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A B S T R A C T   

Feed management decisions are crucial in mitigating greenhouse gas (GHG) and nitrogen (N) emissions from 
ruminant farming systems. However, assessing the downstream impact of diet on emissions in dairy production 
systems is complex, due to the multifunctional relationships between a variety of distinct but interconnected 
sources such as animals, housing, manure storage, and soil. Therefore, there is a need for an integral assessment 
of the direct and indirect GHG and N emissions that considers the underlying processes of carbon (C), N and their 
drivers within the system. Here we show the relevance of using a cascade of process-based (PB) models, such as 
Dutch Tier 3 and (Manure)-DNDC (Denitrification-Decomposition) models, for capturing the downstream in-
fluence of diet on whole-farm emissions in two contrasting case study dairy farms: a confinement system in 
Germany and a pasture-based system in New Zealand. Considerable variation was found in emissions on a per 
hectare and per head basis, and across different farm components and categories of animals. Moreover, the 
confinement system had a farm C emission of 1.01 kg CO2-eq kg− 1 fat and protein corrected milk (FPCM), and a 
farm N emission of 0.0300 kg N kg− 1 FPCM. In contrast, the pasture-based system had a lower farm C and N 
emission averaging 0.82 kg CO2-eq kg− 1 FPCM and 0.006 kg N kg− 1 FPCM, respectively over the 4-year period. 
The results demonstrate how inputs and outputs could be made compatible and exchangeable across the PB 
models for quantifying dietary effects on whole-farm GHG and N emissions.   

1. Introduction 

Amongst many farm management aspects, feed management de-
cisions are crucial as they strongly affect both greenhouse gas (GHG) and 
nitrogen (N) emissions from ruminant production systems (David Yáñez- 

Ruiz et al., 2018) and have major effects on dairy efficiency (de Ondarza 
and Tricarico, 2017). Dairy production systems are heterogenous, with 
varying levels of feed intake, composition of the diets, level of milk 
production achieved, livestock housing and manure management sys-
tems, as well as a relatively large contribution to national excreta/ 
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manure-related direct and indirect GHG and N emissions (Rotz et al., 
2014). Therefore, quantifying the downstream impact of feeding man-
agement decisions on whole-farm emissions is critical when assessing 
the impact of dietary mitigation options (including tradeoffs and syn-
ergies) across the whole-farm system (Jose et al., 2016; Kipling et al., 
2014). 

In cattle farming systems, non-carbon dioxide (CO2) emission sour-
ces from anthropogenic activities dominate. These comprise methane 
(CH4) arising from the process of enteric fermentation, direct emissions 
of CH4 and nitrous oxide (N2O) from housing and manure management, 
and direct emissions of N2O from the processes of nitrification and 
denitrification after dung/urine, manure and fertilizer application in 
grasslands and other soils (Gerber et al., 2013; IPCC, 2014; Rotz, 2018). 
In addition to N2O, ruminant production systems generate other forms of 
N pollution leading to indirect N2O emissions, particularly ammonia 
(NH3) emitted from housing and manure storage and application, and 
nitrate leaching (NO3

− ) to groundwater and surface water, and particu-
late N to surface water (Dijkstra et al., 2013). The CO2 emitted from 
livestock or pasture and feed crops is not considered a net source of CO2 
as it involves rapid Carbon (C) cycling of atmospheric CO2 into plant 
organic compounds (FAO, 2006). 

In both confinement and grazing systems, C and N emissions 
contribute significantly to the total GHG footprint (Beukes et al., 2020; 
Joo et al., 2015; Rotz, 2018). An integral assessment approach at the 
farm scale is necessary to evaluate GHG and N emissions in livestock 
systems robustly, rather than assessing each emission source in isolation 
(i.e., animal, housing, manure handling, soil). This is because there is a 
cascading impact of emissions from each source on subsequent sources 
(Rotz, 2018; Veltman et al., 2017). However, appropriate measurement 
protocols, air and water monitoring at the farm level are expensive, 
time-consuming, and sometimes technically challenging to achieve (Niu 
et al., 2018). Thus, measurement, reporting and verification (MRV) of 
the full suite of emissions from individual ruminant production systems, 
especially in the context of Carbon-Farming schemes, would be pro-
hibitively expensive or even impossible to achieve. Alternatively, 
mathematical process-based (PB) modelling can play a major role in 
understanding the interaction between C and N cycling processes and 
contextualizing empirical observations. Nevertheless, constructing an 
integral farm C and N budget is a challenge (Vibart et al., 2021) because 
of a) the lack of data associated with some key ecosystem C and N fluxes 
such as soil respiration, plant uptake, manure decomposition, nitrogen 
mineralization, and C sequestration in soil and b) the level of activity 
data required to populate the models. 

Various models have been used to assess GHG and N emissions at the 
farm scale including approaches ranging from empirical to static 
mechanistic models, to dynamic mechanistic models (Ouatahar et al., 
2021). Process-based models can represent the processes and dynamics 
of C and N fluxes that are important when assessing spatial strategies or 
projecting emissions and productivity into the future. This allows for 
generating a robust whole-farm budget of GHG and N emissions in 
relation to C and N cycling in the particular system under study (Velt-
man et al., 2017) (Figure S1). An ensemble modelling approach, 
whereby a set of PB modeling frameworks are linked for an integral 
assessment, can be used to quantify downstream impacts associated with 
dietary changes or alterations to the storage of manures on GHG and N 
emissions from farm production systems. Despite the promise, such an 
approach has rarely been utilized (Beukes et al., 2011). Therefore, the 
objective of this study was to establish a novel comprehensive modelling 
framework by linking a cascade of PB models. This framework is 
designed to assess the downstream impact of the dietary factors on 
manure management chain emissions, including housing, manure stor-
age and handling, and subsequent deposition into soil. This methodol-
ogy was applied to two case-study dairy cattle farms: a confined system 
in Germany, where animals are housed indoors and fed a controlled diet, 
and a pasture-based system in New Zealand, where animals graze out-
doors on natural or managed pastures for most or all of the year. As a 

result, the whole-farm budget of both direct and indirect GHG and N 
emissions, including C sequestration, along with farm C and N emissions 
and cycles could be estimated. 

2. Materials and methods 

2.1. Modeling approach 

For this modelling application, four primary components (i.e. animal 
feed, housing, manure storage, and soil processes) have been linked by 
building three bridges (Figure S2.). The first bridge simulates the dy-
namics and processes of C and N in the rumen that generate enteric CH4 
emissions and C and N excreta. The second bridge simulates the flow of C 
and N in manure management facilities in the barn and storage, and the 
last bridge models the downstream effect of the incorporation of manure 
C and N, and additional input (e.g., synthetic fertilizer), into the soil. The 
integral effect of diet on GHG and N emissions is provided by combining 
a suite of PB models for capturing the interaction of animals, facilities, 
and agro-ecosystems. The models link C and N dynamics in the different 
farm components to show the overall effect on emissions. The approach 
is demonstrated using two case study farms with accurate monitoring 
data. 

