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• Feed management decisions affect gas-
eous emission from cattle production
systems

• Statistical and empirical models are
practical in evaluating diets and inven-
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• Mechanistic or Process-based models
allow capturing variation in on-farm
emissions

• Integral assessment approaches are pre-
ferred over isolating each emission
source

• Combined use of process-based models
for individual farm elements not
used yet
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Feed management decisions are an important element of managing greenhouse gas (GHG) and nitrogen
(N) emissions in livestock farming systems. This review aims to a) discuss the impact of feedmanagement prac-
tices on emissions in beef and dairy production systems and b) assess different modelling approaches used for
quantifying the impact of these abatement measures at different stages of the feed and manure management
chain. Statistical and empiricalmodels arewell-suited for practical applicationswhen evaluatingmitigation strat-
egies, such as GHG calculator tools for farmers and for inventory purposes. Process-based simulation models are
more likely to provide insights into the impact of biotic and abiotic drivers on GHG and N emissions. These
models are based on equations which mathematically describe processes such as fermentation, aerobic and an-
aerobic respiration, denitrification, etc. and require a greater number of input parameters. Ultimately, themodel-
ling approach used will be determined by a) the activity input data available, b) the temporal and spatial
resolution required and c) the suite of emissions being studied. Simulation models are likely candidates to be
able to better explain variation in on-farm GHG and N emissions, and predict with a higher accuracy for a specific
mitigation measure under defined farming conditions, due to the fact that they better represent the underlying
mechanisms causal for emissions. Integrated farm systemmodels oftenmake use of rather generic values or em-
piricalmodels to quantify individual emissions sources, whereas combining awhole set of process-basedmodels
(or their results) that simulates the variation in GHG and N emissions and the associated whole farm budget has
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not been used. The latter represents a valuable approach to delineate underlying processes and their drivers
within the system and to evaluate the integral effect on GHG emissions with different mitigation options.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Limiting global warming to below 1.5–2.0 °C, whilst feeding a popu-
lation projected to increase to 10 billion by 2050 is a key global chal-
lenge with anthropogenic GHG emissions having already contributed
to a mean 1 °C increase in global temperature above pre-industrial
levels (Allen et al., 2018; FAO, 2018a).

Globally, agriculture is responsible for about 20–25% of total GHG
emissions (IPCC, 2014) and for approximately 80%–90% of global an-
thropogenic ammonia (NH3) emissions (European Environment
Agency, 2019; Xu et al., 2019). Conversely, Agriculture, Forestry and
Other Land Use (AFOLU) can play a key role mitigating further climate
change (IPCC, 2014; Popp et al., 2017).

The livestock sector contributes approximately 14.5% to the global
anthropogenic GHG emissions (FAO, 2017) and accounts for 64% of
global NH3 emissions mostly from deposited excreta and applied ma-
nure (FAO, 2006) which has increased considerably by about 70%
from 1961 to 2014 (66 million to 113 million tonnes of N) (FAO,
2018b). Ruminant animals represent 75% of overall carbon dioxide
equivalent (CO2-eq) emissions from the livestock sector, with bovines
comprising the bulk of these emissions (FAO, 2006; IPCC, 2019a).

Methane (CH4) represents the main source of GHG emissions from
ruminants, with the majority (80%) associated with enteric fermenta-
tion and the remainder due to manure management. Soil emissions,
arising fromanimal feed production, comprise the second largest source
of GHG emissions from dairy and beef systems. These emissions are
dominated by nitrous oxide (N2O) and CO2,withN2O arising from fertil-
ization of fodder crops and pasture/range management, whilst CO2

emissions arise from soil organic carbon (SOC) changes that are associ-
ated with land-use change (Gerber et al., 2013; Lesschen et al., 2011).
Excesses of applied mineral fertilizers and livestockmanure also gener-
ates reactive N emissions to air and water, principally NH3 and nitrate
(NO3

−) emissions, which cause water and air pollution (FAO, 2018b). It
is therefore essential to improve manure nutrient-use efficiency in
order to optimize crop growth and minimize N losses (Leip et al.,
2019). The extent of GHG and NH3 vary considerably across different
2

livestock production systems as they are influenced by animal type,
feed, climate, soil type and management practices (Rotz et al., 2014).
Most European regions have shown a marked decrease in CH4 emis-
sions and N inputs by nearly 22% and 50% from 1990 to present (FAO,
2018b). This decrease was principally driven by structural changes in
the Common Agricultural Policy (CAP), by a reduction in animal num-
bers and fertilizer input as well as limits set under the European
Union (EU) Climate and Energy Package (2009/29/EC) and Nitrates Di-
rective (91/676/EEC) that aimed to reduce GHG emissions and NO3

−

leaching to watercourses respectively (European Commission-
Environment, 2010). Indeed, in areaswhere livestockproduction has in-
creased, GHGemissionshave increased and air/water quality has almost
always deteriorated (FAO, 2018b).

Currently, the EU is committed to a 40% reduction in GHG emissions
by 2030 compared to 1990 baseline levels with a longer term target of
net Carbon (C) Neutrality by 2050 (European Commission, 2013). This
corresponds to commitments under the Paris agreement target tomain-
tain the increase in temperature to well below 2 °C and keep it to 1.5 °C
above pre-industrial levels (UNFCC, 2015).

Various mitigation strategies have been proposed in the agricultural
sector tomeet the GHG andN abatement targets while at the same time
maintaining sustainable production (Rogelj et al., 2018; Weiske and
Petersen, 2006). Various mitigation options have been developed to
tackle the impact of cattle production systems on GHG emissions
(IPCC, 2014; Montes et al., 2013; Sejian et al., 2015). Studies tend to ei-
ther focus on the impact of individual measures on GHG and/or NH3

losses or on assessing suites of measures that could be adopted at a
global scale, continental or national scale. In particular, cost-benefit
studies of mitigation tend to be top-down and disregard different
farm typologies and regional variation (Eory et al., 2018; Gerber et al.,
2013; Lanigan et al., 2018). Yet, management decisions are generally
made at the farm scale in the context of local farming conditions. In-
deed, studies on farm-level GHG emissions have shown that farm to
farm variation can be greater than that between different countries
(Crosson et al., 2011). This can be challenging as local variations in biotic
drivers (animal type/breed, forage type, etc.) and abiotic drivers (such

http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1
Main typologies of dairy and beef production systems.

Type Characteristics Emissions

Intensive
confinement

− High stocking rates
− Higher DMI and milk/meat pro-

duction per animal
− Mixture of forages cultivated

on-farm
− Larger proportion of concentrate

and arable crops (eg. Maize) in
diet

− Animals housed for the majority
of the year

− CH4 (and total GHG)
per unit product tends
to be lower

− Higher manure man-
agement (CH4 and
NH3) emissions

− Higher SOC loss due
to larger proportion of
cropland

− High absolute emis-
sions per farm

Extensive
pastoral

− Comparatively low stocking
rates with lower DMI and pro-
duction per animal

− Diet mainly grass or grass
silage-based with low propor-
tion of concentrates

− Animals spend majority of time
grazing – housing or out--
wintering periods are compara-
tively short

− CH4 (and total GHG)
tends to be higher

− Lower manure man-
agement emissions

− High field N2O emis-
sions

− Higher SOC levels on
permanent pasture
systems

− Lower absolute emis-
sions per farm

CH4:methane, N2O: nitrous oxide, NH3: ammonia, GHG: greenhouse gas, SOC: soil organic
carbon, DMI: dry matter intake.
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as climate, soil type) can greatly influence GHG emissions and add a
layer of complexity when assessing appropriate mitigation options
(Amon et al., 2006; Del Prado et al., 2013; Rotz, 2018), and accounting
for individual farm differences when generating a farm-specific integral
assessment.

Conducting experiments at the animal, field, or whole-farm level,
that involve direct measurements of GHG and/or NH3 in air or N losses
to groundwater/waterways, according to appropriate measurement
protocols, can be expensive, time consuming and sometimes technically
difficult (Hill et al., 2016; Smith et al., 2020). In the case of developing
nations, this level of measurement is both impractical and unfeasible.
Furthermore, there are significant differences across agro-ecological
zones (e.g. feeding habits, climatic conditions) that impact the amount
of GHG and N emissions produced, which results in suchmeasurements
not being representative for all farming types and conditions.

Mathematical modelling, based on empirical measurements, can
play a major role in understanding the impact of management on
farm GHG and reactive N emissions. This approach can be particularly
useful for assessing individualmeasures, ormore importantly, combina-
tions of measures and can aid in the development and optimization of
sustainable production systems (Jose et al., 2016; Kipling et al., 2014).
They can also be particularly useful in assessing the synergies and
trade-offs of combinations ofmitigation options on various components
of farmC andN cycling (Khalil et al., 2016). This can assist policymakers
and farmers to predict emissions and take management decisions from
economic, environmental and social angles (Kipling et al., 2016). Vari-
ous models have been developed and used to quantify the farm budget
of GHG and N emissions and to evaluate different mitigation strategies
(Del Prado et al., 2013). For cattle farming systems, the complexity of
these models ranges from basic inventory models where activity data
is multiplied by emission factors (EF's) to more complex mechanistic
or statistical representations of the emissions (Rotz, 2018), to dynamic
models capturing the kinetic features of the processes underlying
these emissions (Bannink et al., 2011; Kebreab et al., 2008; Li et al.,
2012; Parton et al., 1998; Smith et al., 2010) .

