [10,11,70].

The analysis of (linear) trends from 2011 to 2020 showed that more intensive fattening
with higher CP output of fattening bulls would decrease CH4 emissions but increase Nex
and VSex emissions (data not presented here). For fattening pigs and dairy cows, more
intensive production with increased CP output reduced all these emissions. However,
it should be considered that mitigation trends of intensification are not the same in all
regions and production systems and are not linear anymore for continuing intensification
in high-output systems [71]. Thus, the trends from 1990 (to 2000, 2010, or 2020) were more
pronounced than those from 2011 to 2020.

An updated and more detailed method needs more specific data over the entire time
series. Collecting these data can sometimes be difficult, particularly for the beginning of the
time series. If no data are available, data can be extrapolated or set constant, experts can be
consulted [11], and this information can be combined with trends derived from existing
data in later years. The latter approach was used for a few specific aspects in the present
study, e.g., the proportion of time dairy cows spent in pasture and the distribution of cattle
across confined husbandry systems in 1990.

4.1.2. Changes within Other Cattle Due to Re-Categorization and Detailed Calculation

The largest discrepancies between IPCC-2019 and the NM occurred for other cattle
with lower enteric CH4 emissions and higher Nex and VSex when calculated with the up-
dated method. These discrepancies were a consequence of subdividing the different cattle
categories for more precise calculations, which was suggested in the EMEP Guidebook [9]:
Livestock should be split into homogenous groups “with respect to feeding, excretion
and age/weight range.” In the NM, the subcategory of cattle younger than one year
(cattle < 1) was calculated based on an average weaned calf six months old, whereas in
IPCC-2019, cattle < 1 were subdivided into 14 subcategories, wherein milk-fed calves did
not contribute to enteric CH4 emissions. Higher Nex from other cattle estimated according
to IPCC-2019 reflect the inclusion of the milk phase of calves as well as the higher gross
energy requirements of breeding and fattening cattle 1–2 years old and cattle > 2 years old.
Moreover, the further subdivision and characterization of categories usually resulted in
lower digestibility of the average diet, causing considerably higher VSex in cattle 1–2 years
old and cattle > 2 years old.

4.1.3. Changes for Pigs Due to Tier2 Methods and Re-Categorization

CH4 emissions were lower for both breeding and fattening pigs when calculated with
IPCC-2019. This is due to the fact that in the previous NM, CH4 emissions were assessed
with Tier1 values, whereas in the updated calculations the IPC-2019 Tier2 method with
specific feed rations was implemented. Regarding Nex and VSex, updating the methodology
resulted in lower emissions for all breeding pigs and higher emissions for all fattening pigs.
This was partly due to a change in the allocation of animal subcategories: Replacement gilts
before the first insemination were deducted from gilts and added to fattening pigs, as they
are fed similarly. Furthermore, the consideration of diets that are fed on practical farms
to weaned piglets 8–32 kg (subcategory of fattening pigs) resulted in a higher proportion
of dietary CP and thus in an increase in Nex. Likewise, lower VSex quantities in breeding
pigs and higher VSex quantities in fattening pigs were due to considering specific diets in
IPCC-2019 compared to measured values from [61] in the previous NM.



Sustainability 2023, 15, 4814 13 of 21

4.2. Efficiency Improvement and Other Mitigation Measures
4.2.1. Productivity, Efficiency, and Sustainability

Although emissions per head of livestock increased, they decreased per kg product
CP over the time series (Figure 7). Per kg of CP in milk and body-mass gain, CH4, Nex, and
VSex were reduced on average by over 40% (dairy cows) and by almost 30% (other cattle)
since 1990. For breeding and fattening pigs, lower but notable efficiency gains per kg CP in
body mass gain were found, resulting in a reduction of enteric CH4 by 12% and 3% and
a Nex reduction of 28% and 20%, respectively. These efficiency increases since 1990 were
responsible for almost two thirds of overall pigs’ Nex reductions.

