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Abstract: 8 

This study builds on previous attempts to quantify and identify mitigation strategies for 9 

greenhouse gas (GHG) emissions from dairy production systems. A model is developed for a 10 

representative dairy-crop farm in the region of Ontario, Canada. Following previous studies of 11 

this sort, life cycle GHG emissions, including those on farm as well as upstream from the 12 

production of inputs, are included in the assessment. The intention of the study was to 13 

specifically control for intensity level, defined herein as milk production per unit of land, and to 14 

determine the extent to which a hypothetical intensification scenario is able to reduce GHG 15 

emissions from production via carbon offsets from set aside land. In the study region, corn silage 16 

yields are significantly higher than grasses and legumes, despite being broad substitutes as a 17 

source of roughage in the diet. Thus replacing perennial cropland with corn silage is found to 18 

significantly reduce land use for the modelled farm (~36%) while keeping production constant. 19 

Under the assumption that the excess land is set aside for forest regrowth, this change reduces 20 

the carbon footprint of milk production by ~55%. Sensitivity analysis shows significant GHG 21 

reductions even under conservative forest carbon sequestration capacities (1-2 Mg CO2 ha-1 yr-22 

1), suggesting that this result is robust both to uncertainty in the estimation method, as well as 23 

variability caused by regional and/or climatic factors. The study illustrates how assumptions 24 

about the intensity level is critical to ascertaining the true impact of livestock production on 25 

climate change. 26 

 27 
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1.0 Introduction 64 

Greenhouse gas (GHG) emissions from the land use sectors, including agriculture and 65 

forestry, make up the largest source of anthropogenic GHG emissions after fossil fuels (IPCC, 66 

2007). Emissions associated with agricultural production (excluding post farm gate processing 67 

and production) are estimated between 20-25% (Vermeulen et al 2012; Tubiello et al 2015) of 68 

the anthropogenic total. Methane (CH4) from ruminant enteric fermentation (EF) and excreted/ 69 

stored manure, volatilization of nitrous oxide (N2O) from organic and inorganic N inputs into 70 

crop and pasture land, as well as carbon (C) emitted from land use/cover change are the principle 71 

sources. Emissions from this sector are expected to grow as a growing population puts increasing 72 

pressure on existing production systems. IPCC (2007) predicts agricultural CH4 and N2O 73 

emissions from livestock and crop production to rise by 30-60% by the year 2030. Schneider et 74 

al (2011) predicts agricultural land will grow by  ~15% by 2030 compared to 2010 levels, 75 

implying that expansion of cultivated land could result in CO2 losses from deforestation and 76 

clearing of habitats with naturally high carbon (C) content. The above trends imply that, barring 77 

any unexpected declines in demand, the emissions intensity of agricultural production will need 78 

to decline in order to prevent further increases in GHG emissions.  79 

In order to reduce emissions intensity of livestock production it is necessary to consider life 80 

cycle GHG emissions. This includes all emissions sources from cradle to farm-gate, including 81 

feed production, and direct emissions from livestock. This approach is required, as it has been 82 

acknowledged that a given practice or technology can affect emissions at different stages of the 83 

production cycle. For example, it has been acknowledged that increasing concentrates in cattle 84 

rations reduces enteric CH4, but results in increased emissions due to the higher chemical and 85 

energy inputs into crop land in order to produce grains (Moraes et al, 2011). Despite a large 86 
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increase in whole farm or systems level approaches in the literature, there remains little 87 

consensus on what strategies should be sought to reduce the carbon footprint of livestock 88 

production. This problem is compounded by the fact that life cycle analyses fail to adequately 89 

capture emissions or removals resulting from changes in land use. Burney, Davis, and Lobell 90 

(2010) demonstrate that crop yield increases since 1961 have spared ~85% expansion of 91 

agricultural land under a scenario without yield increases. This has reduced net emissions from 92 

the crop sector, avoiding 590 Gt CO2eq emissions compared to a scenario without yield 93 

increases. This finding suggests land sparing brought about by yield increases has been a crucial 94 

factor in avoiding growth in the C footprint of food production in recent decades, due to the 95 

avoided destruction of forests and other high C content biomes. Conventional life cycle analyses, 96 

which only report emissions within the production system, fail to capture this component. It is 97 

therefore necessary to account for life cycle GHG emissions while explicitly controlling for the 98 

intensity level (i.e. yield, or output per unit of land) and the potential CO2 sequestration through 99 

yield increases and land sparing. 100 

The goal of this study is to develop a framework to compare the direct emissions sources 101 

accounted for in conventional life cycle assessments with the indirect emissions arising from 102 

land sparing and C sequestration through natural forest growth (reforestation). A potential 103 

intensification strategy is simulated and direct GHG emissions and those brought about by land 104 

sparing are assessed. This is applied to the dairy production system in the province of Ontario, 105 