Among many farm management aspects, feed management deci-
sions are especially crucial as they strongly affect both GHG andN emis-
sions from ruminant production systems as well as involving the
highest costs of farming operations. Dietary intervention altering CH4

emissions produced by ruminant activities is not only environmentally
sustainable but also important to improve production efficiency. Enteric
CH4 emissions represent a loss of feed energywhich has beenmeasured
to be between 2 and 11% of total gross energy intake by the animal
(Blaxter and Clapperton, 1965; Lassey et al., 1997; Liu et al., 2017),
and a higher emission yield may go along with a lower feed conversion
(Mills et al., 2001). Attempts to reduce GHG in dairy and beef produc-
tion systems are often considered to improve production efficiency
and reduce economic losses due to emissions (Jose et al., 2016; Swain
et al., 2018). As such, feed management decisions and their impacts
across whole farm C and N cycling need to be considered when
assessing GHG emissions and modelling mitigation strategies from ru-
minant production at farm, regional and global scale systems. On the
question of scale, different modelling approaches may need to be
employed depending on whether assessments are being made at a
global, national or farm-scale. An inventory-based approachmay be ap-
propriate at a national level, where activity levels will dominate total
emissions, whereas at the farm level, local differences in biotic and abi-
otic factors, such as feed quality, soil type, N input type and climate will
be the principal drivers for variations in GHG emissions. As a result,
process-based models that can simulate emissions based on these
driversmay have to be utilized.With respect to animal feedingmanage-
ment, there is rather little information on the current limitations and re-
quirements of different models and model typologies required to
achieve sufficient specificity and consistency for integral GHG and N
emission assessment. The present review therefore aims (i) to provide
an overview on the impact of diet composition and diet quality on
3

downstream GHG and N emissions as an important element to be cap-
turedwithmodelling, (ii) to discuss the relevance of differentmodelling
approaches to evaluate GHG and N emissions from dairy and beef cattle
farming systems, and (iii) to summarize and complement existing re-
views of modelling frameworks to assess on-farm GHG from dairy and
beef cattle production systems.

2. Typologies of dairy and beef cattle production systems

Modelling livestock systems is complex as it requires (multi) func-
tional relationships between influencing biotic and abiotic factors for a
variety of distinct but interconnected sources (animals, housing,
manure pits and fields) to drive the models, and various climatic,
physio-chemical, biological and management data may be required as
input parameters depending on the type of modelling approach and
system boundary (Kipling et al., 2014).

Ruminant production systems vary greatly across regions and it is
challenging to develop typologies of these production systems as it re-
quires identifying the main relevant parameters that impact gaseous
emissions quantitatively and qualitatively. A range of farming charac-
teristics can be used to categorize production systems based on animal
type and/or herd size, commodity type (beef,milk, etc.), housing system
(confinement or pastoral-based), manure management practices,
cropping system and the agro-ecological situation (Table 1.).

Leip et al. (2010) developed a regional zoning of the main livestock
production systems in Europe including dairy and beef cattle systems.
Attempts have been made to classify different typologies using CAPRI,
a model which assesses the impact of trade policy on agricultural activ-
ity, in order to describe these systems froma set of variables that include
mainly feeding strategy, productivity and intensification level, housing
system, dependency on external feedstuff supplies and the relative eco-
nomic importance of the livestock sector. The results showed substan-
tial diversity between livestock farming systems in Europe. Lesschen
et al. (2011) derived data from CAPRI, FAO and IPCC to feed an
inventory-based emissions model, MITERRA-Europe, and reported
large variations in GHG emissions per unit of product among EU coun-
tries, which are mainly related to variations in the type of animal pro-
duction systems, feed types and nutrient use efficiencies. Beef cattle
showed the highest emission (22.6 kg CO2 eq. kg−1 product) compared
to dairy cattle (1.3 kg CO2 eq. kg−1 product). Using a static life cycle as-
sessment (LCA) approach, Gerber et al. (2010) estimated emissions at
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global, regional and farming system levels and provided a typology of
dairy farming systems based upon feed base and agroecological condi-
tions. This study reported large variations between regions at global
scale (1.3 to 7.5 kg CO2 eq. kg−1 FPCM (±26%)) and grassland systems
had the largest GHG emissions (2.7 kg CO2 eq. kg−1 FPCM (±26%))
with respect to the mixed farming systems (1.8 kg CO2 eq. kg−1 FPCM
(±26%)).

Notwithstanding the importance of these studies to make state-
ments about emission intensities and compare types of farming sys-
tems, it is worth noting that using generic approaches does not allow
evaluating on-farm measures to be taken and their tradeoffs. More de-
tailed approaches that quantify the farm emission processes are more
suitable for such purpose as recommended by IPCC and referred to as
Tier 3 approaches (IPCC, 2006). Accordingly, in order to capture all
these variations between farming systems, especially feeding strategies
and their downstream effect on other farm components (housing, ma-
nure and soil), each farm element or GHG and N emission source
needs to be broken down into the underlying processes involved. This
allows EF's to be generated in relation to the C and N cycling within
the farming system. Excellent reviews on C cycling are given by
Berner (2009) and Chapin et al. (2006) and on N cycling by Fowler
et al. (2013), Kuypers et al. (2018) and Lehnert et al. (2015).

Altered diets may also alter the C and N composition of excreta, and
impact on the entire C and N cascade, this affecting downstream farm
emissions either in terms of manure management and/or soil-based
emissions (Leip et al., 2011). Therefore, modelling approaches to obtain
an integral assessment of the GHG emissions and to derive a GHG farm
budget and C footprint of animal production starts from modelling the
feeding management and its downstream effect on other farm compo-
nents (i.e. housing, grazing, manure handling and soils). The following
section reviews research on the dietary effects on GHG and N emissions
to represent digestion and enteric fermentation in cattle, and down-
stream impacts of feeding strategies on GHG and N emissions.

3. Quantifying dietary effects on animal and downstreamGHG andN
emission

The use of dietary manipulation to reduce GHG and N emissions in
livestock has been studied extensively. Diverse parameters influence
GHG formation in the digestive tract or downstream effects in the farm-
ing system, such as digestibility, chemical composition of the diet and
presence of functional additives in the ration. An overview of examples
of studies is presented in supplementary materials, Table S1.

Knapp et al. (2014) reviewed andquantified different abatement op-
portunities in dairy cattle and reported that various feeding and
nutrition-based mitigation approaches can reduce enteric CH4 by 3%
up to 15%. Similarly, Kumar et al. (2014) summarized different mitiga-
tion measures to reduce enteric CH4 from ruminants. These mitigation
measures included changing nutrient composition (e.g. shifting towards
Table 2
Overview of feasible feedingmanagementmitigationmeasures and their potential of greenhou
beef cattle (excluding potential synergies or trade-offs).

Measure Nature of measure Reported mitigation p
(% abatement)

Enteric CH4 N2O

N-use efficiency Production efficiency 60
Adding fatty acids to dairy diets Feeding practices 10.3
Nitrates Feed additives 18–30
Ionophores Feed additives ≤10
Plant bioactive compounds (tannins) Feed additives 10–30
Dietary lipids Feed additives 10–30
Concentrate inclusion in ration Feeding practices 10–30
Forage quality and management Feeding practices 10–30
Reduced dietary crude protein Feeding practices 10–
3-Nitrooxypropanol Feed additives 0–60

4

concentrate based diets, use of forages at an earlier stage of maturity),
feed additives containing plant secondary compounds (tannins, pheno-
licmonomers, saponins), feedingdietary lipids, addition of organic acids
(malic and fumaric) and the use of halogenated compounds (red-sea-
weed Asparagopsis taxiformis; bromoform, chloroform, BES) and iono-
phores (monensin, lasalocid, salinomycin, avoparcin). Likewise,
different mitigation options to reduce CH4 and N2O emissions from en-
teric fermentation and manure management have been reviewed and
summarized by Hristov et al. (2013) and Montes et al. (2013). It is evi-
dent from all these studies that nutritional management and diet ma-
nipulation is an effective way of reducing GHG and N emissions from
ruminants in confinement production systems. The most promising
feeding strategies were including lipids in the diet, improving forage
quality, NO3

− supplementation and supplementing CH4 inhibitors.
Table 2 presents the abatement potential of different feeding manage-
ment mitigation options on GHG and NH3 emissions. Although not
part of the present review, it is noted here that integrating economic
with environmental aspects and comparing cost effectiveness abate-
ment options within and between production systems is essential to
confirm the effectiveness and wide applicability of the proposed abate-
ment measures (Moraes et al., 2015; Pierer et al., 2016).

In addition to experimental studies, also modelling studies have
been carried out to simulate and evaluate the effect of nutritional man-
agement strategies on GHG emissions and N losses at different levels of
the manure management chain. Some examples are indicated in
Table 3, extending to GHG accounting methods and LCA. Most of these
studies are conducted in dairy cattle and they focus mainly on enteric
CH4 and N2O from manure management using empirical models, LCA
analysis and mechanistic dynamic approaches, or a combination of
these approaches to simulate the impact of dietary strategies on overall
GHG emissions at the farm level. However, no study has used a set of
process-based simulation models at the whole farm scale to investigate
the impact of different feeding strategies on on-farm GHG emissions.

In the following sub-sections, dietary factors which are drivers for
emissions will be discussed in more detail, followed by a discussion on
downstream impact of feeding strategies on GHG and N emissions,
and modelling studies at the production system level.

3.1. Effect of feeding level/animal productivity

Given the positive relationship between animal size as well as pro-
duction or growth rates and feed intake, CH4 emissions are expected
to increase with increasing feed intake (IPCC, 2019a). The available en-
ergy to be fermented and partly be converted into CH4 increases with
feeding level. Moreover, the efficiency of ruminal fermentation of feed
decreases with increases in feed intake. This can result in a reduced
amount of energy released in the form of CH4 per kg of feed dry matter
(DM) by the rumen (Kataria, 2016). Therefore, the same kg feed DM
delivers less CH4 at a higher level of feed intake (Warner et al., 2017).
se gases (methane (CH4), nitrous oxide (N2O) and ammonia (NH3) abatement in dairy and

otential Reference

NH3

(Lanigan et al., 2018)
(Lanigan et al., 2018)
(Hristov et al., 2013)
(Hristov et al., 2013; Kumar et al., 2014)
(Gerber et al., 2013; Kumar et al., 2014)
(Hristov et al., 2013; Jayasundara et al., 2016; Kumar et al., 2014)
(Hristov et al., 2013; Kumar et al., 2014)
(Hristov et al., 2013; van Gastelen et al., 2019)

30 4–73 (Hristov et al., 2013; Sajeev et al., 2017, 2018)
(Dijkstra et al., 2018a, 2018b)



Table 3
Modelling of the effect of diet on greenhouse gas (GHG) and nitrogen (N) emissions from beef and dairy cattle production systems.