Although the CP content of average diets increased since 1990 for dairy cows along
with increasing performance, it remained constant for other cattle and decreased consider-
ably for pigs. With a 12% reduction in the average CP content of overall pig feed (including
piglet diets), more than one third of the overall pigs’ Nex reduction could be attributed to
reduced CP contents of breeding and fattening pigs’ diets.

Overall, global livestock production became more efficient during the last few decades,
especially in countries of the Global North [72]. With a growing world population, un-
changed consumption patterns in the Global North, and a trend towards an increasing
consumption of livestock products in the Global South, increased efficiency of livestock
and feed production is essential to achieving higher product output while maintaining
or reducing emissions [73,74]. However, any process of intensifying production needs
to be thoroughly vetted for its impact on different areas of sustainability, which is of-
ten not done properly [74]. Potential trade-offs with efficiency gains, particularly when
assessed within narrow system boundaries, are of particular concern. For instance, im-
proving efficiency at the animal level can lead to reduced biodiversity and resilience, and
increased diversification does not necessarily conflict with efficiency. Analysis at a high
level with comprehensive system boundaries, e.g., overall resource-use efficiency and
land-use diversity, point at the absence of major conflicts [75,76].

At the animal level, efforts to improve productivity and efficiency are probably reach-
ing their limits in modern livestock systems: Increased productivity led, inter alia, to a
more frequent occurrence of metabolic disorders, e.g., subacute ruminal acidosis [77–79]
and oxidative stress [80]; welfare issues, e.g., lameness [81–83]; and genetic disorders, e.g.,
complex vertebral malformation in dairy cattle [84] and stress syndrome (PSS) in pigs [85].
Another limitation to productivity is heat stress, which is mainly driven by metabolic heat
load due to high milk and meat yields [86,87]. The risk of heat stress has to be taken into
consideration for high-yielding animals such as dairy cows, sows, and fattening pigs at
high ambient temperatures. Heat stress has recently received more attention and will likely
gain more importance in the near future as temperatures increase [88].

In feed production, increasing productivity and efficiency will likely lead to trade-offs
such as a loss in soil fertility [89] and a reduced provision of regulative and cultural ecosys-
tem services such as conservation of biodiversity, water quality, or carbon storage [90–92].
The use of concentrate feedstuffs to improve productivity of ruminants is likely to increase
feed–food competition [93,94].

In general, the greatest and quickest reductions in enteric CH4, Nex (NH3, NOX, and
N2O), and VSex, causing manure-based CH4, could be achieved by decreasing animal
numbers. This option is discussed in other studies as well, e.g., by [95], who postulated that
a stabilization of the global climate for at least 30 years could be achieved by abandoning
all livestock. However, this would impede socio-economic and food-security goals [96,97].

4.2.2. Reducing Crude-Protein Intake and Imported Emissions

A reduced CP intake, which is compensated for by supplementation with synthetic
amino acids, can reduce Nex and environmentally relevant N losses without a reduction
in livestock performance. This is especially important for monogastric animals (pigs and
poultry) and more difficult for ruminants. Furthermore, lower Nex could occur without
any economic trade-offs and could even result, depending on the price of protein sources,
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in lower costs [98]. An experiment with four groups of growing–fattening pigs receiving
amino-acid supplementations with different CP levels showed high potential [99]: A 12%
reduction in CP intake in a maximum N-reduced diet (average of 13.5% CP) reduced
Nex by a further 19% per animal or per kg of weight gain when compared to a strongly
N-reduced diet (average of 15.3% CP). Although the maximum CP reduction resulted in 3%
less body-mass gain per animal per day, no statistically significant difference was detected
in feed-conversion efficiency. Furthermore, relevant carcass characteristics, such as the
lean-meat content, were not or only slightly affected by the crude-protein reduction. A
decrease in CP content by one percentage point resulted in an average NH3 reduction of
17% (±6%) for cattle and −11% (±6%) for pigs [100]. A similar magnitude was found in
another study [101].

