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Abstract 12 

The intensification of agricultural production systems to produce food for the growing world population is 13 

envisaged to result in the increase in nitrous oxide emissions (N2O). The goal of this study was  therefore to 14 

assess the effect of different management practices on greenhouse gas (GHG) emissions from contrasting grass-15 

based suckler beef farms with a particular focus on N2O emissions. The contrasting grass-based suckler beef 16 

systems evaluated were intensive (INT) and extensive (EXT) steer and heifer (SH) beef systems and bull and 17 

heifer (BH) systems. A whole farm model approach was taken to simulate GHG emissions from these baseline 18 

systems using data from a long-term research trial and a hybrid economic-GHG model. Several aspects of the 19 

hybrid model were updated. Default values for nitrogen (N) content of fresh and conserved grass were replaced 20 

with prediction equations. N excretion and partitioning prediction equations and emission factors (EF) for N2O 21 

from grazing cattle and fertiliser were also updated. The four baseline systems were simulated to harvest first 22 

cut silage on May 24. The pasture fertiliser rate for the EXT and INT systems were 77 kg N ha-1 and 205kg N 23 

ha-1, respectively. To test the effect of changing management practices, the four baseline systems were 24 

simulated at earlier (May 5) and later (June 28) first cut silage harvest dates and 50% higher and lower pasture 25 

fertiliser application rates. In total, GHG emissions from four baseline systems and sixteen alternative scenarios 26 

were simulated. The carbon footprint of the baseline systems in kg CO2-equivalent (CO2e) per kg of carcass 27 

weight (kg CO2e CW-1) ranged from 17.7 for BH EXT to 19.4 for SH INT. This was lower than the latest 28 
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published EU average of 22.2kg CO2e CW-1. Across all scenarios, the increase in fertiliser application rate and 29 

earlier first cut silage harvest date increased the kgN2O kgCW-1 of the four production systems. Due to younger 30 

slaughter age facilitating higher stocking rates and thus higher productivity per hectare, systems finishing males 31 

as bulls at 16 months had lower N2O and total GHG emissions than production systems finishing males as steers 32 

at 24 months. Therefore, BH EXT with increased fertiliser application rate and earlier silage harvest date was 33 

the most sustainable suckler to beef production system while SH EXT with reduced fertiliser application rate 34 

and later silage harvest date was the least sustainable suckler to beef production system due to longer time to 35 

slaughter and consequently lower stocking rate. 36 

Keywords: whole farm modelling, nitrous oxide, greenhouse gas, suckler, beef, pasture. 37 

  38 
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1.1 Introduction 39 

 Nitrous oxide (N2O) is produced naturally as part of the nitrogen (N) cycle during the nitrification and 40 

denitrification processes (Firestone and Davidson, 1989; Harty et al., 2016). It is influenced by soil condition 41 

and climatic factors with the main drivers being water filled pore space (WFPS), temperature, available organic 42 

carbon (C), mineral N content, and soil type (Conen et al., 2000; Signor and Cerri, 2013). Anthropogenic 43 

activities such as farming have significantly increased N2O emissions by raising the amount of N available in 44 

soil through increases in both N excreted onto pastures by grazing animals and use of synthetic N fertiliser 45 

(Davidson, 2009; Bell et al., 2015). N2O emissions from animal manure and synthetic fertiliser are rising at an 46 

annual rate of 1.1% and 3.9%, respectively (IPCC, 2014). The continuing increase in N2O concentration 47 

combined with the long atmospheric lifespan of this gas (114 years) is having detrimental effects on the 48 

environment (IPCC, 2013).  49 

The European inventory report states that 73% of total N2O emissions are derived from the agricultural sector 50 

(EEA, 2018).  It has been reported by van Groenigen et al. (2005) that managed grasslands emit higher levels of 51 

N2O than arable and unmanaged land. This is of particular concern for grass-based countries like Ireland where 52 

80% (92% including rough grazing) of agricultural land is devoted to permanent grassland (CSO, 2017). This is 53 

significantly higher than the European average of 38% (FAOSTAT, 2017). Consequently, as grass-based 54 

ruminant livestock production is the dominant agricultural system, grazing and manure related N2O emissions 55 

have a proportionately dominant impact on the total greenhouse gas (GHG) emissions from the agricultural 56 

sector (Breen et al., 2010; Krol et al., 2016). Thus, the accurate measurement and the mitigation of N2O 57 

emissions from livestock production systems is vital. However, it must be noted that although grass based 58 

ruminant production systems have high environmental impacts, it has been stated that they provide ecosystem 59 

services through the enhancement of biodiversity, conservation of cultural landscapes, consumer’s perception of 60 

meat quality and animal welfare and contributes to the socio-economic viability of rural regions, particularly 61 

those with marginal ground (Bragaglio et al., 2018). 62 

 63 

Consumption of N is typically considered the principal driver of N losses in ruminant livestock systems. For 64 

grass-based systems, the amount of consumed N converted into milk and meat protein rarely exceeds 30% 65 

because of the excessive protein concentration of managed pastures (Castillo et al., 2001; Zaman et al., 2013). 66 

Of the N excreted, 60-70% is typically in urine (Kebreab et al., 2001; Zaman et al., 2009). Urea is the dominant 67 
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form of N in urine, constituting 52.1-93.5% of total N (Dijkstra et al., 2013). When excreted, urea is rapidly 68 

converted by urease enzymes to ammonia (NH3), which is highly susceptible to volatilisation, resulting in the 69 

emission of NH3 (Jarvis et al., 1989). The remaining urine-derived NH3 undergoes nitrification resulting in the 70 

production of nitrates (NO3), an available form of N to pastures. However, the excretion of urine onto pasture 71 

results in localized, high loading of N to the soil (≈1000 kgN ha-1) that surpasses the pasture’s capacity to fully 72 

utilise it (Di and Cameron, 2002). The studies by Welten et al.,(2013) and Selbie et al.,(2015) reported that 20-73 

30% of N excreted through urine is leached from the soil, similar to the IPCC (2006) default leaching factor of 74 

30%. Irish studies have found lower leaching fraction rates of 7.3-11.2% of N applied (Ryan et al., 2006). 75 

The high loading of N and wetting effect of urine patches onto soils create ideal anaerobic conditions for 76 

nitrification and denitrification, thus resulting in the emission of N2O (Dijkstra et al., 2013). Hence, urine 77 

patches are considered “hot spots” for N loss in grass-based systems (Misselbrook et al., 2016). Therefore, diet 78 

manipulation is a widely reported strategy to reduce N2O emission and achieve sustainable production (Dijkstra 79 

et al., 2013). 80 

Many indoor studies have shown reductions in N excretion and NH3 volatilisation without having major effects 81 

on animal performance, e.g. by offering concentrate feed and/or silage diets of lower protein content (Castillo et 82 

al., 2001; Mulligan et al., 2004; Gregorini et al., 2016; Hynes et al., 2016). However, for grass-based systems, 83 

grazed and conserved grass consist of up to 90% of a finishing animal’s diet (Crosson et al., 2014). This is a 84 

challenge as the composition and quality of grass varies over the grazing season and with different management 85 

practices (Keady et al., 2000; Stergiadis et al., 2015), making it difficult to manipulate the diet to reduce N 86 

excreted. Therefore as silage quality is largely dictated by management, the efficacy of manipulating silage 87 

quality to reduce N excretion in grass-based production systems has been examined. The regrowth period 88 

between grazing events is an important determinant of grass quality as it defines what growth stage the grass is 89 

grazed. An increase in the regrowth period reduces the amount of N available in the diet and improves the N and 90 

energy balance within the rumen, thus reducing NH3 losses in the rumen and subsequently N excreted through 91 

urine (Hoekstra et al., 2007). This may also have a mitigating effect on GHG emissions, in particular N2O. 92 

In addition to reducing emissions by manipulating animal diets, there is potential to mitigate emissions from 93 

fertiliser. Meta-analysis of fertiliser types showed that the application of Ammonium Nitrate (AN) or Calcium 94 

Ammonium Nitrate (CAN) had a higher N2O emission factor than urea fertiliser (Bouwman and Boumans, 95 

2002). Variation in N2O emissions from fertiliser application occurs between seasons, climatic conditions and 96 
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different soil types due to different soil characteristics such as bulk density and texture, both of which have large 97 

impact on WFPS (Harty et al., 2016). Similarly, for excreta at pasture, it has been shown that N2O emissions 98 

vary greatly depending on type of excreta (dung or urine), soil type and time of application (Krol et al., 2016). 99 

Thus, targeting the application of N fertiliser and slurry to plant growth in spring may have some potential to 100 

reduce such losses and reduce farm costs. However, previous whole farm grass-based GHG models use tier 1 101 

IPCC (2006) emission factors, which are based on a limited number of international studies, that may not 102 

represent country specific conditions (Bell et al., 2015) or cannot capture the mitigation potential of new 103 

practices or devices. Country specific N2O EF have been developed by some researchers, e.g. Bell et al. (2015) 104 

and de Klein et al. (2003), and should be incorporated into whole farm models where possible. 105 