2.2. Process-based modeling frameworks for the implementation of 
integral assessment approaches 

2.2.1. Modeling enteric methane emissions and excretion 
For this modeling part, we used the Dutch Tier 3 model for enteric 

CH4 emission in dairy cattle (animal model) (Bannink et al., 2018, 
2011). This model represents the dynamic aspects of the interaction 
between feed substrates and micro-organisms in the rumen for assessing 
the impact of dietary characteristics on enteric CH4 emissions, feed 
digestion and excretion in urine and feces. This is a PB model consisting 
of a set of ordinary differential equations that describe the change in 
time of pools of the substrate, micro-organisms, and microbial end- 
product present in the rumen and large intestine. It is driven by inputs 
related to nutrition, including daily dry matter (DM) intake, the chem-
ical composition of feed and intrinsic degradation characteristics of the 
starch, crude protein (CP), and cell wall material (structural carbohy-
drates) as derived for protein evaluation systems for dairy cattle applied 
in current practice. Besides these degradable fractions, the model also 
requires inputs on the dietary content of soluble carbohydrates, crude 
fat, organic acids, ash, and NH3 (with silages). The model heavily relies 
on the rumen fermentation model (Dijkstra et al., 1992; Mills et al., 
2001) which has been expanded by Dijkstra et al. (2018) to include 
equations that represent fecal excretion and fecal composition. 

2.2.1.1. Modeling housing and manure storage emissions. The Manur-
eDNDC model (Li et al., 2012) used in this study is designed to simulate 
the biogeochemical cycles of C, N, and phosphorus (P) in dairy farms. It 
was developed by linking farm components, such as feeding, housing, 
storage, and treatment, to the biogeochemical model, DNDC (Li et al., 
1992b, 1992a). The ManureDNDC model is a PB model comprising 
several modules, including housing, manure storage, and field applica-
tion modules. These modules use the current biogeochemical processes 
to track manure turnover in the farm components. The C and N cycling 
within the housing module is primarily affected by various factors such 
as the type of animal, the properties of the manure, the type and prop-
erties of bedding material, the scrapping frequency, the cleaning 
method, and abiotic elements (such as climate) (Deng et al., 2015). The 
model simulates C, N, P, and water dynamics as well as GHG and N 
emissions from housing, compost, lagoon/slurry tank storage, digesters, 
and crop fields including grassland. The model outputs are simulated on 
a daily as well as an annual basis. 
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2.2.1.2. Modeling soil emissions. This study utilized the soil module of 
denitrification decomposition (DNDC) model (v9.5) (Deng et al., 2020; 
Giltrap et al., 2010; Li et al., 1992b, 1992a). This modified version of 
DNDC has been optimized for grazed grassland systems (Li et al., 2011; 
Zimmermann et al., 2018). The DNDC model is a PB model of C and N 
biogeochemistry in agro-ecosystems. The model consists of two com-
ponents. The soil climate, crop growth, and decomposition sub-models 
comprise the first component, which predicts soil temperature, soil 
moisture, pH, redox potential (Eh), and substrate concentration profiles 
driven by ecological factors (e.g., climate, soil, vegetation, and anthro-
pogenic activity). The emissions of CO2, CH4, NH3, nitric oxide (NO), 
N2O, and dinitrogen (N2) and changes in soil organic carbon (SOC) from 
plant-soil systems are predicted by the second component, including the 
nitrification, denitrification, decomposition and fermentation sub- 
models. 

2.3. Farm case studies: A confinement system in Germany and a pasture- 
based system in New Zealand 

The PB model ensemble described above was applied to two case 
study farms, representing two contrasting dairy systems (Table 1). The 
two farm cases were selected because of sufficiently detailed and reliable 
monitoring data. The first simulated farm was a German dairy farm with 
235 Holstein cows and an area of 905 ha, representing a confinement 
system. The second one was a pasture-based dairy farmlet system in New 
Zealand with 42 Holstein cows and 19 heifers and an area of 18 ha in 
total, designed to assess more profitable but lower N leaching farming 
systems (Beukes et al., 2017). The cases differ significantly in terms of 
farming intensity, fertilization intensity (kg of N ha− 1 year− 1), and 
feeding intensity (DM intake and milk yield, kg cow-1 year− 1). Hence, 
they illustrate how PB models may encompass the differences in GHG 
and N emissions. 

2.4. Input data 

2.4.0.1. Animal/Feed data 
The starting point of the modeling process was inputting detailed 

dietary information on different rations fed to different categories of 
animals in the farms. Dietary information includes feed intake, diet 
composition, and the chemical analysis and intrinsic rumen degradation 

characteristics of the starch, fiber and protein fraction in feedstuffs. For 
the confinement system, monthly feed rations for the three categories of 
cows were obtained from farm recording information for the monitoring 
period. The rations were inputted with the ingredients composed of 
roughages, minerals, and concentrates, including compound feed im-
ported outside the farm and single products or purchased by-products. 
The average diets were generated per animal category. The chemical 
composition for each ingredient was inputted and includes (g kg DM− 1): 
DM content, CP, NH3, crude ash, sugars, starch, neutral detergent fiber 
(NDF), crude fat, and volatile fatty acids. These values were obtained 
from farm analyses of feedstuffs and feed tables (CVB, 2018). 

For the pasture-based system, DMI for cows and heifers was provided 
based on data from the study conducted by Beukes et al. (2017). Because 
standard feed data collected in practice does not provide these data, the 
intrinsic degradation parameters for potentially degradable starch, NDF 
and CP for all dietary components were estimated (Bannink et al., 2018, 
2011). A portion of dietary DM (g kg− 1 DM) could not be identified (in 
the order of 10 %), which was calculated as the subtraction of the 
amount of CP excluding CP originating from NH3-N, NH3, crude fat, 
crude ash, NDF, starch, sugar, and fermentation products from 1000 g 
kg− 1 DM. If the amount of dietary starch exceeded the amount of sugar, 
the unidentified fraction was divided equally between NDF and starch. If 
the opposite was true, the unidentified fraction was divided equally 
between NDF and sugars. This method was chosen as a practical way to 
assign 100 % of DM, including the unidentified portion that contributes 
to fermentation, microbial growth, digestion, and excretion (Bannink 
et al., 2011). Table 2 summarizes the feeding information of the two 
contrasting farm cases. 