Category
of animals

Purpose of study Modelling approach Modelled GHG and N source Reference

Beef cattle Investigation of the effect of varying levels of DMI
digestibility, total digestible nutrients, and CP on GHG
emissions under different scenarios

Life cycle assessment
methodology

Enteric CH4, CH4 manure,
N2O manure, N fertilizer

(Ruviaro et al., 2015)

Dairy cattle Simulation of the effect of dietary concentrate and
protein levels in silage-based diets on CH4 emissions
and N and phosphorus excretion in dairy bulls

Dynamic and mechanistic
Karoline model

Enteric CH4, N and P
in excreta

(Huhtanen and Huuskonen, 2019)

Dairy cattle Evaluation of various nutritional strategies to mitigate
GHG emissions

Empirical model based on
fiber and CP content in the
diet and IPCC tier 1 approach

Enteric CH4, N2O manure (Rendon-Huerta et al., 2018)

Dairy cattle Evaluation via optimization of the effect of different
dietary strategies on milk yield and N losses

NCYCLE model N flows in soil, plant,
rumen, and excreta

(del Prado et al., 2006)

Dairy cattle Evaluation of cost effectiveness of dietary supplementation
of extruded linseed product and NO3

− source, and reducing
the maturity stage of grass and grass silage

Mechanistic model for
enteric CH4 production
and LCA approach

Enteric CH4, N2O manure,
N2O-N application

(Van Middelaar et al., 2014)

Dairy cattle Analyzing various feeding strategies to reduce GHG
according to differences between forage: concentrate
ratio and CP content

Empirical model based
on fiber and CP content
and IPCC methodology

Enteric CH4, N2O manure (Rendon-Huerta et al., 2018)

CP: crude protein, P: phosphorus, DMI: DryMatter Intake, LCA: Life Cycle Assessment, IPCC: Intergovernmental Panel on Climate Change, CH4:methane, N2O: nitrous oxide, NH3: ammonia,
NO3

−: nitrate.
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By using a dynamic mechanistic model of whole-rumen function, Mills
et al. (2001) predicted that the loss of feed energy due to CH4 reduces
with increasing dietary energy intake. Themodelling effort also demon-
strated that limiting the ratio of lipogenic to glucogenic volatile fatty
acids (VFA) in the rumen andhindgut (which is a consequence of higher
feed intake as well) can reduce methanogenesis, comparable to replac-
ing soluble sugars with starch or shifting from corn silage to grass silage.

Varying feed intake does not always affect average ruminal pH, and
hence ruminal acidity, but increased rate of fermentation generally is
associated with increased rumen concentration of VFA and acidity.
Therefore, changing feed intake. For example, by shifting from a
forage-based diet to more concentrate-basedmay impact ruminal acid-
ity (Nagaraja and Titgemeyer, 2010), and thereby the fermentation pro-
file and formation of CH4 (Brask et al., 2015).

3.2. Effect of digestibility

The calculation of emissions from enteric fermentation depends on
the accurate estimation of diet digestibility. According to IPCC
(2019a), an increase in 10% digestibility in feed leads to a reduction of
approximately 12–20% in enteric CH4 yield. Furthermore, Shibata et al.
(1993) reported that when animals are fed more digestible feed types
such as concentrate, CH4 production per dry matter intake (DMI) is re-
duced, whereas increasing DMI of less digestible feed like forages had
little effect on CH4 production per DMI. Increasing the concentrate pro-
portion in the diet generally increases the proportion of propionic acid
formed with rumen fermentation and decease CH4 yield (Coppock
et al., 1964). Therefore,manipulating the diet through feeding highly di-
gestible feedstuffs can be an effective way of reducing CH4 emission
(Bell and Eckard, 2012).

In ameta-analysis based on 497 dietary treatments in 92 studies with
dairy cows the impact of dietary forage and concentrate parameters on
apparent total diet digestibility was investigated (Nousiainen et al.,
2009). The results suggest that feeding concentrate improved total diet
organic matter (OM) digestibility and increasing crude protein (CP) in
concentrates also improved production level and OM digestibility in
cows. In a recent meta-analysis of in vivo studies with ruminants, van
Gastelen et al. (2019) concluded that management practices to improve
roughage quality (including digestibility as a characteristic) are a potent
mitigation strategy to reduce enteric CH4 per unit of feed fed to rumi-
nants, and that the implications of this have to be addressed when
assessing GHGemissions. Appuhamy et al. (2018) furthermore suggested
that the accurate estimation of energy digestibility of feed allows formore
accurate estimates of the volatile solids (VS) outputs from dairy cow's
5

manure using empirical models compared to IPCC Tier 2 approach. Eval-
uating at the level of the whole production system, Ruviaro et al. (2015)
modelled the effect of variation in the parameters DMI digestibility,
total digestible nutrients, and dietary CP in beef cattle operations on
emissions of enteric CH4, of CH4 and N2O from manure, and of N2O
fromN-fertilizer application. The results showed that increaseddigestibil-
ity generates a lower CH4 and N2O emission per unit of animal product.

3.3. Effect of dietary chemical composition

Forage type has an impact on enteric CH4 production, NH3 concen-
tration and VFA production (Meale et al., 2012). For example, in a
mixed grass legume-based diet, the presence of condensed tannin activ-
ity in sainfoin decreased NH3-N production in the rumen up to 67% and
CH4 up to 7% in vitro (Niderkorn et al., 2011). However, it had a negative
impact on fiber digestion. On the other hand, other legume species such
aswhite clover, red clover and alfalfa, when associatedwith grass based
diets, increased NH3-N production up to 28% (Niderkorn et al., 2011). A
more recent study showed that feeding forages rich in N (e.g. alfalfa si-
lage and grass hay) to Holstein steers resulted in a higher proportion of
both CH4 and N2O in the rumen compared to animals that consumed
corn silage, and forages rich in NO3

− (alfalfa silage) in a higher propor-
tion of N2O (Gerlach et al., 2018).

Bannink et al. (2010) used a dynamicmechanistic model to simulate
the impact of type and quality of grass forage by distinguishing two N
fertilization rates and two stages of grassmaturity, nextDMI anddietary
content of concentrates, on CH4 emissions in dairy cows. Rate of N fertil-
ization as well as level of maturity of grass herbage and grass silage at
harvesting both had an impact on CH4 emission. Further modelling
studies by Ellis et al. (2011) investigated the effect of high sugar grasses
on CH4 emission. The results suggested that high water-soluble carbo-
hydrates in grassmay increase CH4 production, although it is considered
as a strategy to mitigate N emissions. Other insights indicate a high
fraction of water-soluble carbohydrates and their rapid fermentation
might lead to less CH4. In order to study the changes in enteric CH4

production in relation to passage rate, pH, feed type and inhibitors
on methanogenesis, Janssen (2010) presented a model based on
methanogen growth kinetics . The model suggests that thermodynam-
ics of rumen fermentation are influenced by H2 concentration. Lower
H2 concentrations favors fermentation pathways and less propionate
formation and therefore more enteric CH4 production in the rumen,
whilst highH2 concentration lead to less H2 formation, more propionate
and less enteric CH4 emissions. Following a similar but more detailed
thermodynamical approach, van Lingen et al. (2019) performed a
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Bayesian mechanistic modelling study to represent the mechanisms
driving VFA and H2 production in the rumen and predict enteric CH4

emission. Themodel simulates the thermodynamic control of H2 partial
pressure onVFA fermentation pathways via NAD+ toNADH ratio in fer-
mentative microbes and methanogenesis in cattle. The simulation re-
sults indicated that parameters affecting impact of fractional passage
rate and NADH oxidation explain 86% of variation in predicted CH4 pro-
duction. Such modelling approaches may be useful tools to further elu-
cidate the causal factors involvedwith the effect of variation in chemical
composition and rate of rumen fermentation on enteric CH4.

3.4. Effect of feeding dietary additives

Apart from diet composition, also dietary additives may affect emis-
sions. Kataria (2016) reviewed the use of different feed additives as a
strategy to reduce CH4 emissions. These mitigation options include
organic acids, NO3

−, and sulfates, bacteriocins and ionophores, saponins,
tannins, probiotics and prebiotics, and fat and oil supplementation.
Three promising additives for which there is general agreement
of a persistent mitigating effect on enteric CH4 are NO3

− salts, 3-
nitrooxypropanol (3-NOP) and fats.

Dietary NO3
− supplementation can reduce CH4 emissions up to 30%

(Jayasundara et al., 2016). vanWyngaard et al. (2018) evaluated the im-
pact of three levels of dietary NO3

− supplementation on enteric CH4

emissions under grazing conditions and showed that increasing dietary
NO3

− decreased linearly CH4 production. Only the high levels of dietary
NO3

− supplementation tended to decrease milk yield due to decreased
concentrate DMI, but not the lower levels (<2% of dietary DM). In a
Fig. 1. Farm elements involved with direct and indirect greenhouse gas emissions. The differe
Prado et al., 2013; Rotz, 2018), CH4: methane, CO2: carbon dioxide, N2O: nitrous oxide, NH3: a
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study by Veneman et al. (2015) it was concluded that NO3
− supplemen-

tation has aminor effect on the general functioning of the rumen and its
microbial population.

Recently, it was concluded that CH4 inhibitors, such as 3-NOP, have
demonstrated to successfully reduce CH4 from dairy and beef cattle by
circa. 30% (Kumar et al., 2014). In a recent meta-analysis on the effect of
3-NOP, Dijkstra et al. (2018a, b) showed that the response depends on di-
etaryfiber content, the dose and the category of cattle involved (the effect
being stronger in dairy than in beef cattle). Nevertheless, the mitigation
potential indeed appears to be invariably high across all conditions.