The objectives of this study were twofold: Firstly, to update a whole farm GHG model for beef farms using 106 

national research on beef cattle nutrition and agricultural N2O emissions. Secondly, to use this updated model to 107 

determine the effect of the management practices of first cut silage date and fertiliser application rate, on N2O 108 

emissions from grass-based suckler to beef production systems. The effect of these management practices on 109 

total GHG emissions, profitability and emission efficiency was also investigated. 110 

 111 

2.1 Materials and methods 112 

Similar to the studies undertaken by Foley et al. (2011) and Clarke et al. (2013) who evaluated GHG emission 113 

from a suckler beef production system, a hybrid modelling approach was used. This involved the use of both the 114 

Beef Greenhouse Gas Emission Model (BEEFGEM) and the Grange Beef System Model (GBSM) which were 115 

amalgamated into one model, allowing the various components of both to interact. A number of modifications 116 

were made to the research models to allow the new model to become more suitable for providing 117 

recommendations to commercial grass-based beef farmers. Data was inputted into the bio-economical GBSM 118 

model to define key system parameters. Such parameters include, herd size, farm structure, area, beef output per 119 

year and feed budget (grass, silage and concentrate). After calculating the system’s net margin and defining 120 

parameters, the output variables from the GBSM model were used as the inputs into the BEEFGEM model 121 

which in turn estimated the GHG emissions from the system being simulated. 122 
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2.2 Grange Beef Systems Model (GBSM) 123 

The GBSM model (Crosson et al., 2006) is a single year static bio-economic model which runs on a monthly 124 

time step where it is assumed that the system is in a steady state throughout the year. For each animal category 125 

(cow, calves, yearlings (12-24 months), and two-year olds), animal numbers, weight and feed intake are stated. 126 

Energy requirements and the energy intake from grass and silage for each animal group were calculated using 127 

the Irish net energy system created by O'Mara et al. (1997) which is a modification of the French net energy 128 

system Jarrige (1989) to suit Irish conditions. Supplementary concentrate feed was provided to cattle to meet 129 

target live weight gain when the energy provided by the forage diet was not sufficient. The proportion of forage 130 

from pasture and silage in the diet of a group of animals was determined using default values derived from the 131 

fraction of time animals spent outdoors or indoors per month. After inputting key data into the GBSM, financial 132 

performance data such as livestock revenues, farm net margin, fixed costs (machinery operation, depreciation, 133 

car, telephone, electricity, interest) and variable cost of production (veterinary bills, concentrate feed, silage 134 

making, fertiliser, slurry spreading, transport) were provided. The model assumes that the farm is family owned 135 

and run. It does not farm labour, land costs or EU farm support payments into consideration. 136 

 137 

2.3 Beef Systems Greenhouse Gas Model (BEEFGEM) 138 

The BEEFGEM model is a single year, static, Microsoft Excel based model, which integrates the farm 139 

production variables described in the GBSM model with various emission factors (Foley et al., 2011). 140 

BEEFGEM uses a cradle to farm gate life cycle assessment (LCA) modelling approach where the environmental 141 

impacts of all processes on farm along with the environmental impacts embodied in farm inputs are accounted 142 

for up to the point when the product (beef carcass) leaves the farm (ISO, 2006). It is therefore important to note 143 

that as the boundary is the farm gate, the implications of the management practices invstigated at an industry 144 

level is not considered.  145 

The impact category investigated was global warming potential (GWP) where the GHG emissions estimated were 146 

converted to their 100 year GWP carbon dioxide (CO2) equivalent (CO2e) where 1 kg of methane (CH4) and N2O 147 

are equivalent to 25 kg CO2e and 298 kg CO2e, respectively (Forster et al, 2007). Direct GHG emissions from 148 

operational farming activities were CO2, CH4 and N2O. Sources of direct emissions included manure storage, 149 

manure spreading, excreta deposition onto pastures by grazing animals, application of synthetic fertiliser, enteric 150 

fermentation and on farm fossil fuel use (table 1). Indirect GHG emissions were those associated with the 151 
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production of inputs brought into the farm such as electricity, synthetic fertiliser. Indirect GHG emissions also 152 

include N2O emitted following nitrogen leaching, run off (NO3) and ammonia (NH3) volatilisation (Appendix 1). 153 

Inputs which have negligible environmental impacts, e.g. medicine, were excluded from the study. Emissions 154 

associated with farm machinery and buildings were omitted as the study presumed that there were no differences 155 

in infrastructure or equipment between farms. Although agricultural soils have the ability to sequester large 156 

quantities of carbon (Vleeshouwer and Verhagen, 2002), to comply with PAS:2050:2011 (BSI, 2011) it was 157 

assumed that soil carbon fluxes were in equilibrium as the majority of grasslands for Irish suckler farms are 158 

defined as semi or permanent pastures. The EF and equations used to estimate CH4 and CO2 emission from direct 159 

or indirect sources were largely similar to Foley et al. (2011) (Appendix 1) but the EFs for direct and indirect N2O 160 

sources were updated using national research and reports (see 2.4 GBSM and BEEFGEM model updates). All 161 

slurry produced during the housing season was returned to the silage area at a rate which was proportional to the 162 

stocking rate for the grassland management system in place. Silage is to be sold off farm or purchased onto farm 163 

if stock is in excess or deficit. Emissions embodied in excess silage sold from farm are removed from the system’s 164 

total GHG emissions. Consistent with previous cradle to farm gate LCA studies of beef farms, the functional unit 165 

of the BEEFGEM model was a kg of beef carcass weight (CW). For comparison reasons the functional units per 166 

hectare (ha) and livestock unit (LU) were also reported for the four baseline systems. Additionally conversion 167 

factors for kg of beef live weight (LW) were calculated. 168 

 169 

2.4 GBSM and BEEFGEM model updates  170 

Following a literature review, the feed, animal N excretion and N2O emissions components of the GBSM and 171 

BEEFGEM models were updated.   172 

2.4.1 Feed 173 

The BEEFGEM model assumed a constant value of 19.4 g kg dry matter-1 (DM) for the N content of silage. 174 

However, the quality and N content of grass varies greatly depending in particular on grass maturity and 175 

fertiliser application (Keady et al., 2000; Dawson et al., 2001).  The effect of grass maturity on silage quality 176 

(dry matter digestibility (DMD)) was modelled using the relationship reported by Keady et al. (2000): 177 

(1)  Silage DMD = (769.8 -4.19 x HD)/1000 178 

Where: DMD in g kg-1, HD = days delay in harvest after 10 May. 179 
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All N fertiliser used for growing grass silage was applied on 24 March in the study by Keady et al. (2000). The 180 

GBSM model originally used constant weekly silage harvest dates from O'Kiely (2004) to determine silage 181 

harvest yield (t DM ha-1) and did not account for the effect of fertiliser application rate on yield. This was 182 

modified so that the silage yield for first cut silage for a specific date between 1 May and 3 July was estimated. 183 

Similarly, the manner in which second cut yields were estimated was modified. Second cut yield was calculated 184 

based on the time interval (5 to 10 weeks) from first cut harvest date to second cut harvest date. For the current 185 

study, the time interval between harvests was set to six weeks. To account for the variability which occurs 186 

between farms, management practices such as silage harvest date and fertiliser application rate could be 187 

specified in the modified model.  Additionally, an option was inserted to specify whether the fertiliser applied 188 

was CAN (27% N) or Urea (46% N).  189 

The relationship between the N content of grass silage and silage yield, and harvest date was developed using 190 

data from the studies of Dawson et al. (2001) and Keady et al. (2000): 191 

(2)  Silage N content = 26.986 - 0.956 Yield + 0.0709N 192 

Where: Silage N content = gN kgDM-1, Yield = tDM ha-1, N = kgN ha-1 193 

The BEEFGEM model previously assumed that the N content of grass was 35.2, 29.6 and 33.6 g kg DM-1 for 194 

spring, summer and autumn seasons, respectively. In the model, these estimates were not affected by changes in 195 

N fertiliser application rates even though there is a strong correlation with N fertiliser rate and the N content of 196 

grass (Gately et al., 1972). Grass N content was calculated using equations developed by Stergiadis et al. (2015) 197 

where metabolisable energy ME content of grass was used as the main predictor. Grass DMD was the main 198 

predictor for grass ME content which decreased from 820 g kg DM-1 in February to 730 g kg DM-1 in 199 

November. Using the results of Gately et al. (1972) the effect of fertiliser application rate on grass N content 200 

was included. 201 

(3)  ME = 0.532+15.56DMD 202 

Where: Metabolisable energy (ME) = MJ kg DM-1, dry matter digestibility (DMD) = g kg DM-1 203 

(4)  Grass N = (16.9+0.504ME) + ((Fert N - 50.6) x 0.0013) 204 

Where: Grass N = g kg DM-1, ME = MJ kg DM-1, Fert N = kg N ha-1 205 
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Previously the GBSM model utilised animal performance data such as average daily gain (ADG) and carcass 206 

conformation from the studies by Murphy et al. (2008a; 2008b). However for the new hybrid model, the ADG 207 

targets, carcass conformation and kill out percentage for each animal group was taken from the study by 208 