In the animal model, the body’s N (g N d-1) retention was assumed to 
be zero because it remains very small relatively to animal inflow and 
outflow of N, and therefore the following equation applies: 

Nfeed = Nurine+Nmilk+Nfaeces (1) 

Carbon intake was calculated as follows: 

Cintake = (DMI*((Carbohydrate + fat + protein)*Carbon content)/1000
(2) 

Where Cintake is carbon intake in g head-1 day− 1, DMI is DM intake in 
kg d-1, carbohydrate is the carbohydrate content of the diet in g kg 
DM− 1, fat is the fat content of the diet in g kg DM− 1. The molar masses 
were calculated as 162 g for 1 mol of carbohydrate (assuming an average 
composition of 6 mol C per mol carbohydrate) and 844 g for 1 mol of fat 
(assuming an average composition of 50 % C16 and 50 % C18, averaging 
17 mol C per mol fat). A standard correction factor of 6.25*N in CP was 
applied for the protein C content. However, it was necessary to exclude 
the CP associated with NH3-N. This portion of CP, excluding NH3-N, is 
estimated to contain approximately 0.5 g of C per gram of CP (Rou-
wenhorst et al., 1991). 

FPCM in kg day− 1 was calculated as follows from reported milk yield 
(kg day− 1), fat (%) and protein (%) content (CVB, 2018): 

FPCM = (0.337 + 0.116 × fat + 0.06 × protein) × milkyield 3) 

Milk nitrogen (Nmilk) in gN day− 1 is calculated from observed values 
of milk composition as follows: 

NMilk = (milk yield*protein content(%)/100)*1000/6.38 (4) 

Milk yield is expressed in kg d-1. 

2.4.0.2. Housing, manure management, crop and soil data 
An overview of climate and farm-related parameters such as outdoor 

and indoor climate parameters, livestock, housing, manure manage-
ment, soil, and crop information are shown in Table 3, with the main 
inputs presented in Appendix A. The inputs included details on tem-
perature, precipitation, wind speed, number of animal heads, housing 
details, ventilation, manure removal frequency, manure management, 

Table 1 
General characteristics of two contrasting farm cases of dairy farm management: 
a confinement system in Germany (Farm 1) and pasture-based system in New 
Zealand (Farm 2).  

Characteristics Farm 1 Farm 2 

Type system Confinement system/ 
naturally ventilated 

pasture-based 
farmlet system 

Site   
Site name Groß Kreutz Waikato 
Latitude 52.40 − 37.77 
Longitude 12.78 175.37 
Area (ha) 905 18 
monitoring period 2018–2019 2011–2015 
Herd   
Cows (head) 235 42 cows + 19 heifers 
Race Holstein Holstein 
Categories animals High lactating/late 

lactating/dry cows 
Lactating cows/ 
heifers 

Manure management   
Biogas type anaerobic mesophilic  
Slurry tank capacity (m3) two slurry tanks (2000 +

2200) 
−

Soil, fertilization   
Soil type Loam-sandy silt-loam 
Mineral fertilization rate 

(kg N ha− 1) 
54–130.5 120–146 

N: nitrogen, ha: hectare. 
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soil characteristics, crop details, fertilization, and manure amendment. 

2.5. Simulations and general assumptions 

The simulations were designed to account for seasonal and annual 
variations and differences between different cohorts of bovines within 
the herd (Figure S3.). Therefore, a single year of simulation was con-
ducted for the confinement system by dividing the herd into categories 
with distinct DMI and milk characteristics, live weights, %CP, DM 
fraction, and days in milk (DIM) to account for the variation between 
different animals among the herd. For the pasture-based system, four 
consecutive years of simulation were conducted with dairy cows, and 
one year for heifers to capture the interannual variation. For the 

confinement system, the cows were separated into three groups: high 
and mid-lactating cows, late-lactating cows, and dry cows. We assumed 
a lactation period of 305 days (Leon-Velarde et al., 1995), 200 days high 
and mid lactating, and 105 days late lactating and the remaining 60 days 
of the year were the dry period. Regarding the pasture-based system, we 
assumed one average diet was adopted for the whole year for lactating 
cows and heifers. 

For the housing compartment in the confinement system, we 
assumed the same proportion of each category of cows was housed for 
the same surface area inside the barn. Dry cows were treated as beef 
cows in the livestock module. For the pasture-based system, animals 
were grazed 24 h a day. 

Nitrous oxide emissions emerge through two indirect pathways, 
namely “off-site” N2O emissions from N volatilization/deposition and N 
leaching, in addition to the direct emissions of N2O from managed soils 
that arise through a direct pathway (i.e., directly from the soils to which 
N was applied). By assuming all lost N was locally redeposited and using 
the emission factor (EF) developed for indirect N2O field emissions, in-
direct N2O emissions were calculated from leached N and NH3 volatil-
ization. These emissions were added to the GHG farm budget by using 
the EFs from IPCC guidelines (IPCC, 2019, 2006). 

N2Oindirect − (NH3) = NH3 − N × EF4 × (
44
28

) (5)  

N2Oindirect − (NO3
− ) = NO3 − N × EF5 × (

44
28

) (6)  

where N2Oindirect – (NH3) is indirect N2O emissions from NH3 volatili-
zation in kg year− 1, and N2Oindirect – (NO3

− ) is indirect N2O emissions 
from NO3

− leaching in kg year− 1. EF4 (i.e. 0.01) is EF for N2O emissions 
from atmospheric N deposition on soils and water surfaces in kg N2O-N 
(kg NH3-N volatilized)-1, and EF5 (i.e. 0.011) is EF for N2O emissions 
from N leaching and runoff in kg N2O-N (kg N leached and runoff) -1. 

It is to be noted that a portion of the manure C was released as CH4 
(and burned) as the manure stream was routed through the digester, 
making it unavailable for soil application. It was, therefore, not simu-
lated in ManureDNDC. However, the CH4 released by the digester was 
burned to produce electricity on the farm. The CO2 produced from 
burning this CH4 is considered biogenic, meaning it originates from 
organic material that absorbed CO2 during photosynthesis. As such, it is 
considered carbon–neutral for this accounting, as the amount of CO2 
sequestered during biomass growth is equal to the amount released 
during combustion (Canadell et al., 2021; FAO, 2006; Pulles et al., 

Table 2 
Summary of inputs used for the animal process-based model, including feed information and milk composition for the two case study farms; the confinement (Farm 1) 
and pasture-based system (Farm 2).  