The impact of dietary fat composition on CH4 emissions in dairy
cows was evaluated by Giger-Reverdin et al. (2003) using a regression
approach on a literature dataset on dietary fats inclusion. They con-
cluded that the supplementation with unsaturated fats might decrease
CH4 production. This is consistent with the study of Grainger and
Beauchemin (2011), who reported a high potential for all fatty acids
and for crude fat to lower enteric CH4 emissions from ruminants from
1.7 up 6.7% for each 10 g fat added to the diet/kg DM.

3.5. Downstream impacts of feeding strategies

Dietary manipulation not only impacts on enteric CH4 but also com-
position and amount of cattle excreta, which directly affects down-
stream manure management and field-based emissions. The process
of the release of GHG and N from manure (its OM also referred to as
VS) involves all stages, starting from excretion in barns or in other
areas of the farm, through storage and manure management
systems, until manure application and incorporation into soils (Fig. 1).
ntly sized arrows indicate the relative contribution of these emissions (adapted from Del
mmonia, NO3

−: nitrate, C: carbon, N: nitrogen, P: phosphorus.
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Several processes take place: decomposition, hydrolysis, nitrification
(i.e. oxidation of ammonium (NH4

+) to NO3
− via nitrite (NO2

−), denitrifi-
cation (i.e. reduction of NO3

− toN2O andN2), and fermentation, affecting
emissions of CO2, CH4, N2O aswell as NH3 and leaching of NO3

− (Li et al.,
2012).

The principal dietary impact is associated with reducing CP content
which influences the N content of excreta and the relationship between
N excretedwith urine andwith faeces. Ameta-analysis ofmanureman-
agement measures by Hou et al. (2015) assessed 24 studies investigat-
ing the impact of reducing CP content of animal feed. Reductions in
NH3 emissions of between 24% and 65% were observed with significant
linear relationships between dietary CP content and manure pH, ma-
nure N content, amount of urine-N excreted, and amount of total N ex-
creted. This is consistent with the findings of the study of Sajeev et al.
(2017) that reported a decrease in NH3 and N2O emissions by 42% and
30% respectively when animals were fed a reduced dietary CP. Sajeev
et al. (2017) also found that there is still a substantial potential for re-
duction on N excretion by optimized cattle diets. Moreover, the reduc-
tion of dietary N intake or increase of energy content decreases
urinary N excretion and urea N in cattle (Dijkstra et al., 2013). This
has been demonstrated reduced manure N excretion and N2O and
NH3 emission per tonne milk produced upon maize silage (low N,
high starch) supplementation in grass-based systems (Luo et al.,
2008). However, increased manure CH4 emissions could partially offset
these reductions. Sajeev et al. (2017) observed a 71% increase inmanure
CH4 associated with increased carbohydrate content, while Massé et al.
(2016) reported increased manure CH4 of 39%–79% was also associated
with the incorporation of 50 and 100% corn silage into alfalfa-based
dairy diets in Canada.

In terms of pastoral systems, plantain has been shown to reduce
urine N content but also reduce the N2O EF associated with urine depo-
sition (de Klein et al., 2020). It is hypothesized that the urine N may be
reduced via either diuretic properties of plantain or levels of condensed
tannins (Cheng et al., 2017; O'Connell et al., 2016). However, there is
growing evidence that root exudates from plantain alongwith Brassicas
contain compounds that inhibit nitrification (de Klein et al., 2020;
Subbarao et al., 2006). There are also indications that inclusion of plan-
tain along with clover will also increase SOC sequestration (Whitehead
et al., 2018).

Using a dynamic mechanistic model of enteric fermentation and di-
gestion, Dijkstra et al. (2018a) simulated compositional details of dairy
cow faces and urine in relation to dietary changes. Results showed the
greatest urinary N excretion was associated with diets with high fertil-
ization rates and early cut grass silage whereas enteric CH4 emission
was lowest, compared to low fertilized diets and late cut grass silages.
Upon inclusion of maize silage at the expense of grass silage both N ex-
cretion and enteric CH4 emission were reduced.

There is currently no direct evidence that the feed-driven composi-
tional changes inmanures enhance C sequestration. However, the linear
correlation between C content of manure and increased SOC has been
established in numerous studies with a 0.12–0.23 tC increase in SOC
per tonne manure C added (Fornara et al., 2020; Guo et al., 2007;
Ludwig et al., 2011; Maillard and Angers, 2014). Therefore, increasing
C content of slurry via feed strategies should, in theory, enhance SOC, al-
though the impact is likely to be minor. The main impact of feed strate-
gies on SOC levels will be in terms of forage cultivation, with the
primary impact of management associated with soil disturbance
(ploughing) and/or vegetation type. Croplands tend to have lower SOC
levels due to the fact that disturbance, such as ploughing breaks up ag-
gregates, exposing long-term SOC to decomposition, while C input from
crop growth tends to be limited to shorter periods than perennial sys-
tems (Six et al., 1998; Smith et al., 2010). Grasslands tend to have larger
SOC levels due to lack of disturbance which leave aggregates undis-
turbed, year-long green cover, but also increases the proportion of
fungi in the soil which aid in aggregate formation (Chambers et al.,
2016; Ogle et al., 2005; Salvador et al., 2017; Soussana et al., 2010).
7

Modelling approaches to obtain an integral assessment of the GHG
emissions and to derive a GHG farm budget and C footprint of animal
product starts from modelling the feed management and its down-
stream effect on other farm components (i.e. housing, manure handling
and soil). Indeed, the impacts on whole farm emissions have generally
been restricted to modelling studies. Little et al. (2017) used the Holos
model, a static farm system model that utilizes empirical relationships
between feed, manure and soil characteristics to generate enteric and
manure and soil emissions, to study alfalfa vs corn-based diets on
farm. It also used a semi-empirical two-pool model (the ICBM model)
to estimate soil C changes. Small differences were observed in terms
of CH4 and N2O emissions, with slightly lower absolute emissions
from the alfalfa systems, but lower emissions intensity for the corn sys-
tem.However, SOC levelswere projected to be almost 20 tC ha−1 higher
in the alfalfa system, highlighting the need for a holistic approach.

Other studies on the impacts of oil, condensed tannin and/or NO3
−

supplementation highlighted the tradeoff between GHG emissions,
liveweight gain and profit margins, with strategies that optimized
finishing weight and held GHG constant estimated as being more prof-
itable compared to strategies that decreased total GHGbutmaintained a
constant finishing weight (Harrison et al., 2016; Herd et al., 2015;
Rawnsley et al., 2018). These studies highlighted the strength of model-
ling approaches in the ability to combine various strategies into tailored
production systems. They also highlight the dependency of the systems
boundary utilized as Herd et al. (2015) concluded that the GHG benefit
of supplementary lipid feeding was diminished once embedded energy
extra diesel used in transporting the supplement were accounted.

3.6. Modelling studies on the impact of feeding strategies at the production
system level

Instead of modelling the impact of diet on the emissions at the ani-
mal level, some studies extend themodelling efforts to allow evaluation
of the downstream effect of diet on other GHG emissions and on N in
manure management chain including grasslands and production of
feed crops. Various N-flow models have been developed to assess the
impact of grassland management and the evaluation of the effects of
various dietary strategies and N intake on milk and N losses to air and
water (del Prado et al., 2006; Hoekstra et al., 2020; Wheeler et al.,
2008). These modelling results have been useful in terms of optimizing
the ratio ofmilk yield to environmental N losses (i.e. CH4, NO3

− leaching,
N2O and NH3 emissions). Using an empirical model based on fiber and
CP content and IPCC methodology, Rendon-Huerta et al. (2018) ana-
lyzed the potential of feeding strategies to reduce CH4 and N2O emis-
sions in dairy cattle operations. The results suggested that cows fed
diets with a forage proportion of on average 50% of dietary DM and
16.7% CP in dietary DM generated 2.8 g less CH4 per unit of milk
(11.6 g·kg−1 milk) and had a 2.7% higher N utilization (27.8%), com-
pared to diets with a forage proportion of >56% and lower CP content
of 15.9%. Van Middelaar et al. (2014) studied the cost-effectiveness of
NO3

− supplementation, an altered grassland management and the die-
tary inclusion of linseed as enteric CH4 mitigating feeding strategies in
dairy cows tomitigate farm GHG emissions, using a dynamicmechanis-
ticmodel for enteric fermentation and digestion in combinationwith an
LCA method. Although NO3

− supplementation largely reduced GHG
emissions, in terms of cost-effectiveness, reducing the stage of maturity
of grass harvested for ensiling was the option with lower cost and was
indicated as most promising for application in practice.

These modelling studies demonstrate that for an assessment of the
effect of dietary measures on whole farm GHG emission it is important
to derive the integral effect on GHG emissions from the individual farm
components, including the trade-offs or synergies between them. It also
should be emphasized however that although assessments are gener-
ally made based on static EF's and empirical equations, for some details
it appears necessary to represent underlying processes and their
tradeoffs. Different modelling frameworks that have been developed



L. Ouatahar, A. Bannink, G. Lanigan et al. Science of the Total Environment 776 (2021) 145932
to assess GHG an N emission from farm components (animal, housing
and manure handling, and soil) using different modelling approaches
(including process-based models that represent these underlying pro-
cesses) are discussed next.

4. Inventory/assessment of GHG and nitrogen emissions from dairy
and beef cattle production systems

4.1. Inventory/assessment of enteric CH4 emissions

About 95% of enteric CH4 is produced by ruminants (Mills, 2008),
and the digestive system impacts the rate of CH4 emissions as well as
age, body weight and characteristics of feed consumed (IPCC, 2019a).
The level of CH4 emissions may also be associated with profitability of
the herd as it is associated with feed conversion efficiency and cattle
performance (Mills, 2008).