Replacing imported high-protein feed with locally or regionally produced feed and
partially supplementing with synthetic amino acids was shown to significantly reduce
environmental impacts such as GHG emissions [102–104]. An analysis of this mitigation
option is outside the scope and the system boundaries of the present study, which cov-
ers interactions between feeding, excretions, and enteric emissions. Unlike a life-cycle
assessment (LCA), IIRs and NIRs are based on calculation procedures developed by, e.g.,
EMEP/EEA [9] and IPCC [11], and do not directly relate environmental impacts of domestic-
feed production such as greenhouse-gas emissions to the livestock consuming the feed.
Furthermore, it is currently not possible to calculate the environmental impacts of feed
imported from other nations and account for them in the NIR and the IIR of the importing
country. The environmental impacts and other sustainability aspects of domestic and
international feed-supply chains should thus be analyzed in future LCA studies.

4.2.3. Use of Feed Additives

Feed additives for improved N-use efficiency and lower Nex in farm manure or lower
NH3 formation due to urease inhibitors, e.g., benzoic acid, are described, for instance,
in [105,106]. According to these studies, pigs have the second highest mitigation potential
regarding feed additives, following cattle. In addition to chemical feed additives, plant
constituents such as saponins or essential oils have the potential to reduce ammonia emis-
sions; possible molecular modes of action are described by [107]. However, contradictory
results can be found in the literature. For example, one study reported an average of
−23% NH3 emissions from the addition of benzoic acid, with a high variation of between
+116% and −71% [105], whereas another study confirmed highly effective mitigation effects
of CP reduction in finishing pigs but reported no significant effect of adding 1% benzoic
acid to the diet [101].

For cattle and from a GHG perspective, feed additives are primarily relevant for
reducing enteric CH4 emissions. In this context, 3-nitrooxypropanol (3-NOP) promises a
substantial reduction potential. In vitro as well as in vivo studies confirm this effect. A
total of 100 mg of 3-NOP per kg feed DM intake can reduce CH4 by about 20%, although
the efficiency of the additive seems to decrease with an increase in dietary crude-fiber
content [68]. A significant effect was found for an incorporation rate of 53 mg per kg in
mixed rations (at 88% reference dry matter). At the maximum recommended incorporation
rate of 100 mg 3-NOP per kg DM feed, no risks, neither for the animal nor the consumer,
were found [68].

Plant-based feed additives with lower effects are already used on farms, e.g., essential
oils [65] and mixtures of tannins, essential oils, saponins, and other active plant ingredi-
ents [66,67]. For a daily application rate of 1 g per cow, a 9.9% decrease in CH4 emissions
per kg of energy-corrected milk was reported in a meta-analysis for an essential-oils ad-
ditive [65]. Another meta-analysis [108] reported reductions in enteric CH4 of 2.5% to
15% per kg milk but pointed out that some of the beneficial effects are temporary and
diminish over time, as the rumen microbial flora become accustomed to active ingredients
in feed additives. Not all designated plant-based substances show clear and consistent
results [109], especially when the CH4 reduction is related to units of animal products
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(milk, meat) [110]. A potentially reduced digestibility of fiber-rich feed ingredients due
to the use of specific additives such as tannins [109] has to be considered and should be
investigated in future studies. There is also evidence that a reduction of enteric CH4 by
feed additives may result in compensatory CH4 losses from manure [110,111]. Therefore,
the overall potential of feed additives over the entire life cycle remains rather unclear.

With a more widespread use of feed additives in agricultural practice and a better
understanding of their impacts, it is recommended that their effects be cautiously addressed
as a potential mitigation measure in the Austrian NIR and the IIR, unless their effect is
already accounted for in reduced Nex. From our calculations, it can be concluded that
the potential reduction of effective feed additives may be substantially higher than the
mitigation caused by reduced Nex. The latter calculation took into account the average
national emission factor for N2O from breeding- and fattening-pig manure-management
systems (0.5%) [4] and assumed that 1% of the field-spread and atmospherically deposited
N forms as N2O [11]. Even if they only played a minor role, all options in every sector and
for every livestock category should be implemented to reduce environmental impacts such
as GHG emissions, acidification, and nutrient losses to water bodies as much as possible.
Except for GHG emissions, Nex reduction plays an important role in many environmental
aspects, including biodiversity [3].