Item unit Farm 1 Farm 2 

category animal name HL-cows LL-cows dry cows lactating cows lactating cows lactating cows lactating cows heifers 

monitoring period year 2018–2019 2018–2019 2018–2019 2011–2012 2012–2013 2013–2014 2014–2015 2014–2015 
DMI kg head-1 day− 1 21.77 18.92 10.65 15.90 13.70 14.61 14.20 9.80 
% Concentrate % 19.8 % 17.5 % 0 % 0 % 0 % 0 % 0 % 0 % 
Nitrogen intake kgN head-1 day− 1 0.47 0.42 0.24 0.55 0.47 0.50 0.49 0.35 
Carbon intake kgC head-1 day− 1 10.64 9.25 5.10 8.25 7.10 7.56 7.38 5.12 
Crude protein g kg DMI-1 128.05 135.05 138.18 215.72 215.48 213.05 217.70 222.70 
Crude ash g kg DMI-1 53.22 61.24 87.82 94.46 95.15 94.16 95.39 96.30 
Crude fat g kg DMI-1 28.74 29.20 30.05 39.82 39.94 39.82 39.94 40.00 
NDF g kg DMI-1 399.29 411.72 559.99 473.81 475.46 473.44 475.77 477.30 
Milk yield kg d-1 34.00 26.00 − 13.33 12.82 13.33 13.46 −

FPCM kg d-1 32.97 26.13 − 13.55 13.03 13.55 13.69 −

Milk fat % 3.80 4.00 − 4.10 4.10 4.10 4.10 −

Milk protein % 3.20 3.40 − 3.40 3.40 3.40 3.40 −

Milk nitrogen g N day− 1 170.53 138.56 − 71.06 68.30 71.06 71.75 −

Live Weight kg head-1 700 700 700 469 469 469 469 425 

DMI: dry matter intake, FPCM: fat protein corrected milk, NDF: neutral detergent fiber. Live weight represents the mean of the herd. Farm 1: Germany, one year 
simulation for different cows; HL-cows: high lactating cows, LL-cows: late lactating cows and dry cows). Farm 2: New Zealand, 4-years simulation for lactating cows 
and one year for heifers). 

Table 3 
Overview of inputs used for the manure management and soil/crop process- 
based models.  

parameter Description 

Climate  - Outdoor daily max and min air temperature(◦C), 
precipitation (cm), relative humidity (%) and wind speed 
(m.s− 1).Indoor (inside the barn) daily average 
temperature(◦C), daily relative humidity (%), and daily 
wind Speed 

(m.s− 1) 
Livestock  - Number of heads, feed rate (kg DM head-1 day− 1), CP (%), 

C and N intake (kg DM head-1 day− 1) 
Housing  - Number of housings on the farm 

Floor area 
Ventilation type 
Manure removal frequency (days/removal) 
Liquid and solid waste fractions removed to slurry tank, 

digester, field, and/or remaining on site. 
Digester characteristics 

Manure storage and 
treatment  

- Manure removal: frequency, and fraction of manure 
removed to slurry tank.Slurry tank: capacity 

(m3), surface area (m2), removal frequency 
Land application: area of field receiving manure 

Soil and crop  - soil characteristics: soil texture, bulk density, pH, clay 
fraction, field capacity, soil organic carbon (SOC) top 
layer 

Crop type, areas (ha), planting/harvest dates, crop 
residue management, crop rotations 

Tillage application datesFertilization: fertilizer type, 
application dates, application rate 

(kg N/ha) application depth, application method 
Manure amendment: date, rate (kg N ha− 1), and 

application method  
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2022). Therefore, CO2 emissions from the combustion of biogenic fuels 
are not included in the national emission totals (Pulles et al., 2022).For 
calculating the net global warming potential (GWP) per farm, the GWP 
used was as recommended by IPCC Fifth Assessment Report (AR5), 
without indirect climate forcings (28 times CO2 equivalent for CH4 and 
265 for N2O) (IPCC, 2013). To convert the gases from CH4-C, CO2-C, 
N2O-N into CH4, CO2, and N2O, we multiplied the molar mass of each 
gas and divided it by the molar mass of C or N (ConvertUnits.com, 
2022). Simulations were done on a per hectare basis in the soil model. To 
generate the net GWP per ha for the whole farm, we used the equivalent 
in terms of livestock unit coefficient (LUC) per ha for both cows and 
heifers. The stocking rate for all livestock types was expressed on a 
livestock unit (LU) basis (i.e. 1.4 LU ha− 1 for the confinement system 
and 3 LU ha− 1 for the pasture-based system (Beukes et al., 2017; 
EUROSTAT, 2020; Reinsch et al., 2021). 

To understand the environmental impact and farm C and N emission 
of on-farm agricultural practices and farm production, we established 
system boundaries that encompass the farm gate life cycle stage (Akert 
et al., 2020). This approach allows for estimating C and N on-farm 
emission. This means that upstream and downstream emissions related 
to transportation, processing, packaging, or retailing of the products 
were not included in the budgets presented here. These emissions only 
include C and N flows on farm and do not include upstream emissions, 
such as feed or fertilizer manufacture or downstream sources, such as 
transport. 

Farm C emission can be expressed as follows: 

Farm C emission = Σ(GHGs emitted)/(Amount of FPCM) (7)  

where GHGs emitted is the sum of all direct and indirect GHG emissions 
from the farm gate lifecycle (i.e., CO2, CH4, N2O, NH3, NO3

− ), and FPCM 
is the amount of fat protein corrected milk produced. 

The equation for calculating the farm N emission can be expressed as 
follows: 

Farm N emission = Σ(N emissions emitted)/(amount of FPCM) (8)  

where Σ (N emissions emitted) is the sum of all N-related emissions from 
the farm gate lifecycle (i.e., N2O, NH3, NO3

− ). 

3. Results 

3.1. Farm carbon and nitrogen emission 

The farm gate C and N emissions of the two dairy systems (the 
confinement system and the pasture-based system) are presented in 
Table 4. The farm C emission, which represents the total amount of farm- 
gate GHG (CO2-eq) divided by total amount of FPCM (kg), of the 
confinement system was 1.01 kg CO2-eq kg− 1 FPCM. The pasture-based 

system had a lower farm C emission, with values ranging from 0.68 to 
0.97 kg CO2-eq kg− 1 FPCM, depending on the monitoring year over the 
four-year simulation period. The farm N emission, which represents 
farm-gate total N emissions divided by total amount of FPCM (kg), of the 
confinement system was 0.0300 kg N kg− 1 FPCM. In contrast, the 
pasture-based system had a lower farm N emission ranging from 0.0047 
to 0.0085 kg N kg− 1 FPCM over the monitoring period. Methane rep-
resented the largest source of emissions with 78 % to 90 % of the GHG 
farm emission over the 4-year period in the pasture-based system, whilst 
it represented 63 % in the confinement system. The second major source 
was N2O emissions which comprised 32 % in the confinement system 
and 7–10 % in the pasture-based system. 