It has been argued that dynamic mechanistic approach is more suit-
able over empirical relationships for simulating the processes of diges-
tion and rumen function in order to address environmental issues at
the farm level (Bannink et al., 2006a). Various dynamic, mechanistic
models of rumen fermentation have been developed that represent
the degradation of feed substrates, their utilization by microorganisms
and the production of end-products of fermentation. Some models
only describe the rumen, some describe the whole gastrointestinal
tract (Fig. 2) (Baldwin et al., 1987; Dijkstra et al., 1992; Ellis et al.,
2014; Lescoat and Sauvant, 1995). Prediction of methanogenesis
furthermore requires accurate prediction of the molar proportion of in-
dividual VFA as end-products of fermentation, determining H2 produc-
tion and its use by methanogens for CH4 production(Benchaar et al.,
1998; Mills et al., 2001). The prediction of VFA is generally unsatisfac-
tory (Nagorcka et al., 2000) and mostly empirical estimates of stoichio-
metric coefficient for VFA production are used with rumen modelling
(Bannink et al., 2006b), although recently also a more mechanistic ap-
proach has been adopted (van Lingen et al., 2019).

Nitrous oxide can also, in principle, be a byproduct of feeding or of
enteric fermentation, although the overall contribution of this gas to en-
teric fermentation emissions is almost absent (Hamilton et al., 2010)
C: carbohydrates, VFA, CH4

N: feed N, microbial N, NH3
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Fig. 2. Simplified scheme model representation of the main routes of nitrogen (N) and carb
CH4: methane, NH3: ammonia, VFA: volatile fatty acids.
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unless the diet contains considerable amounts of NO3
− (Petersen et al.,

2015). Considering the global warming potential of N2O that is 296
times greater than CO2 (IPCC, 2001) the trade-off of N2O formed with
NO3

− feeding should be taken into account. According to Rotz et al.
(2018) more research is needed on enteric N2O, and they assumed an
EF of 0.8 g N2O kg−1 of N intake to predict enteric N2O emission from
dairy cattle and 2.2 gN2O kg−1 of N intake frombeef cattle, in Integrated
Farm System Model (IFSM) at the farm scale.

Using amultivariate Bayesianmodel, Reed et al. (2014) showed that
increasing diet metabolizable energy content increases the efficiency
with which feed N is converted to milk N, and therefore reducing N
losses and improving dairy production efficiency. Having good esti-
mates of N losses, in particular with urine, is very important to quantify
N emissions from the animal excreta and the whole production chain
(Rotz et al., 2014). Modelling N excretion in cattle could be represented
as a function of different animal and dietary variables, such as N intake
and N digestibility (Dong et al., 2014), or through more dynamic and
mechanistic models representing the processes of digestion in the gas-
trointestinal tract (Bannink et al., 2018).

In terms of reporting GHG emissions, the IPCC classifies themethod-
ologies into three distinct Tiers, according to the quantity of information
required, and the degree of complexity of the applied models (Fig. 3).
The IPCC provides default Tier 1 estimates of the amount of CH4 gener-
ated by enteric fermentation, with EF's between 73 and 138
(kg CH4 head−1 year−1) for dairy cattle and between 46 and 64 for
other cattle categories (i.e.mature females,maturemales, steers, heifers
and calves) depending on regional characteristics, animal categories
and the level of productivity). When gross energy intake data is avail-
able based on diet description and energy feed evaluation systems, a
more advanced Tier 2 approach can be adopted involving the use of
CH4 conversion factor (i.e. the percentage of gross energy intake con-
verted to CH4 energy). There is a substantial opportunity to further in-
crease the accuracy of Tier 2 predictions by capturing the variation in
factors that impact feed requirements and consumption (e.g. level of
feed intake, diet composition, digestibility, genotype of animal, heat
stress effect on feed intake and maintenance requirements). These esti-
mates can be improved even further for country specific circumstances
Ruminant
rmediary metabolism 
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with Tier 3 methodology (IPCC, 2019a), either by an experimental/em-
pirical or by a mechanistic modelling approach.

Enteric CH4 emissions have been predicted using empirical relation-
shipswhich are relatively simple to use because the input variables used
are commonly available in many cases (Bell and Eckard, 2012; Jentsch
et al., 2007; Van Gastelen et al., 2017; Wilkerson et al., 1995). A recent
review by Hristov et al. (2018) highlighted the main uncertainties in
predicting enteric CH4 using these empirical models, especially in in-
ventories. The accuracy of these models could be increased if they are
developed from robust and numerous datasets encompassing different
types of diets in different production systems across the world. Using
both mechanistic and empirical regression approaches to predict CH4

emissions in dairy cattle, Benchaar et al. (1998) concluded that predic-
tion accuracy was higher with the mechanistic models compared to re-
gression models when there is a large variation in diet composition.
Therefore, the use of dynamic, mechanistic models that simulate the di-
gestion and methanogenesis in the rumen can be a suitable way to im-
prove prediction accuracy because they are more sensitive to dietary
changes over empirical models. Sufficient data should be available to
generate model inputs, however. In line with this, Kebreab et al.
(2008) compared two empirical and two mechanistic models to assess
enteric CH4 emissions and also concluded mechanistic models provide
Table 4
Modelling frameworks for assessment of enteric CH4 emissions according to IPCC Tier 3 metho

Model Applicable to: Country Model appr

Danish Tier 3 method Dairy cows Denmark, Norway, and Sweden Empirical eq
Dutch tier 3 method Dairy cows Netherlands Dynamic an

French Tier 3 method Ruminants France Empirical eq

Japanese tier 3 method Beef cattle Japan Empirical eq

DMI = dry matter intake, NDF = neutral detergent fiber, IPCC: Intergovernmental Panel on Cl
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better predictions and assessment of the potential ofmitigation options,
and recommended their use for inventory purposes.

Indeed, more advanced Tier 3 models have been developed to pre-
dict enteric CH4 from ruminants and to be applied in national invento-
ries (Table 4). Nevertheless, the models that have been referred to
with the term “Tier 3” appear to involve a wide range of models; from
empirical models (Eugène et al., 2019; Jo et al., 2016), to static, mecha-
nistic models (Herrero et al., 2008), to dynamic, mechanistic models
also referred to as ‘process-based’ models (Bannink et al., 2011). The
Tier 3 models that have been reported adopt very different approaches
to capture the dietary effects on enteric CH4 (and downstream GHG
emissions). They must be documented in a transparent way and the in-
ventories complied must undergo detailed external review before their
results are accepted, regardless of the tier approach used. Bannink et al.
(2011) developed a Tier 3 from an extant dynamic, mechanistic model
of digestion and fermentation to estimate enteric CH4 in dairy cows.
This model has been used also in Dutch national GHG inventories
since 2005 andwas recently updated to improve prediction of apparent
fecal N digestion in support of Dutch NH3 inventory (Bannink et al.,
2018) while leaving predicted enteric CH4 unaffected. Karoline is a Nor-
dic, dynamic and mechanistic model that describes digestion and has
modules for predicting enteric CH4 emissions in dairy cows (Huhtanen
dology.

oach Diet components model inputs Reference

uations DMI, fatty acids and NDF (Nielsen et al., 2013)
d mechanistic DMI, chemical composition of the diet,

intrinsic rumen degradation characteristics
(Bannink et al., 2011)

uations DMI, digestible organic matter intake,
dietary proportion of concentrate

(Eugène et al., 2019)

uations DMI (Jo et al., 2016)

imate Change.
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et al., 2015). However, thismodel is not used as Tier 3method in CH4 in-
ventory in any of these countries, as they still use simple empirical equa-
tions. Indeed, Nielsen et al. (2013) proposed an equation to predict CH4

based on input variables related to DMI, content of sugars, CP, and NDF
(Neutral Detergent Fiber) as implemented in theNordic feed evaluation
system. More recently, Eugène et al. (2019) proposed a more generic
Tier 3 method by an empirical equation based on feeding level and die-
tary proportion of concentrate to predict enteric CH4 to be applied in
French GHG inventory.

4.2. Inventory/assessment of emissions from animal housing and manure
handling

The CH4 emission from livestock manure (i.e., faeces and urine) can
also be estimated by various tiers (IPCC, 2019a). The Tier 1 and the
advanced Tier 1a approach provide default EF's based on the amount
of VS excreted by animals in each type of manure management system
(between 6.0 and 18.2 g CH4 kg−1 VS for dairy cows, and between 7.6
and 14.1 g CH4 kg−1 VS for other cattle). Following IPCC Tier 2 guide-
lines, predicting CH4 emissions from manure relies on the amount of
VS in manure (i.e. biodegradable and non-biodegradable fractions of
OM in manure), which can be modelled based on feed intake and die-
tary nutrient characteristics and digestibility and B0, the CH4 production
potential from the degradation of these compounds (IPCC, 2019a). A re-
cent study suggested however an empirical model that estimates VS
outputs as a function of OM intake and dietary nutrient composition
(NDF, CP) from dairy cows with higher accuracy compared to the de-
fault IPCC Tier 2 guidelines (Appuhamy et al., 2018), indicating that
there is room for improved prediction accuracy by further model
development.

The prediction of the amount of N loss in manure management sys-
tems and the partitioning of N between urinary N and fecal N is impor-
tant in order to determine the quantity of N available as well as the N
formed in the soil after manure application. Petersen (2018) argued
that more dynamic and consistent methods (process-based non-static
approach) are needed to accurately estimate emissions from manure
management. Yet, estimating N2O emissions from livestock systems
with higher Tier 3 method would require herd structure, annual popu-
lations and feed intake and feed characterization as inputs (IPCC,
2019a). It is worth noting that the IPCC recommends considering emis-
sions that occur at the farm site only (i.e. on-farm storage of the input
materials formanure digestion andpre-digestion, leakage during thedi-
gestion process and emissions from the storage and application of
digestate to agricultural fields) and not emissions that result from com-
bustion when the manure is used for biogas production.