4.3. Limitations and Further Improvements

It is not possible to directly compare uncertainties of the previous NM with those of
the updated IPCC-2019-based calculations, since the uncertainties of the previous NM were
derived from the activity data of animals and emission factors. The uncertainty ranges
presented in Section 3.1 are similar to those reported by others, e.g., a 95% confidence
interval for enteric CH4 emissions from −11% to +18% [112].

Practices of feed conservation and preparation as well as the composition of diets and
nutrients are constantly changing in animal feeding. It would be sensible to periodically
revise the inventory to incorporate these changes. Overall, IPCC-2019 proposed contin-
uously updating methods for more accurate and less uncertain results [113]. Estimating
the consequences of changing feeding practices along the whole manure chain, including
feed production, was outside the scope of this study. With unchanged on-farm manure-
management systems, a proportional decrease in NH3-, N2O-, and CH4- emissions can
be assumed in accordance with a decrease in Nex and VSex but needs to be verified in
future studies.

5. Conclusions

Updating the previous NM to the IPCC-2019 Tier2 method allowed for a more accurate
and dynamic estimation of emissions and their reduction potentials. These improvements
originate from several elements: Firstly, a re-allocation (pigs) or further segmentation
(cattle) of animal numbers to specific subgroups result in a more detailed characterization
of animal categories; secondly, calculating Nex as the difference between the performance-
dependent N intake and N in retention and products represents Nex in a way that reflects
practice conditions more accurately; and thirdly, the possibility to annually adjust emis-
sion factors according to background data on feeding practices, e.g., the CH4 emission
(conversion) factor, which is adjusted for dairy cows’ performance and diet composition,
incorporates reduction potentials that arise in practice through, e.g., improved feeding.
Efficiency increases, caused by the improved productivity of a consequently declining live-
stock population, show the highest reduction potential for emissions of Austrian livestock
production. Per kg of CP in milk and body-mass gain, CH4, Nex, and VSex of dairy cows
and other cattle were on average reduced by more than 40% CH4 and almost 30% for Nex
and VSex since 1990. For breeding pigs and fattening pigs, notable efficiency gains were
found per kg CP in body-mass gain, resulting in a reduction of enteric CH4 by 12% and 3%
and a Nex reduction of 28% and 20%, respectively. Additionally, more than one third of
the overall pigs’ Nex reduction can be attributed to reduced CP contents of breeding- and
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fattening-pigs’ diets, representing another important strategy for reduction of (pig-related)
NH3 and N2O emissions. Further substantial emission mitigation might be achieved by the
use of effective feed additives, primarily targeting enteric CH4 in cattle. Data uncertainties
regarding the impact of feed additives under on-farm conditions and characteristics of
diets fed in practice represent the main limitations of the present study. Thus, emission
reductions induced by a widespread application of feed additives, adjustments to diet
composition and nutrient content, and the impacts of changed Nex and VSex on NH3, N2O,
and manure-related CH4 emissions need to be assessed in future studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su15064814/s1, Table S1: Parameters and functions as well as
their data sources relevant for calculation of enteric CH4 emissions and Nex and VSex for cattle
and pigs; Figure S1: Differentiation of cattle categories for the updated IPCC-2019-based analysis;
Figure S2: Share of dairy cattle indoors, in pasture, and in alpine pasture (equal to “Grazing large
areas”, according to IPCC 2019) from 1990 to 2020; Figure S3: Average milk yield in kg per animal per
day (y1-axis) and the average fat and protein content of the milk (y2-axis) of dairy cows between 1990
and 2020; Figure S4: The proportion of crude protein and crude ash in the dry matter (y1-axis) and
the feed digestibility (y2-axis) of dairy cows between 1990 and 2020; Figure S5: Calculated net-energy
requirements for maintenance, activity, lactation, and pregnancy of dairy cows between 1990 and
2020. Table S2: Uncertainty ranges for the IPCC-2019 results for the years 1990, 2005, and 2020.
Table S3: Relative changes of protein (N) retention and of emissions per head and year and per kg CP
of enteric CH4, Nex, and VSex in 2020 compared to 1990 for different animal categories.
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77. Gantner, V.; Bobić, T.; Potočnik, K. Prevalence of Metabolic Disorders and Effect on Subsequent Daily Milk quantity and Quality
in Holstein Cows. Arch. Anim. Breed. 2016, 59, 381–386. [CrossRef]