Drennan and McGee (2009) to give a better representation of the performances of these systems. 209 

2.4.2 N excretion 210 

BEEFGEM predicted N excretion using equations developed by the IPCC (2006) and AFBI (personal 211 

communication). These equations were based on animals consuming a wide variety of different diets and 212 

therefore did not correctly represent the diets of grass-based suckler beef herds. To improve the model 213 

estimates, N excretion prediction equations developed from cattle that predominately consumed grass were 214 

used. Manure N excretion was calculated using equation 5 derived by Yan et al. (2007). This equation was used 215 

to calculate manure N excretion for all animal categories. Urine N excretion by suckler cows and animals > 24 216 

months was predicted using equation 6 developed by Zou et al. (2015). Urine N excretion for the remaining 217 

animal catagories was calculated using equation 7 developed by AFBI (personal communication). 218 

(5)  Manure N = (0.567NI + 0.651BW ^0.75 - 22.3)/1000 219 

(6)  Urine N = 0.691NI - 5.13DMI + 9 220 

(7)  Urine N= 0.567NI - 0.0008 221 

Where: NI= Nitrogen intake (g N kg DM-1), BW= Body weight (kg BW), DMI= Dry matter intake (kg DM). 222 

These equations were developed from cattle fed grass diets and account for the effect of both dietary factors (NI, 223 

DMI) as well as animal factors (BW) on N excretion. Faecal N excretion was calculated as the difference 224 

between manure N and urine N excretion. 225 

2.4.3 N2O emissions  226 

Based on the research of Sneath et al. (2006), it was originally assumed that no N2O emissions were emitted 227 

from slurry storage. However, this was revised using the IPCC (2006) estimate that 0.002 kg N2O-N was 228 

emitted for every kg N excreted when manure was stored in a slurry tank below a slatted floor in an animal 229 

confinement facility.  230 

The original EF used in the BEEFGEM model for N2O from manure excreted at pasture was updated using 231 

research by Krol et al. (2016) carried out at Irish field sites. The new N2O emission factors for manure excreted 232 



10 

 

at pasture varies by season (spring, summer and autumn) and soil drainage classes (good, moderate and 233 

imperfect). A similar approach was taken by Harty et al. (2016) who developed N2O emission factors for 234 

different forms of N fertiliser (CAN and Urea) applied to soils of different drainage classes. These coefficients 235 

were also included (Appendix 1). 236 

The volatilisation of NH3 and the leaching and runoff of NO3 results in indirect N2O emissions (IPCC, 2006). 237 

The amount of NH3 produced during housing, manure storage, animals at pasture and manure application was 238 

estimated using a N mass balance approach reported in chapter six of the Irish Informative Inventory Report 239 

(EPA, 2017). The amount of N lost as NH3 from synthetic fertiliser application was also estimated using 240 

recommended EFs in the Irish Informative Inventory Report (EPA, 2017) (Appendix 1). IPCC (2006) 241 

methodology was used to estimate the amount of N applied that is leached as NO3 as well as the amount of NH3 242 

emissions and leached NO3 that is converted to indirect N2O (Appendix 1).   243 

Indirect and direct N2O emissions were reported together using different categories namely, fertiliser 244 

application, urine excreted onto pasture, manure management, dung excreted onto pasture and crop residue. 245 

Manure management included direct and indirect N2O emissions from cattle housing, manure storage and 246 

application. Nitrous oxide emissions from the input of nitrogen from crop residue in renewed pasture were 247 

considered and calculated using IPCC (2006) methodology (Equation 11.6) assuming 5% of total land area is 248 

renewed annually. 249 

 250 

2.5 Farm Scenarios 251 

2.5.1 Baseline Farms 252 

Four grass-based suckler to beef systems described by Drennan and McGee (2009) were simulated with GBSM 253 

and BEEFGEM. Drennan and McGee (2009) investigated the performance of spring calving suckler cows and 254 

their progeny up to slaughter on two grassland management systems; Intensive (INT) and Extensive (EXT). 255 

These systems were allocated the same total grassland area (66 ha), but differed in terms of N fertiliser 256 

application, stocking rate and number of silage cuts. The INT system had two grass silage cuts and the EXT 257 

system one staggered cut. As described in Drennan and McGee (2009), first cut silage harvest date was 258 

simulated to being cut on 24 May for INT systems.  For EXT systems, first cut silage harvest was cut on 24 May 259 

and 10 June (table 1). In early spring, N fertiliser was applied at 57 kg N ha-1 to the grazing area in both the INT 260 

and EXT systems. To facilitate the greater stocking intensity in the INT system, a further 57 kg N ha-1 and 34 kg 261 
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N ha-1 was applied after the first grazing rotation and before 20 August, respectively. For both systems, cattle 262 

typically started to graze in late spring (April); weather permitting. The fertiliser application rate for first and 263 

second cut silage was 110 kg N ha-1 and 80 kg N ha-1, respectively. The silage area for INT and EXT systems 264 

received fertiliser at 57 kg N ha-1 and 20 kg N ha-1 following the final silage cut, respectively (table 1). Urea 265 

(46% N) was the primary form of fertiliser used apart from during dry warm weather when it was substituted 266 

with CAN (27.5% N). 267 

 SH INT SH EXT SH INT SH EXT 

Silage area (ha cow unit-1 )a 

    
First harvest silage (24 May) 0.41 0.27 0.34 0.24 

First harvest silage (10 June) - 0.27 - 0.22 

Second harvest silage (6 week regrowth) 0.27 - 0.20 - 

Grazing area N fertiliser  application 

    
Spring application (Urea 46% N) (kg N ha-1 ) 57 57 57 57 

Summer application (CAN 27.5% N) (kg N ha-1 ) 57 0 57 0 

Autumn application(Urea 46% N) (kg N ha-1 ) 34 0 34 0 

Post final harvest application (Urea 46% N) (kg N ha-1 ) 57 20 57 20 

Silage area N fertiliser application 

    
First harvest silage (24 May) 110 110 110 110 

First harvest silage (10 June) - 110 - 110 

Second harvest silage (6 week regrowth) 80 - 80 - 

Total N fertiliser application rate (kg N ha-1) 200 100 200 100 

a Cow unit= Cow plus progeny to slaughter  268 

Table 1: Grassland area for silage production and fertiliser application plan for grazing and silage grassland area 269 

for the four production systems: Steer and Heifer Intensive (SH INT), Steer and Heifer Extensive (SH EXT), 270 

Bull and Heifer Intensive (BH INT) Bull and Heifer Extensive (BH EXT) 271 

 272 

Ingredient Composition (%) kg CO2e kg DM-1 kgCO2e 

Barley 87.00 0.35 0.31 

Soya bean meal 6.80 4.18 0.28 
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Molasses 4.70 0.11 0.01 

Mineral/Vitamin 1.50 - - 

Total kg CO2e kg DM-1 concentrate feed 0.59 

Table 2: Composition of concentrate feed and kg CO2 equivalent per kg of concentrate ingredient (Ecoinvent) 273 

 274 

Animals were housed in October or November and offered silage ad libitum throughout the winter. Concentrate 275 

feed was offered to cattle during housing when the energy provided by silage was not sufficient to meet the 276 

energy required to achieve target live weight gain. The composition of concentrate fed to both growing cattle 277 

and finishing cattle was based on a study by Kyne et al. (2001) and the Teagasc ration reckoner (Teagasc, 2016) 278 

(Table 2). Heifers and steers were turned out to grass for a second grazing season, but bulls remained in animal 279 

housing where they were finished at 16 months on a silage and concentrate diet.  Heifers were finished at grass 280 

at 20 months of age. At the end of the second grazing season, steers were housed for the second time and 281 

finished on a silage and concentrate diet at 24 months (table 3). The stocking rate of the systems simulated 282 

ranged from 2.05-2.70 LU ha-1 where 1 suckler cow = 0.9 LU, calf (0-12 months) = 0.3 LU, yearling (12-24 283 

months) = 0.7 LU and >24 months = 1 LU (Table 3) (Hennessy and Moran, 2016). 284 

 

SH INT SH EXT BH INT BH EXT 

Farming system 

    
Farm area (ha) 66 66 66 66 

Stocking rate (LU ha -1 ) 2.54 2.05 2.74 2.20 

Replacement rate (%) 15 15 15 15 

February calving (% cows calved) 10 10 10 10 

March calving (% cows calved) 40 40 40 40 

April calving (% cows calved) 50 50 50 50 

Suckler cow (head) 92 74 113 90 

0-1 year olds (head) 91 73 112 89 

1-2 year olds (head) 82 66 63 51 

Age at finishing (male) (months) 24 24 16 16 

Age at finishing (female) (months) 20 20 20 20 

Annual feed intake (t DM year-1) 
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Suckler cow  4.0 4.0 4.0 4.0 