3.2. Farm carbon and nitrogen cycles 

The flows of C and N representing the C and N cycles through 
different farm components, are in Fig. 1. All the inputs and outputs (in 
kg C or N per ha per year) for both case study farms were incorporated 
into the flows. The results indicate that the PB models captured the 
differences in inputs (e.g., N and C intake, fertilizer N) and variation in 
outputs from the systems in the form of direct and indirect GHG and N 
emissions, between the two systems, and across the years in the pasture- 
based system. In terms of the C cycle, CH4 emissions in the confinement 
system comprised 65 % (672.1 kg CH4-C ha− 1 year− 1), while CO2-C was 
34 % (347.7 kg CO2-C ha− 1 year− 1) and ΔSOC was a net sink of − 6.6 kg 
C ha− 1 year− 1. For pasture-based system, CH4-C emissions comprised 31 
%-82 % (244.8–278.1 kg CH4-C ha− 1 year− 1), while ΔSOC was 18 %-69 
% (− 549.5 to 104.1 kg C ha− 1 year− 1) depending on the year. 

The principal N loss pathway in the confinement system was NO3
−

leaching, which comprised 60 % (61.1 kg N ha− 1) of N loss, followed by 
NH3 volatilization (37.9 kg N ha− 1) which comprised 37 %. In contrast, 
N2O emissions only comprised 3 % or 2.8 kg N ha− 1 of total N loss 
(Table 4). In the pasture-based system the distribution of emissions 
changed depending on each year. Nitrate leaching comprised 2 %-6% 
(1.1– 6.4 kg N ha− 1), NH3 volatilization ranged from 93 % − 96 % 
(57.5–105.0 kg N ha− 1), and N2O emissions comprised 2 % − 3 % 
(1.5–2.1 kg N ha− 1). 

3.3. Whole-farm carbon and nitrogen emissions 

The results of the impact of variation in dietary inputs between 
categories of animals in the confinement system and years in the 
pasture-based system on predicted direct (i.e., CO2, CH4, N2O, ΔSOC) 
and indirect (i.e., NH3, NO3

− ) GHG and N emissions at the farm scale are 
shown in Table 5. The ΔSOC represents the change in SOC and is 
calculated from the gross primary production, total ecosystem respira-
tion, leached C, excreta inputs and C consumed/cut from the system. 
Substantial differences were found in overall emissions between the two 

Table 4 
farm carbon and nitrogen emission of milk of the case study dairy systems; confinement (Farm 1) and pasture-based system (Farm 2).  

Farm  Farm 1 Farm 2    

Monitoring period  2018–2019 2011–2012 2012–2013 2013–2014 2014–2015 
Farm carbon emission (kg CO2-eq kg− 1 FPCM)      

CO2 0.04 0.00 0.00 0.00 0.00  
CH4 (enteric + manure) 0.65 0.84 0.77 0.78 0.76  
N2O (direct + indirect) 0.33 0.10 0.07 0.07 0.08  
ΔSOC − 0.01 0.03 − 0.16 − 0.02 − 0.05  
Total 1.01 0.97 0.68 0.83 0.79 

Farm nitrogen emission (kg N kg− 1 FPCM)       
NH3-N 0.0042 0.0079 0.0045 0.0051 0.0051  
N2O-N 0.0006 0.0002 0.0001 0.0001 0.0002  
Leached NO3

− -N 0.0253 0.0005 0.0001 0.0001 0.0002  
Total 0.0300 0.0085 0.0047 0.0053 0.0055 

FPCM: fat protein corrected milk. CO2 emissions arise from the barn, digester, and slurry tank. CH4 emissions arise from enteric fermentation from animals, and manure 
management (barn, digester and slurry tank), soil emissions represent a sink for CH4, direct and indirect N2O emissions arise from the barn and soil, DSOC representing 
the cumulative change in soil organic carbon. 
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farming systems. This was mainly because there was a large proportion 
of tillage in the confinement system compared with permanent pasture 
only for the NZ farm system. The interannual variation in emissions in 
the pasture-based system, and the variation in emissions in different 
farm components and different categories of cows in the confinement 
systems was also noted. 

The results indicate that pasture-based systems had lower total 
emissions per head (Fig. 2) and per ha (Table 5) compared to confine-
ment systems across all years. When comparing emissions per farm 
component on a ha basis (i.e.. CO2-eq ha− 1 year− 1) (Table 6), the highest 
total emissions in both systems were attributed to enteric CH4. Emissions 
ranged from between 45 % in the confinement system, to between 76 % 

to 89 % in the pasture-based system (depending on the years and animal 
category). Soil emissions constituted the second largest emission source 
ranging between 14 % to 24 %, respectively. The manure management 
emissions from the barn were 38 %, whilst digester and slurry tank 
contributed 14 %, and soil (3 %) of total emissions from the confinement 
system. 

Furthermore, the predicted emissions were consistent across years in 
the pasture-based system when expressed in terms of CO2-eq head-1 

year− 1 as in Fig. 2. However, the proportions of emissions from each 
source change slightly. For the confinement system, emissions from 
animals, barn, manure management, and soil account for 44 %, 37 %, 6 
%, and 13 % of the total respectively. For the pasture-based system, 

Fig. 1. carbon (C) and nitrogen (N) cycles flows at farm scale (all the N or C inputs and outputs in C or N flux, in kg ha− 1 year− 1) for the confinement (Farm 1) and 
pasture-based system (Farm 2). 
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emissions from animals and soil ranged between 77 % to 90 % and 13 % 
to 23 % of the total, respectively. 

Emissions of CO2, CH4, NH3, N2O, NO3
− expressed in terms of CO2-eq 

head-1 year− 1 are dominated by different farm components as well. 
Enteric fermentation comprised 54 % of total CH4 emissions (CO2-eq 
head-1 year− 1) for the confinement system. The remainder was produced 
from the barn (38 %), slurry tank (5 %) and digester (2 %). By contrast, 
the vast majority of CH4 arose from enteric fermentation in the pasture- 
based system. Soil in both systems served as a sink for a small fraction of 
CH4 that arose from soil (0.1–1.5 %). The bulk of direct and indirect N2O 
emissions from the confinement system emerged from soil, while 100 % 
arise from the soil in the pasture-based system. 