78. Jaramillo-López, E.; Itza-Ortiz, M.F.; Peraza-Mercado, G.; Carrera-Chávez, J.M. Ruminal Acidosis: Strategies for Its Control.
Austral J. Vet. Sci. 2017, 49, 139–148. [CrossRef]

79. Nagata, R.; Kim, Y.-H.; Ohkubo, A.; Kushibiki, S.; Ichijo, T.; Sato, S. Effects of Repeated Subacute Ruminal Acidosis Challenges on
the Adaptation of the Rumen Bacterial Community in Holstein Bulls. J. Dairy Sci. 2018, 101, 4424–4436. [CrossRef]

80. Musco, N.; Tudisco, R.; Grossi, M.; Mastellone, V.; Morittu, V.M.; Pero, M.E.; Wanapat, M.; Trinchese, G.; Cavaliere, G.; Mollica,
M.P.; et al. Effect of a High Forags: Concentrate Ratio on Milk Yield, Blood Parameters and Oxidative Status in Lactating Cows.
Anim. Prod. Sci. 2020, 60, 1531. [CrossRef]

81. Dippel, S.; Dolezal, M.; Brenninkmeyer, C.; Brinkmann, J.; March, S.; Knierim, U.; Winckler, C. Risk Factors for Lameness in
Freestall-Housed Dairy Cows across Two Breeds, Farming Systems, and Countries. J. Dairy Sci. 2009, 92, 5476–5486. [CrossRef]

82. Rouha-Mülleder, C.; Iben, C.; Wagner, E.; Laaha, G.; Troxler, J.; Waiblinger, S. Relative Importance of Factors Influencing the
Prevalence of Lameness in Austrian Cubicle Loose-Housed Dairy Cows. Prev. Vet. Med. 2009, 92, 123–133. [CrossRef] [PubMed]

83. Foditsch, C.; Oikonomou, G.; Machado, V.S.; Bicalho, M.L.; Ganda, E.K.; Lima, S.F.; Rossi, R.; Ribeiro, B.L.; Kussler, A.; Bicalho,
R.C. Lameness Prevalence and Risk Factors in Large Dairy Farms in Upstate New York. Model Development for the Prediction of
Claw Horn Disruption Lesions. PLoS ONE 2016, 11, e0146718. [CrossRef] [PubMed]

84. van Marle-Köster, E.; Visser, C. Unintended Consequences of Selection for Increased Production on the Health and Welfare of
Livestock. Arch. Anim. Breed. 2021, 64, 177–185. [CrossRef]

85. Band, G.D.O.; Guimarães, S.E.F.; Lopes, P.S.; Schierholt, A.S.; Silva, K.M.; Pires, A.V.; Benevenuto Júnior, A.A.; de Miranda
Gomide, L.A. Relationship between the Porcine Stress Syndrome Gene and Pork Quality Traits of F2 Pigs Resulting from
Divergent Crosses. Genet. Mol. Biol. 2005, 28, 88–91. [CrossRef]

86. Walter, K.; Löpmeier, F.J. Fütterung und Haltung von Hochleistungskühen—5. Hochleistungskühe und Klimawandel. VTI Agric.
For. Res. 2010, 60, 17–34.

87. Mayorga, E.J.; Renaudeau, D.; Ramirez, B.C.; Ross, J.W.; Baumgard, L.H. Heat Stress Adaptations in Pigs. Anim. Front.
2019, 9, 54–61. [CrossRef]

88. Hörtenhuber, S.J.; Schauberger, G.; Mikovits, C.; Schönhart, M.; Baumgartner, J.; Niebuhr, K.; Piringer, M.; Anders, I.; Andre, K.;
Hennig-Pauka, I.; et al. The Effect of Climate Change-Induced Temperature Increase on Performance and Environmental Impact
of Intensive Pig Production Systems. Sustainability 2020, 12, 9442. [CrossRef]