A mechanistic approach or more process level simulation of NH3

production would be required to estimate emissions under different
production systems and evaluating the best mitigation strategies
(Hristov et al., 2011), and an overview of the elements required for
this have been reviewed by Sommer et al. (2006). Using such a mecha-
nistic model, the effect of N excretion, herd and barn characteristics on
NH3 emission was predicted by Monteny et al. (2002). The NH3 emis-
sion could be predicted accurately for a wide range of diets and barn
conditions. A similar approach has been taken by Zhang et al. (2005)
Table 5
Process-based modelling frameworks for assessment of greenhouse and nitrogen emissions fr

Model Country Summary description of the model

Ammonia emission model Netherlands A model consisting in floor and slurry pit m
cubicles (free stall)

Ammonia emission model USA A sub model incorporated into Integrated Fa
Manure DNDC USA A model based on biogeochemical concepts

consider the environmental factors that driv
GAG model UK Process simulation model that estimate NH3

FAM USA Predictive model for estimating NH3 emissio

NH3: ammonia, TAN: total ammoniacal nitrogen.
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in the development of the animal housing sub-model of their Farm
Emissions Model (FEM). Similar to Monteny et al. (1998), it uses a
mass balance model to calculate the ammoniacal N concentration in
the housing air, and a ventilation model is used to calculate ventilation
rate. A meta-analysis of the impacts of nutrition and environmental ef-
fects on NH3 emissions from US dairy housing revealed that milk yield
was negatively correlated with NH3 while outside air temperature, CP
and DMI positively impacted NH3 emissions (Bougouin et al., 2016).
Floor type also had a significant effectwith emissions from slatted floors
four times lower compared to open-lot systems. In a more integral ap-
proach, Rotz et al. (2014) integrated an NH3 emission model, which
simulates the process of NH3 formation and estimates the whole farm
emission, with the Integrated farm system model (IFSM). Recently, an-
other process-based model that simulates the whole emissions includ-
ing CO2, CH4, N2O and NH3 as well as the corresponding C and N
losses from cattle manure compost has been incorporated to the IFSM
(Bonifacio et al., 2017). GAG is another process simulation model that
estimate NH3, total ammoniacal nitrogen (TAN) and soil pH from
urine patches in grazing conditions (Móring et al., 2015). Other models
allow assessing the overall emissions from manure management
starting from the point of excretion by the animal till the field applica-
tion. For example, Manure DNDC developed by Li et al. (2012) is a
process-based model based on biogeochemical concepts that simulates
the reactions that occur inmanure and considers the environmental fac-
tors that drive the processes of emissions from livestock manure. The
model allows the construct of customized virtual farm by incorporating
the farm characteristics and adopted management practices, and it
computes the main on-farm GHG emissions (CO2, CH4, N2O) and NH3

and NO3
− leaching. The model allows to evaluate dietary effects by con-

sidering both feed intake (kg DMhead−1 day−1) and %CP in dietary DM
as inputs (Table 5).

4.3. Inventory/assessment of soil emissions

The characterization and modelling choice for soil C stock change
and soil C and N emissions is highly scale dependent. At the farm and
field levels, a range of biotic and abiotic parameters (including N and
C inputs, vegetation type, climate, grazing intensity and duration and a
range of soil characteristics) are important in order to accurately simu-
late C and N cycling and thus quantify management impacts on soil C
stocks and N losses to air and water (Oertel et al., 2016). This is made
more challengingdue to the temporal asynchronybetween SOC seques-
tration (which changes over decadal timescales) and soil C and N emis-
sions (which vary diurnally and seasonally).

At the national/regional scale, inventory-based approaches may be
satisfactory as the principal drivers are the amount and type of N and
C inputs and soil texture. In terms of N2O, the IPCC inventory approach
calculates emissions based on the amount of N within a category multi-
plied by the relevant EF. The IPCC applies a Tier 1 EF of 1% of applied N
for EF1 (the EF for direct N inputs), and 0.4% for EF3 (the EF for deposited
N during grazing, termed pasture, range and paddock).These EF's may
be lower or higher depending on climatic zone and N type applied
(IPCC, 2019b). For this reason, some countries such as Canada,
Netherlands, New Zealand and Ireland use a Tier 2 EF's with N
om animal housing and manure management.

Reference

odules to predict NH3 emission from dairy cow barns with (Monteny et al., 1998)

rm System Model for whole assessment of NH3 emissions (Rotz et al., 2014)
that simulate the reactions that occur in manure and
e the processes of emissions.

(Li et al., 2012)

, TAN and soil pH from urine patches in grazing conditions (Móring et al., 2015)
ns from confinement animal feeding operations (Zhang et al., 2005)
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disaggregated based on N type: EF1 is typically disaggregated into urea
N, ammonium nitrate and organic N (either liquid-applied or solid-
applied), while EF3 is disaggregated between dung and urine N (Harty
et al., 2016; Krol et al., 2016; Metivier et al., 2009; Van der Weerden
et al., 2011). Further disaggregation of all EF's can be performed for in-
clusion in static models based on soil type or land-use for modelling at
smaller scales (VanderWeerden et al., 2011). This can be supplemented
with either static EF's or empirical equations/response functions to ac-
count for leached and volatilized N (Hoekstra et al., 2020; Webb and
Misselbrook, 2004). Disaggregation of EF's is based on measurements
of N2O emissions across the range of N types and soil types in order to
generate the EF's and this research tends to be a) labour intensive and
b) very expensive. The alternative approach is to develop mechanistic
models and validate outputs against a subset of empirical data.

In terms of relative changes in SOC stocks, the inventory-based ap-
proach uses static land-use factors which quantify the annual rate of
change in SOC based on default (Tier 1) land-use category (grassland,
cropland, forestry, wetland), climatic zone and soil type — either min-
eral or organic soil, with mineral soil further disaggregated between
sandy, low-activity clay and high activity clay soils (Ogle et al., 2004,
2005). Land-management factors can subsequently be utilized to fur-
ther distinguish between differentmanagementwith each land-use cat-
egory. For instance, grassland has fourmanagement factors— improved,
nominal, moderate degradation, and severe degradation (IPCC, 2006).
These categories are generic – improved grassland for instance can ac-
count for higher fertilization, more productive species, or irrigation –
all have the same land management accrual factor. The inventory ap-
proach also only accounts for the top 30 cm of soil (as this is the
depth to which most anthropogenic impacts occur). In addition, the
change in SOC is considered to be linear over a defined 30-year period,
afterwhich a new SOC equilibrium is assumed. This is a gross simplifica-
tion as studies have indicated that upon land use or land management
change that it can take over 100 years to reach a new SOC equilibrium
(Johnson et al., 2008; Poeplau et al., 2011, 2015).

Sommer and Hutchings (2001) reviewed empirical models that pre-
dict NH3 emissions from surface applied livestock manure (e.g. ALFAM
model (Søgaard et al., 2002), that was upgraded to semi-empirical re-
cently (Hafner et al., 2019). They highlighted that these models do not
account for interactions between factors (e.g. interaction between cli-
mate and slurryDM)and hence cannot predict accurately. Therefore, in-
stead of basing Tier 2 on empirical evidence, a mathematical
representation of the processes involved in GHG emissions in soils can
be adopted by an IPCC Tier 3 approach. This practice allows for the
Table 6
Process-based modelling frameworks for assessment of greenhouse gas and nitrogen emission

Model Country Summary description of the model

Century USA Simulate the dynamics of grassland and agricultural cro
dynamics of C, N, P, and S for various plant-soil system

DayCent USA Daily step version of Century model
DNDC USA simulate the soil fluxes of N2O, CO2, CH4 as well as NH3

Ecosse UK Simulate C and N cycling and predict GHG emissions fr
changes in land use and management practices

Ecosys Canada simulate the fluxes of heat, water, C, O2, N, P, and ionic
ecosystems

PaSim France Simulate the fluxes of C, N, water, and energy at the int
animals, and atmosphere in grassland ecosystems

Volt'Air France mechanistic NH3 volatilization models, that describe th
soil surface at the required time and space resolution

MERLIN UK, Norway, the
Netherlands, USA

Model of linked biotic and abiotic processes of N cyclin
leaching losses of inorganic N (NO3

− and NH4)
HJA-N USA A model capturing temporal variation in the N and C bu
SUNDIAL UK Simulates N dynamics in arable land
Roth C UK Amonthly time stepmodel to calculate the turnover of o
ICBM Sweden A model estimating dynamics of agricultural soil C poo
CANDY Germany simulates temperature, moisture content, and C and N
C-TOOL Denmark Simulates whole profile C storage in the profile of temp

C: carbon, N: nitrogen, P: phosphorus, N2O: nitrous oxide, NH3: ammonia, CO2: carbon dioxide
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spatial and temporal variability of emissions to be captured, as well as
the tradeoffs of changes in land use and management practices, and it
may serve to further improve inventories (Metivier et al., 2009). In
this respect, various process-based models have been developed. Nev-
ertheless, Heinen (2006) reviewed fifty simplified process-based
models for denitrification and reported that the representation of mi-
crobial reduction of nitrogenous compounds differs broadly between
models. Furthermore, parameters of thewater content dependent func-
tion for microbial reduction and water content need to be estimated
with great accuracy for reliable emission predictions. Indeed, simulta-
neous C and N modelling requires robust modelling of the hydrological
cycle, as C and N uptake and release are tightly coupled to plant
and soil water relations and poor characterization of hydrological
cycling through the soil/plant continuum remains a major source of
uncertainty.

Other major abiotic drivers include climate (temperature, precipita-
tion, relative humidity), soil parameters (soil C and N at various depths,
texture, cation exchange capacity, water filled pore space (WFPS), veg-
etation parameters (shoot/root ratio, potential yield, water and nutrient
demand). Finally, management data is required, including vegetation
sowing/harvest dates, fertilizer type, amount and date of application,
land preparation (ploughing, weed control, etc.), animal stocking rate
and duration. Different process-basedmodelsmay be sensitive to differ-
ent inputs due to inherent bias within the individual model structure.
Ensemble approaches may be advantageous in that this approach to as-
sesses the sensitivity of different models to changes in input variables
and generate an expanded envelope of possible systemic outputs
(Guest et al., 2017; Sulman et al., 2018; Zimmermann et al., 2018).

Process-based dynamic models need to account for a myriad of bi-
otic and abiotic drivers to simulate soil C and N cycling. These models
may only simulate one loss pathway (NH3 volatilization, NO3

− leaching),
focus on soil processes and/or individual C or N cycling or simulate
whole ecosystem C and N cycling. Examples are listed in Table 6.