4. Discussion 

4.1. Farm carbon and nitrogen emissions 

In terms of farm-gate GHG footprint, these results are within the 
range of the findings of Ledgard et al. (2019) who reported GHG foot-
prints ranging from 0.71 to 0.75 CO2-eq kg− 1 FPCM in New Zealand 
dairy systems using country-specific EF and life cycle assessment 
models, and 1.2–1.5 kg CO2-eq kg− 1 FPCM for German confinement 
systems, using an LCA approach (Naranjo et al., 2020; Reinsch et al., 
2021) and a combination of measured data and IPCC methodology 
(Robert Kiefer et al., 2015). Simulated values ranging from 0.56 to 1.37 

Table 5 
Integral assessment of direct and indirect carbon and nitrogen emissions for the confinement (farm 1, one year simulation) and pasture-based system (farm 2, 4-year 
simulation for cows and one year for heifers).  

Farm monitoring period category source Carbon emissions (kg C ha− 1 year− 1) Nitrogen emissions (kg N ha− 1 year− 1) 

CH4-C CO2-C ΔSOC-C N2O-N NH3-N NO3
− -N 

Farm 1 2018–2019 HL-cows animals  141.7  0.0  0.0  0.0  0.0  0.0   
LL-cows animals  129.9  0.0  0.0  0.0  0.0  0.0   
dry-cows animals  69.0  0.0  0.0  0.0  0.0  0.0   
HL-cows barn  96.0  82.2  0.0  0.6  8.3  0.1   
LL-cows barn  84.3  70.4  0.0  0.6  8.1  0.1   
dry-cows barn  63.9  53.7  0.0  0.3  4.4  0.1    

digester  22.0  33.0  0.0  0.0  0.0  0.0    
slurry tank  67.0  108.4  0.0  0.1  8.9  0.0    
soil  − 1.7  0.0  − 6.6  1.2  8.0  60.8  

Total    672.1  347.7  ¡6.6  2.8  37.9  61.1 
Farm 2 2011––2012 cows animals  278.4  0.0  0.0  0.0  0.0  0.0    

soil  − 0.3  0.0  104.1  2.1  105.0  6.4  
Total    278.1  0.0  104.1  2.1  105.0  6.4  
2012––2013 cows animals  245.3  0.0  0.0  0.0  0.0  0.0    

soil  − 0.6  0.0  − 549.5  1.4  57.5  1.1  
Total    244.8  0.0  ¡549.5  1.4  57.5  1.1  
2013––2014 cows animals  258.5  0.0  0.0  0.0  0.0  0.0    

soil  − 0.4  0.0  − 57.4  1.5  67.6  1.8  
Total    258.1  0.0  ¡57.4  1.5  67.6  1.8  
2014––2015 cows animals  253.4  0.0  0.0  0.0  0.0  0.0    

soil  − 0.4  0.0  − 190.0  2.0  69.2  2.3  
Total    253.0  0.0  ¡190.0  2.0  69.2  2.3  
2014––2015 Heifers animals  264.5  0.0  0.0  0.0  0.0  0.0    

soil  − 0.4  0.0  − 194.1  2.1  66.2  2.1  
Total    264.1  0.0  ¡194.1  2.1  66.2  2.1  

Fig. 2. Comparison of contribution of direct and indirect greenhouse gas emission sources and fat protein corrected milk (FPCM) for confinement (Farm 1) and 
pasture-based system (Farm 2). 
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kg CO2-eq l− 1 milk were reported, using a semi mechanistic model 
SIMSDairy (Del Prado et al., 2011; Díaz de Otálora et al., 2024). How-
ever, if indirect N2O emissions from NH3 and NO3

− were included, the 
total GHG emissions for the studied dairy systems increased by 
approximately 0.15 to 0.19 kg CO2-eq l− 1 milk. Lower values for farm- 
to-gate C footprint ranging from 0.37 to 0.69 CO2-eq kg− 1 FPCM were 
reported in confined, dry lot and grazing dairy systems using DairyGHG 
model Rotz et al. (2010), while values ranging from 0.75 to 1.21 CO2-eq 
kg− 1 FPCM were reported using the Integrated Farm System Model 
(Rotz, 2018). 

The farm N emission for the pasture-based system was lower, with an 
average of 0.006 (i.e., average of the four years) kg N kg− 1 FPCM 
compared to 0.03 kg N kg− 1 FPCM for the confinement system. Previous 
studies for feedlot systems have ranged from 0.012 kg N kg− 1 FPCM to 
0.02 kg N kg− 1 FPCM (Rotz et al., 2021; Veltman et al., 2018) and from 
0.008 to 0.06 kg N kg− 1 FPCM (Ledgard et al., 2019; Mu et al., 2016). 
Including ΔSOC into the budget of emissions resulted in either a 
reduction of 3 % in emissions or increase of 2 %–23 % when ΔSOC was 
negative (a sink) or positive (a source) respectively in a specific year in 
the pasture-based system. This agrees with the trend of other studies that 
show that SOC sequestration may significantly impact and contributes to 
reducing C footprint in livestock systems, depending on land-use 
(Idrissou et al., 2024). Furthermore, the comparatively large land area 
in the confinement system, which was 905 ha, amplified the propor-
tional contribution of direct and indirect N2O emissions into the total 
GHG farm emission (32 %), which is lower (between 20 % to 25 %) in 
previous studies (Del Prado et al., 2013; Rotz, 2018). Therefore, 
capturing fluctuations and variability in farm C and N emissions across 
farming systems and between the years in this study highlights the need 
for case specific assessments taking into consideration feed and chemical 
information data and all the biotic and abiotic factors affecting the 
general budget of on-farm emissions. This means these factors have to be 

taken into account when making decisions on how to reduce on-farm C 
and N emissions. 

4.2. Impact of production system and choice of metrics on GHG and N 
emissions 

Comparing total emissions in terms of CO2-eq per ha or per head 
resulted in the German feedlot farm having the highest total emissions 
due to the emissions coming from the barn and to a lesser extent from 
the slurry tank and digester. This difference ranges from 1.3 to 2.5 times 
more emissions from the confinement system compared to the pasture- 
based system when expressed on a per unit area basis, to 4.0–6.4 
times when expressed on a per head basis, and 1.2–1.5 times when 
expressed on a per FPCM basis. This indicates that stocking rates 
assumed, production per cow and number of animals significantly 
impacted the metric used to express and compare total emissions be-
tween different production systems. 