Calves (0-12 months)  1.0 1.0 1.0 1.0 

Yearling (12-24 months)  2.9 2.9 2.0 2.0 

Grass consumed (t DM ha-1 ) 7.9 6.2 7.8 6.1 

Silage consumed (t DM ha-1 ) 2.8 2.3 3.0 2.5 

Concentrates consumed (t DM ha -1) 0.9 0.7 1.7 1.3 

Table 3:  Description of farming system and feed intake of the four baseline systems: Steer and Heifer Intensive 285 

(SH INT), Steer and Heifer Extensive (SH EXT), Bull and Heifer Intensive (BH INT), Bull and Heifer 286 

Extensive (BH EXT). 287 

 288 

All animals were assumed to be adequately finished to industry specifications where carcass conformation, fat 289 

score and kill out proportion for steers, bulls and heifers were obtained from the study by Drennan and McGee 290 

(2009). The carcass conformation and fat score for cull cows was assumed to be O grade and 3, respectively 291 

(Commission of the European Communities, 1982). As progeny were born from February to April and bulls, 292 

heifers and steers were all finished at different ages, (16, 20 and 24 months, respectively), the three different 293 

animal types were sold within three month windows at different times of the year based on percentage of cows 294 

calved per month. Based on this, income from finished cattle and cull cow sales was estimated using  two - three 295 

year monthly average prices during the sale period of each animal category as reported by the Department of 296 

Agriculture Food and the Marine (DAFM, 2018). The weighted average price received per kg CW for bulls, 297 

steers and heifers over their sale period is shown in table 4. In contrast, cull cows are sold throughout the year 298 

where the price reported in table 4 is the weighted average priced received per kg CW over 12 months. The most 299 

recent fertiliser and concentrate price estimates were also used to assess the economic performance of grass-300 

based suckler to beef systems (table 4). 301 

 302 

Item Prices Reference 

Beef (Steer R-grade) price €4.00 kg carcass -1 (February-April 2016-2018) (DAFM, 2018) 

Beef (Bull U-grade) price €4.10 kg carcass-1 (June-August 2016-2018) (DAFM, 2018) 
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Beef (Heifer R-grade) price €4.05 kg carcass-1 (October-December 2016-2017) (DAFM, 2018) 

Beef (Cull cow O-grade) price €3.25 kg carcass-1 (2016-2017 ) (DAFM, 2018) 

Fertiliser price (CAN) €248.50 t-1 (2016-2017 year average) (CSO, 2018) 

Fertiliser price (Urea) €350.00 t-1 (2016-2017 year average) (CSO, 2018) 

Concentrate price  €238.00 t DM-1 (Teagasc, 2016) 

Table 4: Beef (steer, bull, cull cow) sale prices and farm input (fertiliser and concentrate) costs used in the 303 

modified model 304 

 305 

2.5.2 Alternative Farm Scenarios 306 

Each of the four baseline systems, SH INT (a), SH EXT (b), BH INT (c), BH EXT (d) were simulated under 4 307 

scenarios; Scenario 1 = First cut silage harvested 5 May and high fertiliser rate; Scenario 2 = First cut silage 308 

harvested 28 June and high fertiliser rate; Scenario 3 = Same as scenario 1 except lower fertiliser rate and 309 

Scenario 4 = Same as scenario 2 except lower fertiliser rate. In total, 16 alternative scenarios were simulated 310 

using the modified model to assess the effect of silage harvest date and N application rate on the N content of 311 

feed and consequently N intake, N excretion and N2O and GHG emissions. The four systems described by 312 

Drennan and McGee (2009) were simulated at two different silage harvest dates and two different N fertiliser 313 

application rates for grazing pastures (table 5). First cut silage harvest date varies greatly in Ireland depending 314 

on location as well as management practices. Therefore, to determine the effect of first cut silage harvest date on 315 

emissions of the four systems, alternative scenarios were simulated to be harvested at an earlier (5 May) and 316 

later (28 June) date than the baseline system (24 May) representing both extremes of first cut silage harvest date 317 

(table 5). For INT scenarios the second cut regrowth period of 6 weeks remained and the second staggered first 318 

cut harvest date of 10 June in EXT systems remained. The area allocated for silage for each of the four baseline 319 

systems remained the same throughout the alternative scenarios (table 1). 320 

 The high and low N application rates applied to grazing area were 270 kg N ha-1 and 115 kg N ha-1 for the INT 321 

systems and 115 kg N ha-1 and 50 kg N ha-1 for the EXT systems (table 1). The stocking rate ranged from 2.23 322 

to 2.89 LU ha-1 for intensively fertilised scenarios and from 1.88 to 2.41 LU ha-1 for extensively fertilised 323 
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scenarios. Farm area ranged from 60-63 ha for increased fertiliser scenarios and 71-75ha for reduced fertiliser 324 

scenarios (table 5).  325 

 326 

 

High fertiliser Low fertiliser 

 

SH 

INT 

BH 

INT 

SH 

EXT 

BH 

EXT 

SH 

INT 

BH 

INT 

SH 

EXT 

BH 

EXT 

Farm area (ha) 63 63 61 61 75 75 72 72 

Stocking rate (LU ha-1) 2.67 2.89 2.24 2.41 2.24 2.42 1.88 2.02 

First silage harvest date (Early) 5 May 5 May 5 May 5 May 

First silage harvest date (Late) 28 Jun 28 Jun 28 Jun 28 Jun 

Grassland fertiliser application plan 

  
Spring (Urea 46% N) (kg N ha-1) 80 65 35 30 

Summer  (CAN 27.5% N) (kg N ha-1) 80 0 35 0 

Autumn (Urea 46% N) (kg N ha-1) 40 0 20 0 

Post final harvest  (Urea 46% N) (kg N ha-1) 70 50 25 20 

Table 5: Farm area (ha), stocking rate (LU ha-1), first cut silage harvest date and grazing area fertiliser 327 

application plan for alternative scenarios 328 

 329 

3.1 Results 330 

3.2 Cattle production system 331 

The four baseline production systems described above were simulated in the modified hybrid model. Estimated 332 

animal numbers, weight, CW output ha-1 and net margin ha-1 are compared in table 6. Carcass weights for bulls 333 

and steers were greater than heifers. Male CW reflected differences in age at finishing where steers slaughtered 334 

at 24 months were heavier than bulls slaughtered at 16 months. However, on an area basis the CW output and 335 

net margin ha-1 of the bull and heifer (BH) system were greater than the steer and heifer (SH) system. This was 336 

due to the higher stocking rates of the BH systems. Similarly, the CW output ha-1 and net margin ha-1 for SH and 337 

BH systems increased with intensification because of higher stocking rates, e.g. SH INT vs. SH EXT (table 6). 338 



16 

 

 339 

 SH INT SH EXT BH INT BH EXT 

Male carcass weight (kg) 370 369 330 334 

Female carcass weight (kg) 284 283 284 283 

Carcass dressing percentage (%)  54.8 54.8 55.5 55.5 

Carcass output (kg ha-1) 442 355 517 418 

Net margin per ha (€ ha-1) 429 342 481 409 

Table 6: Carcass weight, carcass dressing, carcass output ha-1 and net margin ha-1 for baseline systems: Steer 340 

and Heifer Intensive (SH INT), Steer and Heifer Extensive (SH EXT), Bull and Heifer Intensive (BH INT), Bull 341 

and Heifer Extensive (BH EXT). 342 

 343 

3.3 Greenhouse gas (CO2e) emissions 344 

Total GHG emissions per kg CW for the four baseline systems (SH INT, SH EXT, BH INT, and BH EXT) and 345 

the four systems under the four scenarios are reported in table 7 and table 8, respectively. Within all scenarios, 346 

BH INT (18.65-19.82kg CO2e kg CW-1) and BH EXT (17.74-18.49 kg CO2e kg CW-1) systems consistently had 347 

lower total emissions per kg CW than their SH system counterparts SH INT (19.17-20.2 kg CO2e kg CW-1) and  348 

SH EXT (18.36-18.93 kg CO2e kg CW-1). Additionally, SH INT and BH INT scenarios emitted 0.77-1.43 and 349 

0.87-1.38 kgCO2e kg CW-1 more than SH EXT and BH EXT, respectively. Alternative scenarios that had high 350 

rates of fertiliser application (1a-1d, 2a-2d) emitted higher GHG emissions per kg CW than scenarios with low 351 

rates of fertiliser application (3a-3d, 4a-4d).  Alternative scenarios with a first cut of silage on 5 May (1a-1d, 3a-352 

3d) emitted higher GHG emissions than scenarios with a first cut of silage about 8 weeks later on 28 June (2a-353 

2d, 4a-4d) (table 7). The contribution of each emission source to total GHG emissions for the four baseline 354 

systems is presented in table 7. 355 

 356 

 
SH INT SH EXT BH INT SH EXT 

Direct emissions % % % % 

CH4 from enteric fermentation 62.18 66.01 60.95 64.44 

CH4 from manure management 0.14 0.20 0.15 0.22 

CH4 from silage effluent 0.79 0.85 0.74 0.81 
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CH4 from deposition at pasture 0.90 0.96 0.82 0.87 