Century is a process-based model that simulates the dynamics of
grassland and agricultural crop systems, especially the dynamics of C,
N, phosphorus (P), and sulfur (S) for various plant-soil systems on
monthly time step (Parton, 1996). Dellar et al. (2019) applied this
model to model yields and N content of European grassland along
with series of regression equation. They concluded that the dynamic
modelling approach is more suitable over empirical modelling at the
local level if site-specific analysis is required, whereas regression equa-
tions are more suitable to consider general trends. The process-based
model DayCent represents an improved version of the Century model
s from soil.

Reference

p systems, especially the
s

(Parton, 1996)

(Necpálová et al., 2015; Parton et al., 1998)
volatilization and NO3

− leaching (Giltrap et al., 2010; Li et al., 1992a, 1992b)
om organic soils in response to (Scottish Executive Environment and Rural Affairs

Environmental Research, 2007)
solutes in natural and managed (Metivier et al., 2009)

erface between soil, vegetation, (Riedo et al., 1998, 2002)

e pedo-climatic conditions of a (Garcia et al., 2011)

g in ecosystems to simulate (Cosby et al., 1997)

dgets at a monthly time step (Vaché et al., 2015)
(Smith et al., 1996)

rganic C in non-waterlogged soils (Coleman and Jenkinson, 1996)
ls (Andrén et al., 2004)
dynamics in soil (Franko et al., 1995)
erate agricultural soils (Taghizadeh-Toosi et al., 2014)

, NO3
−: nitrate, NH4: ammonium.
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and it simulates soil N2O, NOx, and CH4 fluxes among the atmosphere,
the vegetation, and soil on a daily step (Parton et al., 1998). The pasture
simulation model PaSim is a mechanistic biogeochemical model that
simulates the fluxes of C, N, water, and energy at the interface between
soil, vegetation, animals, and atmosphere in grassland ecosystems. It
was originally developed by Riedo et al. (1998) and has been reviewed
several times since, to include several changes among which the incor-
poration of a NH3 exchange resistancemodel (Riedo et al., 2002). A fur-
ther, widely used, process-based model is DNDC which simulates the
soil fluxes of N2O, CO2, CH4 as well as NH3 volatilization and NO3

−

leaching. Originally, it was developed by Li et al. (1992a) with only 3
sub-models consisting of a thermal-hydraulic, a decomposition, and a
denitrification sub-model. A more recent version includes two more
sub-models which are fermentation and plant growth, and it accounts
for the differentmanagement practices amongwhich thepractice of fer-
tilizer and manure application (Giltrap et al., 2010). Soil emissions
heavily depend on climate- and site-specific conditions as exemplified
by various modelling efforts across countries. Recently, Kasper et al.
(2019) modelled the effect of crop rotation, manure application, and
climate- and site-specific conditions on N2O emissions from Austrian
soils. For application to Canadian conditions, theMetivier et al. (2009) de-
veloped the Ecosys model to simulate the fluxes of heat, water, C, O2, N, P
and ionic solutes in natural and managed ecosystems. The model repre-
sents the key biological processes and oxidation/reduction reactions
that generate N2O soil emissions. For organic soils, the Ecosse model
was developed by the Scottish Executive Environment and Rural Affairs
Environmental Research (2007) based on components of the single-
point models DNDC, Century, Sundial and Rothc models. The model sim-
ulates GHG emissions from the soil/plant system and predicts C andN cy-
cling in response to changes in land use and management practices.

4.4. Implications for inventory, whole-farm integral assessment and life cy-
cle analysis

The IPCC Tier methodologies are applicable for national inventory
purposes, but they lack the on-farm level resolution for a detailed anal-
ysis of emissions for a specific case of production system. Therefore, a
more holistic approach is required to accurately assess GHGandN emis-
sions in these systems. At the systems case level, LCA and so-called sys-
tems analysis models represent themain categories of whole farm GHG
models (Crosson et al., 2011). In ruminant livestock farming systems,
theuse of domestic roughage produced on site and the return ofmanure
to the soil crop system is what defines a whole farm approach and dif-
ferentiates it from the intensive non-ruminant production systems for
poultry and pig where feeds are imported and animals and excreta are
exported (Schils et al., 2007b).

Several LCA studies have been carried out in beef and dairy cattle
production systems (de Vries et al., 2015; de Vries and de Boer, 2010).
According to McClelland et al. (2018), beef and dairy production sys-
tems are frequently evaluated using LCA methodology compared to
other livestock species and 98% of studies include climate change as
an impact category. In a study based on 44 milk LCA studies, Baldini
et al. (2017) performed a critical review and highlighted that these
studies need to be harmonized among practitioners because of their po-
tential as a decision tool, and include a clear description of system
boundaries as well as sensitivity analysis to consider the uncertainties
related to the input data. However, Ellis et al. (2010) evaluated nine em-
pirical equations for enteric CH4 emission in cattle as they are incorpo-
rated into whole farm system models and reported that, generally,
prediction accuracy of these empirical equations is poor. They con-
cluded that their usemay lead to an erroneous integral GHG assessment
or inventory or lead to an incorrect evaluation of the effect of mitigation
strategies. Furthermore, on a basis of a literature review of 31 published
whole farm modelling studies in dairy and beef cattle, Crosson et al.
(2011) reported substantial differences between models in terms of
the EF's applied, the boundaries assumed, the approach of co-product
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allocation and the quality of input data. In itself, these differences limit
a direct comparison between studies reported in literature. Further-
more, the modelling of soil C fluxes which represent an important
sink and source for C in grassland-based production system, was either
simplified or absent in most studies.

Despite the differences between whole farmmodels, they represent
a very useful tool to assess the cycling of C and N within the farm and
test different mitigation options in response to climatic drivers and
management strategies. Indeed, the most complex whole farm simula-
tion models try to link the underlying processes between the different
components of the farming system and predict the GHG outputs (Del
Prado et al., 2013). Various whole farm models (although based on dif-
ferent modelling approaches) have been developed in different coun-
tries to be implemented in beef and/or dairy cattle production
systems. Some recent studies reviewed the whole farm system models
found in literature to assess the GHG and N emissions from cattle pro-
duction systems (Del Prado et al., 2013; Jose et al., 2016; Rotz, 2018).
Table 7 summarizes and complements the list of the main models
used in these reviews. Some of thesemodels includemechanistic repre-
sentations of the underlying processes (e.g. DairyGEM, IFSM), others
models are based on empirical equations entirely, or they combine em-
pirical and dynamic modelling approaches (e.g. SimSDairy).

The choice of a modelling framework that is based on a certain
modelling approach depends mainly on the modelling objectives and
the activity data that is available to feed the model. An overview on
the modelling approaches separated into hierarchies and families with
their capacities and limitations is presented in Table 8. The following
sections reviews some modelling studies using different modelling ap-
proaches, that evaluated differentmanagement strategies formitigating
GHG and N emissions in cattle farming systems.

5. Modelling objectives and evaluation of management strategies

Mitigating CH4, N2O and NH3 emissions from manure handling in-
cludes the whole chain of the production process: dietary manipulation
and nutrient balance, housing and manure storage and treatment, and
grazing management, crop and roughage production, and manure
application.

The effect of mitigation strategies is generally modelled by analyzing
the projections under a baseline scenario and under alternative scenarios
that include changes in management practices towards reducing emis-
sions at the farm or large-scale levels. The mitigation potential (in %) of
each scenario is estimated by comparing the overall emissions between
the baseline scenario and the mitigation scenario. In this light, several
studies have analyzed future scenarios for agriculture and livestock and
implications for GHG and N emissions from ruminant systems.

Donnellan et al. (2018) and Lanigan et al. (2018) projected and
discussed different scenarios in Irish agriculture, where bovine agricul-
ture is the most principal source of GHG and NH3 emissions using a
combined economic (FAPRI model) (Donnellan and Hanrahan, 2006)
with an inventory emissions model. They proceeded to generate mar-
ginal abatement cost curves for a range of abatement options that either
reduced CH4/N2O, increased SOC or displaced fossil fuel emissions. Fur-
thermore, Garnsworthy (2004) proposed a model that relates changes
in fertility parameters on predicted total gas emissions at the herd
level and suggested that improvements in fertility, which means better
production efficiency, is expected to reduce CH4 emissions and NH3

emissions up to 24% and 17% respectively. Common frameworks have
been proposed for the implementation of these assessments of the
cost-benefit of abatement measures which also incorporate the impact
of upstream and downstream emissions, other environmental syner-
gies/antagonisms, and key uncertainties (Eory et al., 2018). van der
Weerden et al. (2018) estimated that changing dairy cattle grazing
based production systems in New Zealand towards more efficient pro-
duction systems, will decrease the GHG footprints generating lower
emission intensity of 6% to 13% compared to the current systems.



Table 7
Whole farm modelling frameworks for assessment of on-farm direct and indirect greenhouse gas emissions from dairy and beef cattle systems.