The type of production system also affects the breakdown and level 
of CH4, N2O and CO2, NO3, NH3 emissions and C sequestration. Direct 
and indirect GHG emissions are enhanced by high intensity farming that 
requires high levels of applied manure and fertilizer (Ibarra et al., 2019). 
For this reason, climatic conditions and the type of dairy production 
system must be considered while exploring different mitigation mea-
sures at the farm level. For example, a higher risk of excessive emissions 
to the environment through leaching could be related to intensifying 
livestock production under extremely humid conditions. The PB models 
may be best suited to assess the downstream impact of the management 
and biotic and abiotic factors on GHG and N emissions at the farm level. 

Table 6 
Integral assessment of direct and indirect carbon and nitrogen emissions for the confinement (farm1, germany, one year simulation) and pasture-based system (farm 2, 
new zealand, 4-year simulation for cows and one year for heifers).  

Farm monitoring 
period 

category source GWP (kg CO2-eq ha¡1 yr¡1) Total emissions (kg CO2-eq 
ha¡1 yr¡1) 

Carbon emissions Nitrogen emissions 

CH4 CO2 ΔSOC Direct 
N2O 

Indirect N2O– 
NH3 

Indirect N2O −
NO3

−

Farm 
1 

2018–2019 HL-cows animals  5299.3  0.0  0.0  0.0  0.0  0.0  5299.3   

LL-cows animals  4859.6  0.0  0.0  0.0  0.0  0.0  4859.6   
dry-cows animals  2579.4  0.0  0.0  0.0  0.0  0.0  2579.4   
HL-cows barn  3591.9  301.3  0.0  230.5  34.7  0.6  4159.0   
LL-cows barn  3152.2  257.8  0.0  232.2  33.9  0.6  3676.7   
dry-cows barn  2391.5  196.8  0.0  131.7  18.3  0.3  2738.7    

digester  821.9  120.8  0.0  0.0  0.1  0.0  942.9    
slurry 
tank  

2505.0  397.2  0.0  50.8  37.2  0.0  2990.3    

soil  − 64.9  0.0  − 24.1  518.5  33.4  278.3  741.2  
Total    25135.9  1274.0  ¡24.1  1163.7  157.7  279.8  27987.1 

Farm 
2 

2011––2012 cows animals  10413.1  0.0  0.0  0.0  0.0  0.0  10413.1    

soil  − 12.0  0.0  381.4  853.5  437.3  29.3  1689.6  
Total    10401.1  0.0  381.4  853.5  437.3  29.3  12102.7  
2012––2013 cows animals  9175.7  0.0  0.0  0.0  0.0  0.0  9175.7    

soil  − 21.3  0.0  − 2013.5  599.5  239.5  5.1  − 1190.7  
Total    9154.4  0.0  ¡2013.5  599.5  239.5  5.1  7985.0  
2013––2014 cows animals  9668.9  0.0  0.0  0.0  0.0  0.0  9668.9    

soil  − 15.3  0.0  − 210.2  641.2  281.4  8.1  705.2  
Total    9653.6  0.0  ¡210.2  641.2  281.4  8.1  10374.1  
2014––2015 cows animals  9477.0  0.0  0.0  0.0  0.0  0.0  9477.0    

soil  − 15.3  0.0  − 696.3  845.2  287.9  10.7  432.2  
Total    9461.6  0.0  ¡696.3  845.2  287.9  10.7  9909.2  
2014––2015 Heifers animals  9891.1  0.0  0.0  0.0  0.0  0.0  9891.1    

soil  − 13.8  0.0  − 711.3  886.8  275.6  9.5  446.8  
Total    9877.3  0.0  ¡711.3  886.8  275.6  9.5  10337.9 

HL: high lactating, LL: late lactating, GWP: global warming potential. 
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4.3. Capturing the downstream impact of diet on whole-farm GHG and N 
emissions 

The integral on-farm GHG and N emissions were generated by 
exchanging the outputs-inputs between the dynamic and mechanistic 
models at the different stages of the manure management chain. The 
direct and indirect GHG emissions sources including C sequestration/ 
accumulation (ΔSOC) were included in this study’s global farm GHG 
budget. The simulations examined the transformations of C and N flows 
in the digestive systems of dairy cattle, as well as the downstream effects 
on C and N dynamics, throughout the manure management chain. 
Additionally, the consequences of excretion on C and N dynamics in 
housing and stored manure were considered, along with the emissions of 
NH3 and NO3

− in soil. These processes are of great importance, as they 
contribute to indirect N2O emissions from manure and its deposition 
into ecosystems and are to be an integral part of any farm system 
assessment. 

The combining of various mechanistic modeling frameworks into a 
comprehensive model has been tackled by other studies (Veltman et al., 
2018), but not for the whole-farm budget that includes direct and in-
direct emission sources and SOC. For example, Hempel et al. (2022) 
investigated the coupling of different mechanistic modelling techniques 
into a whole barn-scale NH3 emission model, including the dietary and 
chemical composition data, in naturally ventilated dairy housing sys-
tems, and Rotz et al., (2014) also developed a whole PB farm model for 
NH3 emission from dairy farms. At the farm scale, whole-farm models 
are generally adopted to quantify emissions in grassland and confine-
ment systems. However, these farm-scale models rely heavily on EFs and 
empirical relationships to estimate emissions and are mainly based on 
IPCC Tier 2 EFs (Del Prado et al., 2013; Rotz, 2018). Nonetheless, this 
approach does not always capture the detailed underlying processes and 
variations in the drivers that impact emissions. For example, whilst di-
etary effects on enteric CH4 could be considered as well controlled and 
reproducible, with the ruminant host closely regulating rumen fermen-
tation conditions with continuous inflow and outflow, N2O emissions 
and possibly C sequestration are influenced by high variability of 
climate on soil conditions and vegetation. As a result, the timing of field 
operations and the extent (amount) of an activity have fundamental 
influences on the latter’s emissions rate. 

Enteric CH4 in this study is modelled depending on the lactation 
stage for the confinement system with values ranging from (kg head-1 

year− 1) 65.80 for dry cows, 123.97 for late lactating cows and 135.19 for 
high lactating cows. These findings align with the results found in the 
literature (Dämmgen et al., 2012). Besides, different levels of feed intake 
and CP content have been associated with variations in N emissions 
(Hoekstra et al., 2020), which was captured in this study by taking the 
level of feed intake and CP levels for each category of animals into ac-
count. The variation in concentrates levels between the different animal 
categories with distinct levels of lactation was also captured in this 
study, which was reported to have an impact on enteric CH4 production 
(Duthie et al., 2017; van Wyngaard et al., 2018). 