N2O from urine at pasture 4.77 5.01 3.94 4.12 

N2O from dung at pasture 1.33 1.38 1.13 1.20 

N2O from fertiliser use 1.95 0.71 1.78 0.65 

N2O from manure management 1.44 1.61 1.65 1.78 

N2O from crop residue 0.23 0.26 0.20 0.23 

CO2 from fossil fuel use (diesel) 2.38 2.80 2.36 2.77 

Total direct 76.10 79.80 73.73 77.08 

Indirect emissions 
   

CO2 equivalents from electricity 0.19 0.25 0.17 0.22 

CO2 embodied in fertiliser 12.98 8.81 11.87 8.06 

CO2 embodied in concentrate 5.94 6.36 9.51 9.95 

CO2 embodied in diesel 0.27 0.31 0.27 0.31 

CO2e from NH3 grazing 0.22 0.23 0.22 0.23 

CO2 equivalent from NH3 manure management 1.35 1.50 1.51 1.63 

CO2 equivalent from NH3 N fertiliser application 1.54 1.50 1.41 1.38 

CO2 equivalent from NO3 leaching 1.42 1.23 1.31 1.15 

Total indirect 23.90 20.20 26.27 22.92 

Emissions per functional unit 
  

Total GHG emissions (tCO2e ha-1) 8.6 6.5 9.7 7.4 

Total GHG emissions (tCO2e LU-1) 3.2 3.1 3.4 3.2 

Total GHG emissions (kgCO2e kg carcass-1) 19.4 18.4 18.8 17.7 

Emission efficiency (€ net margin tCO2e-1) 51.91 54.57 50.89 56.85 

Table 7: Contribution of emission sources (expressed as percentage) to total greenhouse gas emissions and total 357 

emissions per functional unit from the four baseline systems: Steer and Heifer Intensive (SH INT), Steer and 358 

Heifer Extensive (SH EXT), Bull and Heifer Intensive (BH INT), Bull and Heifer Extensive (BH EXT)  359 

 360 

For all of the scenarios simulated, CH4 was the main GHG emission from grass-based suckler to beef systems. 361 

Methane accounted for 83.2-86.2% of direct GHG emissions and 60.5-68.5% of total GHG emissions (table 8). 362 

The majority of CH4 emissions were emitted from enteric fermentation (97.1%) with minor emissions being 363 

emitted from manure excreted at pasture (1.4%), silage effluent (1.2%) and manure management (0.3%).  364 

Carbon dioxide was the least important direct GHG emission source and the second most important total GHG 365 

emission source from grass-based suckler to beef systems. Direct CO2 emissions came from the burning of fossil 366 

fuels through slurry handling and feeding silage during housing. Only 3.0-4.0% of direct GHG emissions were 367 

due to CO2. Regarding total CO2 emission, only 8.5-16.2% was emitted directly through the burning of fossil 368 
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fuels on farm. A substantial amount of CO2 emissions were emitted indirectly, increasing CO2 emissions 369 

contribution to 18.0-26.0% of total GHG emissions (table 8). Indirect CO2 emissions were largely from CO2 370 

embodied in fertiliser. The contribution of fertiliser to indirect GHG emissions was larger (41.4-66.1%) for INT 371 

scenarios than EXT (30.8-55.3%). The CO2e embodied in concentrate feed varied depending on the suckler to 372 

beef system. Due to the intensive finishing of BH systems, CO2e embodied in concentrates emitted 34.2-44.5% 373 

and 40.8-52.5% of total CO2 emissions from BH INT and BH EXT systems respectively. In contrast, CO2e 374 

embodied in concentrates emitted 22.6-33.5% and 28.5-42.8% of total CO2e emissions from SH INT and SH 375 

EXT systems, respectively. As expected fertiliser contribution was greatest in scenario 1 (1a-1d) and scenario 2 376 

(2a-2d) when fertiliser application rate was increased while concentrate feed contribution was greatest in 377 

scenario 3 (3a-3d) and scenario 4 (4a-4d) when fertiliser usage was reduced. Silage harvest date also had an 378 

effect on concentrate feed contribution to total CO2 emissions, increasing with the extension of first cut silage 379 

date due to increase in concentrate requirement. Other indirect CO2e emission sources were CO2e embodied in 380 

diesel (1.4%) and electricity (1.0%). 381 

 382 

 

Direct GHG 

emissions 

Total GHG 

emissions 

CH4 

(%) 

N2O 

(%) 

CO2 

(%) 

Grass 

consumed 

Silage 

consumed 

Concentrate 

consumed 

1a 14.9 20.2 61.4 15.4 23.2 8.5 3.0 0.9 

1b 14.7 18.9 66.0 14.4 19.6 6.9 2.6 0.7 

1c 14.2 19.8 60.5 14.3 25.2 8.3 3.2 1.7 

1d 13.9 18.5 64.7 13.3 22.0 6.9 2.8 1.4 

2a 15.0 20.2 62.0 14.1 23.9 9.1 3.2 1.1 

2b 14.7 18.8 66.9 12.8 20.3 7.4 2.5 1.0 

2c 14.1 19.5 60.9 13.1 26.0 8.9 3.5 1.9 

2d 13.7 18.1 65.3 11.7 22.9 7.4 2.7 1.7 

3a 14.8 19.2 64.7 14.8 20.5 6.8 2.5 0.7 

3b 14.7 18.4 67.9 14.1 18.0 5.6 2.2 0.6 

3c 14.1 18.9 63.4 13.7 22.8 6.7 2.7 1.4 

3d 13.9 18.0 66.3 13.0 20.7 5.5 2.4 1.1 

4a 14.9 19.2 65.2 13.5 21.3 7.1 2.7 1.0 
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4b 14.7 18.4 68.5 12.5 19.1 5.9 2.1 0.9 

4c 14.0 18.6 63.7 12.5 23.8 7.1 2.9 1.6 

4d 13.7 17.8 66.7 11.4 21.9 5.9 2.3 1.4 

Table 8: Direct and total GHG emissions (kg CO2e kg CW-1), contribution of methane (CH4), nitrous oxide 383 

(N2O) and carbon dioxide (CO2) to total GHG emissions and feed intake (tonne DM ha-1) for the four systems; 384 

Steer and Heifer Intensive (SH INT) (a), Steer and Heifer Extensive (SH EXT) (b), Bull and Heifer Intensive 385 

(BH INT) (c), Bull and Heifer Extensive (BH EXT) (d) under four scenarios; Scenario 1 = First cut silage 386 

harvested 5 May and high fertiliser rate; Scenario 2 = First cut silage harvested 28 June and high fertiliser rate; 387 

Scenario 3 = Same as scenario 1 except lower fertiliser rate; Scenario 4 = Same as scenario 2 except lower 388 

fertiliser rate.  389 

 390 

3.4 Nitrous oxide (N2O) emissions 391 

For all scenarios, N2O was the second most important direct GHG emission (9.8-13.8%) and the third most 392 

important overall GHG emission (11.4-15.4%). Figure 1 shows the main source of N2O across all scenarios was 393 

the deposition of urine onto pasture ranging from an average of 36.0% and 39.4% of total N2O emissions from 394 

BH INT and SH INT systems to 40.6% and 44.4% of total N2O emissions from BH EXT and SH EXT systems. 395 

The second highest source of total N2O emissions fluctuated between fertiliser application and manure 396 

management. For the baseline SH INT and BH INT systems and INT systems across all four scenarios, fertiliser 397 

application was the second highest source of total N2O emissions (25.4-32.3%). In contrast, manure 398 

management was the second highest source of total N2O emissions for the baseline SH EXT and BH EXT 399 

systems as well as EXT systems across all four scenarios (18.5-31.4%). The excretion of dung onto pastures and 400 

crop residue on renewed grassland were minor sources of N2O emissions emitting 7.5-11.1% and 1.4-2.1% of 401 

total N2O emissions, respectively. 402 
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 403 

Figure 1: N2O emission sources (expressed as percentage) from the four systems; Steer and Heifer Intensive 404 

(SH INT) (a), Steer and Heifer Extensive (SH EXT) (b), Bull and Heifer Intensive (BH INT) (c), Bull and 405 

Heifer Extensive (BH EXT) (d) under four scenarios; Scenario 1 = First cut silage harvested 5 May and high 406 

fertiliser rate; Scenario 2 = First cut silage harvested 28 June and high fertiliser rate; Scenario 3 = Same as 407 

scenario 1 except lower fertiliser rate; Scenario 4 = Same as scenario 2 except lower fertiliser rate. 408 

The effect of farming system intensity on N2O emissions was consistent across the various management 409 

practices. For example within scenarios, emissions from SH INT and BH INT were higher than their respective 410 

EXT systems e.g. 1a vs. 1b (figure 2). Within scenarios, emissions from BH INT were lower than from SH INT 411 

and emissions from BH EXT were lower than from SH EXT e.g. 3c vs. 3a (figure 2). This is due to the greater 412 

carcass productivity of BH systems in comparison to SH systems (table 6). Despite producing more beef CW 413 

per farm system (table 6), INT systems emitted higher levels of N2O kg CW-1 as a result of intensification. 414 

Intensification increased urine excretion, the volume of manure requiring management and the requirement for 415 