89. Schiefer, J.; Lair, G.J.; Blum, W.E.H. Indicators for the Definition of Land Quality as a Basis for the Sustainable Intensification of
Agricultural Production. Int. Soil Water Conserv. Res. 2015, 3, 42–49. [CrossRef]

90. Schoof, N.; Luick, R.; Jürgens, K.; Jones, G. Dairies in Germany: Key Factors for Grassland Conservation? Sustainability
2020, 12, 4139. [CrossRef]

91. Costanza, R.; de Groot, R.; Braat, L.; Kubiszewski, I.; Fioramonti, L.; Sutton, P.; Farber, S.; Grasso, M. Twenty Years of Ecosystem
Services: How Far Have We Come and How Far Do We Still Need to Go? Ecosyst. Serv. 2017, 28, 1–16. [CrossRef]

92. Allan, E.; Manning, P.; Alt, F.; Binkenstein, J.; Blaser, S.; Blüthgen, N.; Böhm, S.; Grassein, F.; Hölzel, N.; Klaus, V.H.; et al. Land
Use Intensification Alters Ecosystem Multifunctionality via Loss of Biodiversity and Changes to Functional Composition. Ecol.
Lett. 2015, 18, 834–843. [CrossRef] [PubMed]

93. Ertl, P.; Knaus, W.; Zollitsch, W. An Approach to Including Protein Quality When Assessing the Net Contribution of Livestock to
Human Food Supply. Animal 2016, 10, 1883–1889. [CrossRef] [PubMed]

94. Ertl, P.; Klocker, H.; Hörtenhuber, S.; Knaus, W.; Zollitsch, W. The Net Contribution of Dairy Production to Human Food Supply:
The Case of Austrian Dairy Farms. Agric. Syst. 2015, 137, 119–125. [CrossRef]

95. Eisen, M.B.; Brown, P.O. Rapid Global Phaseout of Animal Agriculture Has the Potential to Stabilize Greenhouse Gas Levels for
30 Years and Offset 68 Percent of CO2 Emissions This Century. PLoS Clim. 2022, 1, e0000010. [CrossRef]

96. Herrero, M.; Grace, D.; Njuki, J.; Johnson, N.; Enahoro, D.; Silvestri, S.; Rufino, M.C. The Roles of Livestock in Developing
Countries. Animal 2013, 7, 3–18. [CrossRef]

97. Godber, O.F.; Wall, R. Livestock and Food Security: Vulnerability to Population Growth and Climate Change. Glob. Chang. Biol.
2014, 20, 3092–3102. [CrossRef]

98. Wang, H.; Long, W.; Chadwick, D.; Velthof, G.L.; Oenema, O.; Ma, W.; Wang, J.; Qin, W.; Hou, Y.; Zhang, F. Can Dietary
Manipulations Improve the Productivity of Pigs with Lower Environmental and Economic Cost? A Global Meta-Analysis. Agric.
Ecosyst. Environ. 2020, 289, 106748. [CrossRef]

99. Preißinger, W.; Propstmeier, G.; Scherb, S.; Htoo, J.; Müller, M. Minimierung des Sojaeinsatzes in der Mast von Schweinen (Schweinefüt-
terungsversuch S 91); LfL: Freising, Germany, 2018. Available online: https://www.lfl.bayern.de/mam/cms07/ite/dateien/1577
18_versuchsbericht.pdf (accessed on 10 January 2023).

100. Sajeev, E.P.M.; Amon, B.; Ammon, C.; Zollitsch, W.; Winiwarter, W. Evaluating the Potential of Dietary Crude Protein Manipulation
in Reducing Ammonia Emissions from Cattle and Pig Manure: A Meta-Analysis. Nutr. Cycl. Agroecosyst. 2018, 110, 161–175.
[CrossRef]