Dietary composition not only influences enteric CH4 emissions but 
also directly impacts the composition and quantity of cattle excreta 
(Bougouin et al., 2022; Hilgert et al., 2023), which impacts downstream 
housing and manure management practices, and subsequent field 
emissions. The modelled CH4 emission for the housing facility was be-
tween 61.01 to 91.63 kg CH4 head-1 year− 1 for dry cows and high 
lactating cows respectively, which shows the impact of the level of feed 
intake on excretion and emissions. Different excreta released by 
different categories of cows have different capacities to produce CH4 
during storage due to variability in the amount and composition 
(Cárdenas et al., 2021). These values were rather low in this study, due 
to a very low residence time of the manure in manure pit prior to 
anaerobic digestion or slurry tank storage (3–4 days). systems. The 
values fall within the range reported in a meta-analysis by Çinar et al. 
(2023). Comparable values were found in tie stall slurry based systems 

(Amon et al., 2001; Sajeev et al., 2018), and higher values were reported 
by Jayasundara et al. (2016) in freestall confinement systems. 

For soil emissions from the pasture-based system, the PB model ap-
pears to be able to capture inter-annual variation in emissions. Nitrous 
oxide emission arising from soil were slightly lower in the pasture-based 
system (1.4–2.1 kg N2O–N ha− 1 year− 1) compared to the confinement 
system (2.8 kg N2O–N ha− 1 year− 1). These emissions from both systems 
were generally higher than the values reported by Kasper et al. (2019) 
using DNDC model, that were ranging from 0.15 to 1.29 kg N2O–N ha− 1 

year− 1. In the confinement system the relatively high NO3
− leaching 

(61.1 kg NO3
− -N ha− 1 year− 1) compared to the pasture-based system was 

probably due to heavy rainfall events during the monitoring period, the 
sandy soil texture and the use of nitrate-based fertilizers. Nevertheless, 
higher values reaching 149.3 kg NO3

− –N ha− 1 year− 1 were reported by 
the same study (Kasper et al., 2019). However, indirect N2O emissions 
resulting from NH3 volatilization were higher in the pasture-based sys-
tem due, in part, to the use of urea-based fertilizer compared to 
ammonium nitrate in the confinement systems (57.5–––105.0 NH3–N 
ha− 1 year− 1). These differences in emissions are principally driven by 
soil moisture content, the climate conditions, fertilizer applications, and 
manure that is deposited during grazing into soil. Indeed, findings 
indicate that maximizing the efficiency of cow manure utilization as 
fertilizer can result in substantial environmental advantages (Zhang 
et al., 2023). 

The whole farm budget of emissions (in t CO2-eq ha− 1) was 28.0 
tCO2-eq ha− 1 for the confinement system and ranged between 8.0 and 
12.1 tCO2-eq ha− 1 for the pasture-based system. Lower results were 
observed in a study by Del Prado et al. (2013), where emissions of 13.2 t 
CO2-eq ha− 1, 11.4 t CO2-eq ha− 1, and 16.1 t CO2-eq ha− 1 were reported 
for the confinement, partial grazing, and extended grazing systems, 
respectively, using a whole farm modeling approach. In terms of whole 
fam emissions in tCO2-eq head-1, Rotz (2018) reported total farm 
emissions ranging from 8.1 tCO2-eq head-1 to 8.3 tCO2-eq head-1 in 
grazing systems in New Zealand and Ireland, and emissions of 9.3 tCO2- 
eq head-1 to 12.5 tCO2-eq head-1 in confinement systems in USA using a 
whole farm system model. The results from the pasture-based system 
that ranges between 2.7 and 4.0 tCO2-eq head-1 are lower than these 
reported values. However, the confinement system had higher emissions 
(19.9 tCO2-eq head-1). In New Zealand context, values ranging between 
10.8 and 20.6 tCO2-eq ha− 1 year− 1 were reported using a combination of 
mechanistic and IPCC based approach (Beukes et al., 2011; van der 
Weerden et al., 2018), which are in the range of the findings of the 
present study. However, the values of the present study varied between 
the years and included ΔSOC, which shows that using a cascade of 
mechanistic models captures inter-annual variations within the system 
that an IPCC based approach may not take into account. 

These findings indicate that different livestock production systems 
have different emissions profils across years depending on the levels of 
feed intake, the chemical composition of the diets, and the management 
and climate aspects. However, as the PB models account for differences 
in climate and soil type, these differences can magnify or reduce 
different cohorts of emissions. This is particularly evident in the leached 
losses from the German farm due to its sandy soils and the inter-annual 
variation in direct N2O emissions from the NZ farm, which were partly 
climate driven. Therefore, use of PB models to evaluate management 
strategies may be a tailored application to minimize their environmental 
impact in contrast to generic equations and static farm-level models that 
fall short in capturing the dynamics of C and N biogeochemical cycling 
within the farm. In this regard, inputs and outputs could be compatible 
and exchangeable across the models, which could communicate, so 
there aren’t any major limitations on the combined use of the models. 

Nevertheless, PB models have considerable drawbacks, including 
complexity, computing needs, and reliance on substantial and precise 
data. These models need rigorous calibration and validation since they 
can increase uncertainty owing to assumptions and simplifications. Data 
gaps, overfitting, and scaling issues may also impact their effectiveness. 
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Additionally, PB model accessibility could be constrained, and it’s still 
difficult to effectively capture complicated interactions and feedback. 
Multidisciplinary efforts, improved data collecting, and continual model 
improvement are required to address these shortcomings to increase the 
models’ validity and application. 

5. Conclusions 

This study used a novel PB modeling framework to evaluate the 
downstream impact of feeding management on whole farm GHG and N 
emissions in a confinement and a pasture-based case study dairy cattle 
farm. The results indicate that this approach effectively capture varia-
tions across different farm components, years, and categories of animals 
under diverse climate conditions. Confinement systems tend to have 
higher emissions due to intensive feed and manure management prac-
tices, whereas pasture-based systems may have lower emissions but 
could be affected by soil and vegetation management. Developing a PB 
modeling framework for different farm components and levels of 
manure management chain, enhances our understanding of how rumi-
nant diets affect GHG and N emissions, as well as the mechanisms by 
which farm management and the dairy sector may influence C and N 
cycles. This understanding can guide future policies and management 
practices aimed at reducing whole-farm emissions. However, research 
efforts are needed to improve the accuracy and calibration of the PB 
models based on local conditions, to evaluate the effectiveness of miti-
gation strategies, and understanding the interaction between feeding 
strategies and climate change on whole-farm emissions. Future studies 
should focus on comparing farms of similar sizes and datasets to further 
validate the PB model’s applicability across diverse farming systems. 
The PB models or the PB modelling framework should be open access 
and well-documented to facilitate further development, adoption and 
calibration by the community of users. These models should also be 
evaluated against independent measurements and farming conditions. 
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