Model Animal
category

Focus region Model approach Direct and
indirect GHG
outputs

Economics Reference Comments

BeefGEM Beef cattle Ireland Empirical static model CH4, N2O and
CO2, NH3, NO3

−
Yes (Foley et al., 2011) Model developed in

Microsoft excel
CAPRI Ruminants &

non-ruminants
EU Model based on IPCC tier 1 and tier 2

methodology
CH4, N2O Yes (Britz and Witzke, 2014)

Cool Farm Tool – Model based on empirical equations
and IPCC tier 1 and tier 2 approaches

Computes GHG
emissions
based on
CO2-eq

No (Hillier et al., 2011)

DairyGEM Dairy cattle USA Process simulation model CH4, N2O, CO2,

NH3, H₂S
No (Rotz et al., 2015)

DairyWise Dairy cattle Netherlands Empirical model based on crop and
animal experiments

CH4, N2O, CO2 Yes (Schils et al., 2007a,
2007b)

Applicability restricted
to the NL

FarmAC Ruminants &
non-ruminants

Denmark The model uses Tier 2 approach for
livestock and manure management
and Tier 3 for crops and soil

CH4, N2O and
CO2, NH3, C
sequestration

No (http://www.farmac.dk/) web-based interface

FarmGHG Dairy cattle Europe Model based on empirical equations
and IPCC tier 1 and tier 2
methodologies

CH4, N2O and
CO2, NH3, NO3

−
No (Olesen et al., 2004,

2006)

GLEAM Ruminants &
non-ruminants

– Model based generally on IPCC tier 1
and tier 2 guidelines under a life
cycle assessment approach

CH4, N2O, CO2 No (Gerber et al., 2013)

Holos Dairy cattle Canada Empirical model based on IPCC tier 2
and tier 3 methodologies adapted to
Canadian conditions

CH4, N2O, CO2

NH3, NO3
−

No (Little et al., 2008;
McGeough et al., 2012)

Algorithms adapted to
Canadian farming practices

HolosNor Beef and dairy
cattle

Norway Empirical model based on Holos
model adapted to Norwegian
conditions

CH4, N2O, CO2

NH3, NO3
−

No (Bonesmo et al., 2013)

Hoofprint Ruminants New Zealand Empirical model CH4, N2O, CO2,

NH3, NO3
−

No (Sise et al., 2011)

IFSM Beef and dairy
cattle

USA Process simulation model CH4, N2O, CO2,

NH3, NO3
−

Yes (Rotz et al., 2014, 2018)

OVERSEER Ruminants New Zealand Model based generally on empirical
equations and IPCC methodology

CH4, N2O, CO2,

NO3
−

No (Wheeler et al., 2008) Presents the results as CO2

equivalents
REPRO Ruminants and

non-ruminants
Germany Model based generally on empirical

equations and IPCC methodology
CH4, N2O, CO2 No (Küstermann et al.,

2008)
Computes the overall GHG
emissions in CO2-eq in
organic farming systems

SimSDairy Dairy cattle UK Semi mechanistic model that uses
both empirical and dynamic
approaches

CH4, N2O, CO2,

NH3, NO3
−

Yes (Del Prado et al., 2011)

WFM Dairy cattle New Zealand Model based on empirical
components (regression equations)
and a mechanistic component

CH4 No (Beukes et al., 2011;
Palliser and Woodward,
2002)

Computes the overall GHG
emissions in CO2-eq

GLEAM: global livestock environmental assessment model; WFM: whole farm model, IFSM: integrated farm system model.
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In addition, using a bio-economic model, Bell et al. (2013) and Pryce
and Bell (2017) concluded that genetic selection for better production
efficiency (e.g. reducing milk volume and increasing fat and protein
content, increasing survival) of the Australian dairy herd result in a re-
duction of GHG per unit of product while improving the net income
(1.1% reduction in CH4 and N2O of the average herd).
Table. 8
Modelling approaches separated into hierarchies and families with their capacities and limitat

Modelling approach Description/capacities of the models

Inventory-based and
static LCA models

– The activity data is multiplied by emission factors, or the use of g
empirical models to quantify individual emissions sources
– Suitable for high scale modelling and national inventories

Empirical and
statistical models

– Well-suited for practical applications when evaluating mitigation
– Could be used as GHG calculator tools for farmers and for invento
– Require a smaller number of input parameters

Process-based and
mechanistic
models

– Allow capturing the impact of biotic and abiotic drivers on GHG a
such as feed quality, soil type, N input
– Simulates the variation in GHG andN emissions and the associatedw
– Represent underlying processes and their drivers within the syst
the integral effect on GHG emissions
– Estimate on-farm emission with higher accuracy compared to inv
and empirical models
– Allow assessing the impact of individual or a combination of mitig
the whole farm level, or assess the impact of climate change over t

LCA: life cycle analysis, GHG: greenhouse gas, N: nitrogen.
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Besides improving geneticmerit andhealth of theherd, better produc-
tion efficiency measures involve lower herd replacement rates, N use ef-
ficiency, use off-paddock facilities to reduce the time spent on pasture
and adopting some management practices in order to reduce CH4 and
NH3 emissions from livestock such as using lowemission slurry spreading
and manipulation of the diets (Gerber et al., 2013; Wall et al., 2010).
ions.

Limitations

eneric values or Can be of limited value if the objective is to compare the variation
between regions, production systems, or individual mitigation
measures

strategies,
ry purposes

Do not allow capturing the variation between different production
systems in different climate zones

nd N emissions,

hole farm budget
em and evaluate

entory based

ation options at
ime

Require a greater number of input parameters

http://www.farmac.dk/
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Fig. 4. Decision tree for the choice of the modelling approach to assess greenhouse gas and nitrogen emissions from cattle production systems depending on the objectives of modelling;
LCA: life cycle assessment, IPCC: Intergovernmental Panel on Climate Change.
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Furthermore, farm scale models were used to simulate GHG
emissions and assess the environmental, economic, and technical impli-
cations of adopting alternative farm management strategies to reduce
emissions. For example, Schils et al. (2007b) applied different whole
farmmodels (i.e. DairyWise, FarmGHG, SIMSDAIRY, and FarmSim) to es-
timate the impact of differentmitigation options on on-farmGHG emis-
sions such as anaerobic digestion or co-digestion of manure with
residues, reduced grazing and increased use of maize crop and N use
efficiency.

Hence, the modelling objectives define to a large extent what ap-
proach to be adopted, whether it is evaluating different mitigation op-
tions or assessing GHG and N emissions, depending on the scale
(national, regional or farm level), or evaluation of diets and their rela-
tionships to gaseous emissions. Fig. 4 presents a decision tree for the
choice of the modelling approach to assess GHG and N emissions from
cattle production systems depending on the objectives of modelling.

6. Conclusions and recommendations

Various studies demonstrate the impact of dietary and livestock
management decisions on whole-farm GHG and N emissions from
beef and dairy production systems. The adoption of an integral
assessment approach has to be preferred over isolating each emis-
sion source or farm component separately when evaluating GHG
and N emissions and their drivers. This integrated approach allows
for an overall estimate of direct as well as indirect GHG and N
emissions including their trade-offs and synergies, and it allows
comparisons between types of production systems and/or between
different production conditions.

We recommend that any systemmodel needs to balance a) the pro-
cesses that themodel is attempting to simulate, b) themathematical ap-
proach that best represents those processes and c) the data required to
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parameterize and evaluate the model functioning. Process-based
modelling approaches represent a reasonable alternative over experi-
mental studies or modelling at a high scale (e.g. with farm LCA studies,
or with inventory methods adopted at the farm scale). Representation
at a high scale, while useful for national policy, can be of limited value
if the objective is to compare the variation between regions, production
systems, or individual mitigation measures. Static models using fixed
values for EF's are essential tools when evaluating the impact of farm
management strategies at fixed points in time, but cannot capture the
spatial and temporal variation in processes and dynamics of C and N
fluxes that are important when assessing spatial strategies or projecting
emissions and productivity into the future. Process-based models may
be promising tools to explore how assessment of GHG and N emissions
can be improved beyond the current empirical models. Process-based
models demonstrably cover a wider range of farming systems and con-
ditions in terms of nutrition, manure management, soil fertilization and
roughage/crop production. These models have an important advantage
over adopting rather average estimates for GHG andN emissions, which
may be suitable at the national scale, but which do not account for var-
iations encountered on-farm. Therefore, it is our recommendation to
make progress in prediction of GHG andN emissions bymodelling stud-
ies delivering a precise definition of the aim and goal of the modelling
effort, including a statement of the scale at which themodel is expected
to predict accurately, the type of mitigation measures the model is able
to account for, including a clear presentation and definition of the
underlying assumptions made. Implementation of these modelling
systems do, however, require large amounts of activity data and de-
pending on the temporal and spatial resolution required, these datasets
may not be readily available. Deployment of process-based model sys-
temswill therefore (for some farm elements) also depend on the devel-
opment of remote-sensing interpolation techniques or other proxies for
these data.
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Considering the relevance of feeding management strategies on on-
farm GHG and N emissions, capturing the effect of dietary measures not
only at the animal scale, but also downstream with farming activities
through a process-based modelling approach appears a promising im-
provement over the adoption of average EF's. It allows for the assess-
ment of how absolute GHG and N emissions as well as the emissions
intensity of a product can be efficiently reduced.

Generally, the objective of process-based models is to investigate
and explain variation in emissions factors and thereby deliver a
process-based prediction of the direction of change in GHG emissions
to be expected with changes in farmmanagement. This is not necessar-
ily the case with empirical models as they do not capture any mecha-
nism behind the prediction variables in the model. Empirical models
may very accurately represent the empirical evidence for a given situa-
tion or region and deliver a more accurate estimate of emissions/pro-
duction for farms at that specific local or regional level. In this sense
both types of modelling have their own value and can be used in sup-
port of each other.

The added value ofmodelling at thewhole farmscale is their integral
and overarching approach. However, they generally lack specificity and
logicality in respect to representation of the underlying processes that
give rise to GHG and N emissions because some parts are simplified
and represented by empirical models. Further improvements could be
made following an alternative approach by combining a set of
process-basedmodels to capture the dietary effects onGHGandN emis-
sions at the animal scale aswell as at different levels ofmanuremanage-
ment chain on the farm. Eachmodelled farm component delivers inputs
for the other components, and in this way also process-based models
can be used to generate an integral assessment of farm emissions.

In conclusion, if the objective is to compare the emissions between
different countries or different food types at a high scale of modelling
or a high systems level (e.g. meat and vegetables production), then sim-
ple models such as a static LCA approach or inventory-based approach
with Tier 1 or Tier 2 EF's are adequate. However, if the modelling objec-
tive is to capture the variation between individual farm systems across a
wide range of soil or climatic gradient or assess the synergy/antagonism
between mitigation options and climate adaptation, we recommend
that process-based models have important advantages in interpreting
these interactions. Such an approach may have an important benefit
over empirical approaches and in the fine-tuning and further improve-
ment of whole farm scale models.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.145932.
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