N fertiliser. This increased loss of direct N2O and indirect N2O through NH3 volatilisation and NO3 leaching at a 416 

rate greater than the rate of increase in productivity from intensification.  417 
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 418 

Figure 2: Total GHG intensity (kg CO2e kgCW-1) and  quantity of N2O (kg CO2e kg CW-1) emitted from each 419 

N2O source from the four baseline systems; Steer and Heifer Intensive (SH INT) (a), Steer and Heifer Extensive 420 

(SH EXT) (b), Bull and Heifer Intensive (BH INT) (c), Bull and Heifer Extensive (BH EXT) (d) under four 421 

scenarios; Scenario 1 = First cut silage harvested 5 May and high fertiliser rate; Scenario 2 = First cut silage 422 

harvested 28 June and high fertiliser rate; Scenario 3 = Same as scenario 1 except lower fertiliser rate; Scenario 423 

4= Same as scenario 2 except lower fertiliser rate. 424 

3.5 Effect of farm management practices on N2O emissions 425 

Fertiliser application rate had the largest effect on the amount of N2O emitted from fertiliser application. INT 426 

and EXT SH and BH systems with increased fertiliser application rate (1a-1d, 2a-2d) fertiliser emitted on 427 

average 0.22-0.26 and 0.09-0.13 kg CO2e kg CW-1 as N2O more than INT and EXT scenarios that had a low 428 

level of fertiliser (3a-3d, 4a-4d), respectively. Fertiliser application rate had small impact on N2O emissions 429 

from urine excreted onto pasture as a result of small increase in N content of grass with increase in fertiliser 430 

application rate and crop residue from the reduction in land area requirement due to positive relationship 431 

between grass growth per hectare and fertiliser application rate.  No effect was found on N2O emissions from 432 

manure management or dung excreted onto pasture.  433 
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First cut silage harvest date had the largest impact on N2O emissions from manure management. A negative 434 

relationship between silage harvest date and N2O emissions was identified where the amount of N2O emitted 435 

from manure management reduced as silage harvest date was extended, e.g. 1a-1d vs. 2a-2d (figure 1). The 436 

largest effect was seen for EXT systems where N2O emissions reduced on average 0.21 kg CO2e kg CW-1. A 437 

smaller effect was seen for INT systems (-0.17 kg CO2e kg CW-1). The small increase in N2O emissions per kg 438 

CW from early harvesting of first cut silage was in part due to the higher N intake per kg DM during housing 439 

and thus N excreted at housing. This led to greater direct and indirect N2O losses from the emissions during 440 

housing, manure storage and manure application. As silage harvest date was extended, the DMD and N content 441 

of silage reduced. This in turn increased concentrate DM intake to ensure ADG was maintained thus increased 442 

N content of diet and reducing the effect of silage harvest date on N excretion during housing. Additionally, as 443 

harvest date extends, the amount of silage produced per kg N applied increased. In turn, excess silage increased 444 

while inputs remain unchanged, resulting in the increase in emissions embodied in excess silage. As a result, 445 

manure management emissions associated with beef production reduced.  Silage harvest date has the same effect 446 

on N2O emissions from fertiliser application with early harvest date (5 May) emitting  0.078-0.091 and 0.085-447 

0.113 kg N2O kg CW-1 more than late harvest date (28 June) from INT an EXT systems, respectively e.g. 1a vs. 448 

2a, 1b vs.2b. Neither silage harvest date nor fertiliser application rate had an effect on N2O emissions from dung 449 

N. 450 

3.6 Economic performance and N2O emissions 451 

The farm net margin (€ net margin ha-1) and emission efficiency (€ net margin tCO2e-1) for each of the 4 452 

baseline systems and the 16 alternative scenarios simulated are shown in figure 3. For all scenarios, INT systems 453 

were found to be more profitable than EXT systems. BH INT and BH EXT were found to be more profitable 454 

than SH INT and SH EXT across all scenarios, respectively. This was largely explained by the higher stocking 455 

rates and carcass output per ha of the BH systems, finishing males at 16 months rather than steers at 24 months. 456 

Although finishing of males as bulls led to the BH systems having a higher concentrate feed requirement ha-1 457 

than SH systems (table 8), the higher feed costs of BH systems were outweighed by the higher sales of CW 458 

output ha-1, which lead to a greater farm net margin ha-1. Overall, the BH INT scenario with high fertiliser 459 

application rate was the most productive and most profitable system. The SH EXT scenario with low fertiliser 460 

application was the least productive and profitable. 461 
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For all systems, there was a positive relationship between net margin ha-1 and fertiliser application rate. 462 

Increasing fertiliser application rate increased grass yield (tDM ha-1), stocking rates and output ha-1, but had a 463 

minor negative effect on feed costs because of higher fertiliser input costs. Thus, profitability improved. In 464 

contrast, silage harvest date had a significant negative relationship with profit ha-1. As grass matured with the 465 

delay of the silage harvest date, the DMD and energy value of grass silage decreased as yield increased. This 466 

increased the requirement for concentrate supplementation and feed costs (table 8), because livestock ADG and 467 

thus total biological energy demand did not change. Additionally, harvesting silage long after grass maturity 468 

increased contractor, feed and energy costs, because, low quality grass silage was produced. 469 

The emissions intensity and economic performance for each scenario was analysed simultaneously by 470 

expressing farm profit in terms of CO2e emissions (€ net margin tCO2e-1). This is referred to as the emission 471 

efficiency. Within all scenarios, SH EXT and BH EXT consistently had higher emission efficiency that SH INT 472 

and BH INT, respectively. For example the emission efficiency of SH EXT ranged from €44.6-58.3 net margin 473 

tCO2e-1 while SH INT ranged from €40.5-54.1 net margin tCO2e-1 (figure 3). As first cut silage harvest date was 474 

extended, the emission efficiency of all four systems reduced e.g. 1a-1d vs. 2a-2d (figure 3). This was caused by 475 

the reduction in net margin with the extension of first cut silage harvest date. Similarly, emission efficiency was 476 

lower for all four systems in scenarios with reduced fertiliser application rate e.g. 1a-1d vs. 3a-3d.  477 

Though BH INT systems resulted in a higher net margin per ha than BH EXT systems across all scenarios, 478 

when analysing GHG intensity per kg CW, net margin per ha, emission efficiency and system productivity 479 

simultaneously, it concluded that the most sustainable scenario was BH EXT systems with early silage harvest 480 

date and increased level of fertiliser application (1d). 481 
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 482 

Figure 3: Economic performance (€ net margin ha-1) and emission efficiency (€ net margin tCO2e-1) of the four 483 

baseline systems; Steer and Heifer Intensive (SH INT) (a), Steer and Heifer Extensive (SH EXT) (b), Bull and 484 

Heifer Intensive (BH INT) (c), Bull and Heifer Extensive (BH EXT) (d) under four scenarios; Scenario 1 = First 485 

cut silage harvested 5 May and high fertiliser rate; Scenario 2 = First cut silage harvested 28 June and high 486 

fertiliser rate; Scenario 3 = Same as scenario 1 except lower fertiliser rate; Scenario 4 = Same as scenario 2 487 

except lower fertiliser rate.  488 

 489 

4.1 Discussion 490 

It is envisaged that GHG emissions are to increase as a consequence of the intensification of Agric. Syst. to 491 

provide food for the growing population and change dietary trends. Though it has been reported that CH4, the 492 

dominant GHG from ruminant production systems can be reduced with the increase in the level of concentrates 493 

in the diet, the effectiveness of mitigation strategies for grass based production systems (improved grassland 494 

management, use of legumes) have been mixed. This is due to variation in grass composition and quality over 495 

the grazing season and with different management practices, thus making it difficult to manipulate the diet. In 496 
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contrast, N2O emissions from N fertiliser application and manure management are more controlled by 497 

management practices and therefore have greater mitigation potential. 498 

The results of this study suggest that there is a considerable difference in N2O emissions between contrasting 499 

suckler to beef systems and for different management practices.  Although the studies by Clarke et al. (2013), 500 

Foley et al. (2011) and Casey and Holden (2006) did not report individual GHG emissions, they did provide 501 

comprehensive reports of emissions from different sources (e.g. manure management, fertiliser application, 502 

excreta at pasture) and stated their contribution to total GHG emissions. Based on key N2O emissions sources, it 503 

was possible to estimate the amount of N2O emitted per kg CW. The N2O emissions estimated in this study were 504 

lower than reported by Foley et al. (2011) and Clarke et al. (2013) where the higher N2O emissions from these 505 

two studies compared to the current study are largely explained by the differences in N2O EF discussed earlier. 506 

What is similar between our results and the findings of Foley et al. (2011), Clarke et al. (2013) and Casey and 507 

Holden (2006) is that SH suckler to beef systems emitted higher amounts of N2O kg CW-1 than BH suckler to 508 

beef systems.  The lower GHG intensity per kg CW for BH systems were related to bulls having a higher 509 

potential for carcass ADG relative to steers and BH systems operating at higher stocking rates, resulting in 510 

higher carcass output per ha in comparison to SH system (Drennan and McGee, 2009). This is due to bulls not 511 

being turned out for a second grazing season thus allowing more ground for the suckling phase of the production 512 

systems. In return, the younger slaughter age reduced enteric fermentation (CH4) per finished animal while 513 

increased productivity had a mitigating effect on N2O kg CW-1, particularly on emissions from the deposition of 514 

manure on pasture and less from fertiliser application. Due to more manure being produced at housing, N2O kg 515 