http://doi.org/10.1371/journal.pone.0162736
http://doi.org/10.5194/aab-59-381-2016
http://doi.org/10.4067/S0719-81322017000300139
http://doi.org/10.3168/jds.2017-13859
http://doi.org/10.1071/AN18041
http://doi.org/10.3168/jds.2009-2288
http://doi.org/10.1016/j.prevetmed.2009.07.008
http://www.ncbi.nlm.nih.gov/pubmed/19682757
http://doi.org/10.1371/journal.pone.0146718
http://www.ncbi.nlm.nih.gov/pubmed/26795970
http://doi.org/10.5194/aab-64-177-2021
http://doi.org/10.1590/S1415-47572005000100015
http://doi.org/10.1093/af/vfy035
http://doi.org/10.3390/su12229442
http://doi.org/10.1016/j.iswcr.2015.03.003
http://doi.org/10.3390/su12104139
http://doi.org/10.1016/j.ecoser.2017.09.008
http://doi.org/10.1111/ele.12469
http://www.ncbi.nlm.nih.gov/pubmed/26096863
http://doi.org/10.1017/S1751731116000902
http://www.ncbi.nlm.nih.gov/pubmed/27160573
http://doi.org/10.1016/j.agsy.2015.04.004
http://doi.org/10.1371/journal.pclm.0000010
http://doi.org/10.1017/S1751731112001954
http://doi.org/10.1111/gcb.12589
http://doi.org/10.1016/j.agee.2019.106748
https://www.lfl.bayern.de/mam/cms07/ite/dateien/157718_versuchsbericht.pdf
https://www.lfl.bayern.de/mam/cms07/ite/dateien/157718_versuchsbericht.pdf
http://doi.org/10.1007/s10705-017-9893-3


Sustainability 2023, 15, 4814 21 of 21

101. Le Dinh, P.; van der Peet-Schwering, C.; Ogink, N.; Aarnink, A. Effect of Diet Composition on Excreta Composition and Ammonia
Emissions from Growing-Finishing Pigs. Animals 2022, 12, 229. [CrossRef]

102. Sasu-Boakye, Y.; Cederberg, C.; Wirsenius, S. Localising Livestock Protein Feed Production and the Impact on Land Use and
Greenhouse Gas Emissions. Animal 2014, 8, 1339–1348. [CrossRef]

103. Bellarby, J.; Tirado, R.; Leip, A.; Weiss, F.; Lesschen, J.P.; Smith, P. Livestock Greenhouse Gas Emissions and Mitigation Potential
in Europe. Glob. Chang. Biol. 2013, 19, 3–18. [CrossRef] [PubMed]

104. Hörtenhuber, S.J.; Lindenthal, T.; Zollitsch, W. Reduction of Greenhouse Gas Emissions from Feed Supply Chains by Utilizing
Regionally Produced Protein Sources: The Case of Austrian Dairy Production: Greenhouse Gas Emissions from Regional Protein
Sources for Dairy Cows. J. Sci. Food Agric. 2011, 91, 1118–1127. [CrossRef] [PubMed]

105. Lewis, K.A.; Tzilivakis, J.; Green, A.; Warner, D.J.; Stedman, A.; Naseby, D. Review of Substances/Agents That Have Direct
Beneficial Effect on the Environment: Mode of Action and Assessment of Efficacy. EFS3 2013, 10, 440E. [CrossRef]

106. Lewis, K.A.; Tzilivakis, J.; Green, A.; Warner, D.J. Potential of Feed Additives to Improve the Environmental Impact of European
Livestock Farming: A Multi-Issue Analysis. Int. J. Agric. Sustain. 2015, 13, 55–68. [CrossRef]

107. Reyer, H.; Zentek, J.; Männer, K.; Youssef, I.M.I.; Aumiller, T.; Weghuber, J.; Wimmers, K.; Mueller, A.S. Possible Molecular
Mechanisms by Which an Essential Oil Blend from Star Anise, Rosemary, Thyme, and Oregano and Saponins Increase the
Performance and Ileal Protein Digestibility of Growing Broilers. J. Agric. Food Chem. 2017, 65, 6821–6830. [CrossRef]

108. Knapp, J.R.; Laur, G.L.; Vadas, P.A.; Weiss, W.P.; Tricarico, J.M. Invited Review: Enteric Methane in Dairy Cattle Production:
Quantifying the Opportunities and Impact of Reducing Emissions. J. Dairy Sci. 2014, 97, 3231–3261. [CrossRef]