CW-1 was slighter greater in BH systems in comparison to SH systems. 516 

Stocking rate is one of the most important factors affecting production, profitability and sustainability of a farm 517 

system (Foley et al., 2011; Horan et al., 2012). This is consistent with the findings of this study where the 518 

increasing stocking rate through fertiliser application was shown to increase carcass output ha-1 and net margin 519 

ha-1 but consequently resulted in the increase in the GHG intensity per kg CW and therefore total GHG emission 520 

of the production system e.g. 1c vs. 3c (table 8), 1a vs. 3a (figure 3). However the study also found that 521 

increasing stocking rate by changing from a SH system to BH system not only increased carcass output ha-1 and 522 

net margin ha-1 but also reduced the GHG intensity per kg of beef and N2O kg CW-1.  523 

It must be noted that in Ireland there is greater risk of financial loss with bull beef systems. Bulls are more 524 

reliant on higher cost feeds than steers to meet animal carcass specifications. Moreover, a bull finishing period is 525 
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3-4 months longer than steers and carried out indoors. Thus, bull systems are more specialized than steer 526 

systems requiring better housing facilities (e.g. lying space and ventilation) and excellent handling facilities to 527 

minimize safety risks. Bull finishing systems may also not qualify for higher value markets, e.g. "grass-fed".   528 

In regard to food demand, the effect of stocking rate on productivity, profitability and environmental 529 

sustainability must be viewed from a global perspective. It has been predicted that global bovine meat demand is 530 

to increase by 1.8% per annum between 2012 and 2021 (OECD/FAO, 2012). Therefore, one option to meet such 531 

demand is the intensification of production. The current study has shown the ability of grass-based suckler to 532 

beef systems to increase productivity on the same land area with a marginal increase in N2O emissions kg CW-1 533 

through intensification and reduction in N2O emissions kg CW-1 by converting from a SH system to a BH 534 

system. Furthermore, along with the improvement in grassland management, beef systems can become more 535 

efficient through the improvement in nutrient utilisation efficiency. This is of particular importance for N2O 536 

emissions from fertiliser and manure application where variables such as fertiliser type, application rate and 537 

timing of application all have significant effect on nutrient utilization and amount of N applied lost as N2O.  538 

 539 

4.2 Nitrous oxide emission factors 540 

4.2.1 Manure deposition N2O  541 

All of the studies discussed previously used either IPCC Tier 1 emission factors (IPCC, 2006, IPCC, 1997) or 542 

default EFs derived from a compilation of international data (Oenema et al., 1997) to calculate N2O emissions 543 

from faecal deposition onto pastures. The original BEEFGEM model used the default IPCC EF of 2% for 544 

ruminant excreta onto pastures to estimate N2O. The default EF was developed from numerous international 545 

studies, some of which were laboratory based. Therefore the default EF of 2% may not necessarily be 546 

representative of the conditions in a specific country (Bell et al., 2015). For example, Oenema et al. (1997) 547 

reported that the urinary N2O EF used in developing the default EF of 2% varied widely from 0.1-1.4% 548 

(Yamulki and Jarvis, 1997) to 1.5-9.9% (Velthof et al., 1996). This proves that large variability occurs under 549 

different conditions and confirms the need for the development and adoption of Tier 2 country specific EF.  550 

The amount and duration of N2O emissions varies greatly with different soil types, climates, type of excreta and 551 

timing of deposition, factors not taken into consideration in the default EF (Krol et al., 2016). Additionally, de 552 

Klein et al. (2003) state that the IPCC encourage the development of tier 2 country specific EF for key N 553 

emission sources. Along with being country specific, Krol et al. (2016) developed separate EFs for urine and 554 
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dung for each season on different levels of soil drainage. When these estimates were averaged, the N2O EF for 555 

dung and urine was 0.31 and 1.18%, respectively. This is considerably less than the default IPCC (2006) EF of 556 

2%, validating the need for a more dynamic model. 557 

The EFs developed by Krol et al. (2016) are similar to those developed by Bell et al. (2015) who reported EF of 558 

0.2% for cattle dung and 1.1% for urine excreted onto Scottish pastures. In New Zealand, the IPCC (2006) 559 

default EF is not now used and has been replaced by a country specific average EF of 1%. Similar to the average 560 

of those developed by Bell et al. (2015), de Klein et al. (2003) and Krol et al. (2016) state that soil and season 561 

specific N2O EF should be used if possible. Therefore, the N2O EF developed by Krol et al. (2016) for dung and 562 

urine excreted onto pastures were included in the model. 563 

4.2.2 N fertiliser application N2O  564 

The majority of studies discussed used the IPCC tier 1 default EF of either 1.25% (Casey and Holden, 2006, 565 

Foley et al., 2011) or 1% (Clarke et al., 2013) to estimate N2O emissions from fertiliser application. Meta-566 

analysis showed that there was a difference in N2O emissions between fertiliser types (Bouwman and Boumans, 567 

2002) where AN and CAN had higher N2O EFs than urea (Dobbie and Smith, 2003). Similar to excreta 568 

deposited onto pasture, N2O emissions from synthetic fertiliser application varies with different types of 569 

fertiliser, timing of application, and soil and climatic conditions (Harty et al., 2016).  570 

Despite the variation which occurs with N2O emissions from fertiliser application, the IPCC utilise a default EF 571 

of 1% and previously 1.25% that disregarded the effect of soil conditions or fertiliser type (IPCC, 2006). To 572 

account for the variation which occurs in N2O emission from fertiliser application, the BEEFGEM model IPCC 573 

default EF for this source was replaced with direct EFs developed by Harty et al. (2016) for CAN and urea 574 

applied to different soil types with different levels of drainage. The range of EFs used in this study (0.1-3.81%) 575 

was somewhat similar to the EFs developed by Dobbie and Smith (2003) on Scottish pastures (1-3%).  On 576 

average, the direct N2O EF for CAN and urea fertiliser application was 1.49% and 0.25%, respectively.  This 577 

results in CAN and urea having an EF approximately 50% more and 75% less, respectively, than the default 578 

IPCC (2006) EF of 1%. 579 

 580 
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4.3 Total Emissions 581 

Comparison of modelling and LCA studies can be difficult due to differences in modelling methodologies, 582 

emission factors used and variation in production systems (de Boer, 2003; Crosson et al., 2011). Nevertheless, 583 

comparing studies can be useful as it helps to validate outcomes of a study and identify emission reduction 584 

strategies. Previous studies of emissions from Irish beef systems by Clarke et al. (2013), Foley et al. (2011), and 585 

Casey and Holden (2006), assessed production systems similar to the current study and used similar functional 586 

units, coefficients and emission factors. Foley et al. (2011) reported total GHG emissions of 19.7 and 22 kg 587 

CO2e kg CW-1 and 18.9 and 20.4 kg CO2e kg CW-1 for moderate and intensive steer and bull production 588 

systems, respectively. Clarke et al. (2013) investigated GHG emissions from grass-based suckler bull and steer 589 

beef systems at stocking rates ranging from 150-220 kg organic N ha-1 and reported similar CO2e kg CW-1 to 590 

Foley et al. (2011), ranging from 20.1-20.9 CO2e kg CW-1 and 22.3-23.1 kgCO2e kg CW-1 for bull and steer 591 

suckler production systems, respectively. Casey and Holden (2006) reported that a typical Irish suckler to beef 592 

production system finishing cattle at approximately 24 months at 650 kg live weight produced 11.26 kg CO2e kg 593 

live weight-1 (LW). When converted into the functional units of the current study using the SH system 594 

conversion factor in table 6 (54.8%), the GHG emissions were 20.55 kg CO2e kg CW-1, which was similar to 595 

average emissions reported by Clarke et al. (2013) and Foley et al. (2011). 596 

In international studies, Beauchemin et al. (2010) conducted an LCA to estimate the whole farm GHG 597 

emissions of beef production in western Canada. Both cow-calf ranching and beef feedlot finishing operations 598 

were combined in one farm to account for emissions for an entire cycle. The study reported GHG emissions of 599 

21.73 kg CO2e kg CW-1. This was within the ranges of the GHG emissions calculated for Irish grass-based 600 

studies discussed earlier. A similar study by Alemu (2017) investigating the impact of grazing management 601 

strategy and stocking rate on the GHG intensity of beef from natural rangelands in western Canada reported a 602 

slightly higher GHG intensity of 24.1-26.6 kg CO2e kg CW-1. Greater GHG emissions were found by Pelletier et 603 

al. (2010) who conducted an LCA to compare the GHG emissions associated with three beef production 604 

strategies used in the Upper Midwestern United States, namely feedlot, backgrounding/feedlot and pasture. The 605 

outcomes of that study showed that when viewed on an LW production basis, feedlot and grass-based systems 606 

had GHG emissions of 14.8 kg CO2e kg LW-1 (≈27.00 kg CO2e kg CW-1) and 19.2 kg CO2e kg LW-1 (≈35.00 kg 607 

CO2e kg CW-1), respectively. This was consistent with Casey and Holden (2006) who found that by providing a 608 

higher quality diet to sustain a higher ADG and younger slaughter age, GHG emissions from key sources (i.e., 609 

CH4 from enteric fermentation and N2O from excreta at pasture) were reduced. Similar results were found in the 610 
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current study when BH systems finishing bulls at 16 months were compared to SH systems finishing steers at 24 611 

months within scenario, e.g. 1a vs. 1c, 1b vs. 1d (table 8). 612 

Pelletier et al. (2010) and Beauchemin et al. (2010) reported that the cow-calf phase of the cattle life cycle 613 

contributed the most GHG emissions (61% of total GHG emissions). Pelletier et al. (2010) also found that as 614 

forage utilisation rate increased, GHG emissions per kg of CW reduced. However, when the grass-based system 615 

simulated by Pelletier et al. (2010) had a utilisation rate similar to the production systems of the current study, 616 

GHG emissions were higher than those of the grass-based Irish studies (≈33.6 kg CO2e kg CW-1) thus 617 

highlighting the effect of climate and region on GHG emissions from grass based beef production systems. 618 

The GHG emissions in the present study were significantly lower than the national and international studies 619 

discussed previously. For example, our estimates for GHG emission intensity were 1.16-2.60 kg CO2e kg CW-1 620 

lower than the GHG emissions reported for the same research suckler systems by Foley et al., (2011). This 621 

difference was largely associated with N2O emissions where Foley et al. (2011) predicted that 27-31% and 25-622 

29% of GHG emissions emitted from SH and BH systems were from N2O. In contrast, our results showed that 623 

11.4-15.3% of total GHG emissions were from N2O emissions. The significant reduction in our N2O emission 624 

estimates can be explained by replacing BEEFGEM’s N2O EF from the IPCC (2006) with recently developed 625 

national N2O EFs for fertiliser application (Harty et al., 2016) and deposition of manure onto pasture (Krol et 626 

al., 2016). When IPCC Tier 1 emission factors for synthetic fertiliser (1% N applied) and deposition of manure 627 

onto pasture (2% manure applied) were used in the current model, the GHG emissions for the four baseline 628 

systems, SH INT, SH EXT, BH INT and BH EXT increase to 21.2, 20.2, 20.6 and 19.3 kg CO2e kg CW-1, 629 

respectively, producing similar results previously reported by Foley et al (2011), Clarke et al., (2013), Casey and 630 

Holden (2006) and Beauchemin et al. (2010). Therefore, the significant change in emission estimates highlights 631 

the need for the development of country specific EFs for key GHG sources to avoid the over or under estimation 632 

of GHG emissions and to reduce the reliance on IPCC tier 1 EFs that may not be representative of the conditions 633 

of a country, region or production system. 634 

  635 

4.4 Profitability and emission efficiency 636 

White et al. (2010) found a similar trend to the current study where the increase in fertiliser N application to 637 

support higher stocking rate resulted in an increase in GHG emissions per kg CW. It was stated that the main 638 

cause for the increase was the exponential increase in N2O and CO2 emissions with the increase in fertiliser 639 
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application rate per ha. It has also been reported that higher stocking rates increase grass utilisation and thus 640 

increase profitability while only modestly increasing GHG emissions (Crosson et al., 2007; Shalloo et al., 2007; 641 

Clarke et al., 2013). This is in agreement with our study which consistently showed that for all four suckler to 642 

beef systems, the increase in stocking rate through the increase in fertiliser application rate resulted in an 643 

increase in profitability with marginal increases in N2O emissions. 644 

Delaying silage harvest date was shown to have a negative effect on profitability ha-1 (figure 3). As seen in the 645 

studies by Keady et al. (2000), Dawson et al. (2001) and O'Kiely (2004), as grass matures its digestibility and 646 

nutritional quality declines. Therefore, to ensure that animals consume adequate energy and nutrients to meet 647 

their ADG targets, concentrate feed consumption must increase. This is shown in table 8 where systems with 648 

early silage harvest date having on average 0.26 tonne lower concentrate feed requirements per ha than systems 649 

with late silage harvest date e.g. 1a-1d vs. 2a-2d. Therefore, using the price of €238 per tonne of concentrate 650 

feed (table 4), concentrate feed costs were approximately €61 greater per ha in systems with late silage harvest 651 

date (2a-2d, 4a-4d) than systems with early silage harvest date. This is consistent with the findings of Keady et 652 

al. (2013) who found that for each unit decline in silage digestibility, an additional 0.4 kg concentrates is 653 

required daily to sustain the performance of finishing cattle. An important factor with nutrient and energy intake 654 

is the substitution rate. This can have a significant effect on profitability where it has been shown by McGee 655 

(2014) that the cost per kg CW will rise with the increase in concentrate feeding level. This is depicted in the 656 

current study, as concentrate feed costs increased with later first cut silage harvest dates and profitability per ha 657 

decreased. 658 

The emissions efficiency for each scenario was calculated to determine the effect of different management 659 

practices (fertiliser application rate and silage harvest date) on GHG emissions and economic performance 660 

simultaneously. Similar to the study by Clarke et al. (2013), the current study found that the emissions 661 

efficiency for all four systems ( SH INT, SH EXT, BH INT, BH EXT) were higher at the increased fertiliser 662 

application rate scenarios than reduced fertiliser application rate scenarios e.g. 1a-1d vs. 3a-3d (figure 3).  663 

However as with Clarke et al., (2013), there was a diminishing returns response where a greater response was 664 

reported for the EXT systems than the INT systems across all four scenarios. For example the emission 665 

efficiency of BH INT and SH INT system with increased fertiliser application rate was on average 0.61 and 1.51 666 

€ net margin tCO2e-1 greater that systems with reduced fertiliser application rate, e.g. 1a vs .3a, 2c vs. 4c (figure 667 

3). In contrast the emission efficiency of BH EXT and SH EXT systems with increased fertiliser application rate 668 
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was on average 6.66 and 7.78 € net margin tCO2e-1 greater than systems with reduced fertiliser application rate 669 

e.g. 1b vs. 3b, 2d vs. 4d) (figure 3). However, the increase was marginal, where similar to Foley et al. (2011), 670 

the increase in GHG emissions from the increase in fertiliser application rate and hence stocking rate is offset by 671 

the increase in productivity associated with higher stocking rates. This in turn resulted in the slight increase in 672 

emission efficiency. Therefore, this indicates that the intensification of suckler to beef production systems must 673 

be appropriate to ensure that sustainable production is maintained.  674 

The productivity of an average grass-based commercial suckler to beef farm is much lower than the research 675 

farm systems analysed in the current study. The average stocking rate for Irish suckler farms in 2016 was 1.34 676 

LU ha-1 (Dillon et al., 2016). Along with this, based on National Farm Survey data, Foley et al. (2011) estimated 677 

that the average suckler to beef farm in Ireland is making a loss of €67 ha-1. This consequently results in the 678 

emission efficiency also being negative. Based on the findings of this study, there is great scope for the 679 

improvement of the efficiency and profitability of the average suckler to beef systems through appropriate 680 

intensification. 681 

5.1 Conclusions 682 

The inclusion of new nutritional research findings into GBSM has greatly improved our understanding of the 683 

effect of production systems and management practices on the N content of fresh and conserved grass and cattle 684 

excretion and partitioning of N. Similarly, updating N2O emission factors has enhanced our ability to assess the 685 

effect changes in farm performance can have on emissions from grazing cattle and fertiliser. Our modelling 686 

study showed that SH suckler beef systems emit more N2O and total GHG emissions per kg carcass weight than 687 

BH systems. This was facilitated by the higher stocking rate and thus productivity per ha of BH systems in 688 

comparison to SH systems. When emission efficiency was analysed, it showed that BH systems consistently 689 

produced greater € net margin tCO2e-1 than SH systems within scenario. Finishing bulls rather than steers 690 

resulted in higher carcass weight gain day-1 and output ha-1, and hence higher profit ha-1 and emission efficiency. 691 

It is essential to note however that there are negatives with bull beef systems and not all farms are capable of 692 

adopting bull beef production systems. The study showed that improving farm management practices mitigated 693 

both SH and BH systems emissions. It was shown that applying fertiliser under appropriate conditions and at a 694 

higher application rate will increase grass growth ha-1, allowing for higher stocking rate ha-1, leading to 695 

improved productivity and efficiency for BH systems. However, a diminishing returns response was found 696 

between fertiliser application rate and emission efficiency, particularly in INT systems. Harvesting silage earlier 697 
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in the season increased profit ha-1 and improved emission efficiency as a result of higher forage quality during 698 

housing, thus reducing the need for concentrate feed to achieve ADG targets. Overall, these examples 699 

demonstrate that implementing good farming practices can simultaneously improve farm income with little or 700 

no negative on GHG emissions.  701 
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