109. Honan, M.; Feng, X.; Tricarico, J.M.; Kebreab, E. Feed Additives as a Strategic Approach to Reduce Enteric Methane Production in
Cattle: Modes of Action, Effectiveness and Safety. Anim. Prod. Sci. 2021, 62, 1303–1317. [CrossRef]

110. Beauchemin, K.A.; Ungerfeld, E.M.; Abdalla, A.L.; Alvarez, C.; Arndt, C.; Becquet, P.; Benchaar, C.; Berndt, A.; Mauricio, R.M.;
McAllister, T.A.; et al. Invited Review: Current Enteric Methane Mitigation Options. J. Dairy Sci. 2022, 105, 9297–9326. [CrossRef]

111. Hindrichsen, I.K.; Wettstein, H.-R.; Machmüller, A.; Kreuzer, M. Methane Emission, Nutrient Degradation and Nitrogen Turnover
in Dairy Cows and Their Slurry at Different Milk Production Scenarios with and without Concentrate Supplementation. Agric.
Ecosys. Environ. 2006, 113, 150–161. [CrossRef]

112. Hristov, A.N.; Kebreab, E.; Niu, M.; Oh, J.; Bannink, A.; Bayat, A.R.; Boland, T.M.; Brito, A.F.; Casper, D.P.; Crompton, L.A.; et al.
Symposium Review: Uncertainties in Enteric Methane Inventories, Measurement Techniques, and Prediction Models. J. Dairy Sci.
2018, 101, 6655–6674. [CrossRef]

113. Intergovernmental Panel on Climate Change (IPCC). Good Practice Guidance and Uncertainty Management in National Greenhouse Gas
Inventories; IPCC: Kanagawa, Japan, 2000. Available online: https://www.ipcc-nggip.iges.or.jp/public/gp/english/index.html
(accessed on 10 January 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/ani12030229
http://doi.org/10.1017/S1751731114001293
http://doi.org/10.1111/j.1365-2486.2012.02786.x
http://www.ncbi.nlm.nih.gov/pubmed/23504717
http://doi.org/10.1002/jsfa.4293
http://www.ncbi.nlm.nih.gov/pubmed/21308691
http://doi.org/10.2903/sp.efsa.2013.EN-440
http://doi.org/10.1080/14735903.2014.936189
http://doi.org/10.1021/acs.jafc.7b01925
http://doi.org/10.3168/jds.2013-7234
http://doi.org/10.1071/AN20295
http://doi.org/10.3168/jds.2022-22091
http://doi.org/10.1016/j.agee.2005.09.004
http://doi.org/10.3168/jds.2017-13536
https://www.ipcc-nggip.iges.or.jp/public/gp/english/index.html

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	The IPCC-2019 Calculation Procedure 
	Input Parameters for the Assessment of Dairy Cows According to IPCC-2019 
	Input Parameters for the Assessment of Fattening Pigs According to IPCC-2019 
	Gross Energy Requirement, Digestibility, and Crude-Protein and Ash Contents for Cattle and Pig Categories 
	For Comparison: The Previous National Method 
	Calculation of Emissions Related to Crude-Protein Yields over the Time Series, Lower CP Intake, and the Use of Feed Additives 


	Results 
	The Effects of Changing from the Previous Austrian National Method to IPCC-2019 
	Reduction Potential Originating from Increased Animal Efficiency 
	Reduction Potential of Reducing Dietary Crude-Protein Content and of Using Feed Additives 

	Discussion 
	Differences in Results When Using the Previous and the Updated Method 
	Changing Trends over the Time Series from 1990 to 2020 
	Changes within Other Cattle Due to Re-Categorization and Detailed Calculation 
	Changes for Pigs Due to Tier2 Methods and Re-Categorization 

	Efficiency Improvement and Other Mitigation Measures 
	Productivity, Efficiency, and Sustainability 
	Reducing Crude-Protein Intake and Imported Emissions 
	Use of Feed Additives 

	Limitations and Further Improvements 

	Conclusions 
	References