Canada. In temperate climate regions such as North America, the C sequestration capacity of 106 

regenerated forests is large and hence should be considered an attractive strategy for GHG 107 

mitigation (Pan et al, 2011; Williams et al, 2012). This study develops an approach to asses CO2 108 

emissions/removals from land sparing and determine the aggregate impact of increased 109 
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production intensity (output per unit of land) on the overall C footprint of dairy production. The 110 

insights related to sustainable intensification, and in particular the importance of considering 111 

yield and land use in assessments of the carbon footprint of agricultural production are discussed.  112 

 113 

2.0 Methods 114 

2.1 Overview 115 

Within agricultural production systems, there exist multiple sources of GHG emissions, 116 

emitting different types of greenhouse gases. A common accounting method is to add all GHG 117 

emission sources together, account for the differing global warming potential of CO2, CH4, and 118 

N2O, and express the result in terms of CO2 equivalents (CO2eq) (e.g. Beauchemin et al 2011; 119 

Mc Geough et al, 2012; and O’Brien et al, 2012). Furthermore, to provide a better reference 120 

system for the sustainability of production, the resulting GHG emissions are often divided by 121 

production, to determine the quantity of GHGs emitted per unit product. The result, the 122 

emissions intensity, is expressed as quantity of CO2eq emissions per unit of product, and can be 123 

viewed as a sustainability metric of the production system. If a given practice or policy reduces 124 

emissions intensity, it can said to be a viable mitigation strategy.  125 

While this is a common approach taken by studies interested in GHG mitigation in agriculture 126 

(see, for example, Schills et al, 2007; O’Brien et al 2014), a difficulty is how to incorporate 127 

emissions arising from land use change (LUC) into this system. This is due to the complex 128 

spatial and temporal nature of this emissions sources, making it difficult to compare to emissions 129 

coming directly from crop production or livestock. Land use change (LUC) can result in 130 

emissions or sequestration depending on the type of change. Pasture and perennials have a higher 131 
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soil organic C content (Conant et al, 2001) and so intensification of livestock systems that 132 

involves replacing grass or pasture land with annual crops can lead to CO2 losses from soils. 133 

Furthermore, this effect can extend over many years. LUC happens once, but soil C stocks 134 

decline gradually over a period of several decades (Guo and Gifford, 2002; Conant et al, 2001). 135 

This implies that the model must account for the gradual nature of this emissions source in order 136 

to truly ascertain the sustainability of a given practice or technology. In a previous study by the 137 

same author, changing between perennial and annual crops was found to have a large effect on 138 

the emissions intensity of dairy production, due to the change in soil organic C from this land use 139 

change. Another notable study incorporating LUC into life cycle assessments is Vellinga and 140 

Hoving (2011). This study calculated the C payback time for ploughing grassland for  maize in 141 

dairy systems in northern Europe. The lower enteric CH4 from a more digestible diet eventually 142 

reduced the C footprint of production after several decades after C losses from replacing 143 

grassland with maize. Despite these advances, there remain no studies that explicitly account for 144 

the opportunity cost of land, as a means of sequestering carbon, in relation to GHG emissions 145 

from production. Holding all else constant, intensification allows for more to be produced with 146 

less land, implying less expansion of agricultural land, or setting aside land for regeneration. 147 

This implies that the intensity level (output per unit of land) is a key variable, as it determines the 148 

extent to which C can be sequestered from land sparing and avoided deforestation. 149 

 150 

The purpose of this study is to provide a framework in order to identify what practices may 151 

reduce the C footprint of dairy production when taking into account emissions from land use 152 

change, including both conversion between perennial and annual land, as well as conversion 153 

between agricultural and non-agricultural land. In Ontario, common sources of forage for 154 
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livestock include corn silage, as well as grass and legume hays and silages. Due to advances in 155 

crop genetics and management over previous decades, the yield of corn silage is approximately 156 

double that of grasses and legumes (OMAF, 2014a). Since corn silage and grass/legume silages 157 

and hays are near substitutes from a dietary perspective, increasing corn silage at the expense of 158 

grasses and legumes would reduce land use required for feed production without impacting cow 159 

productivity. This should impact GHG emissions in two different ways (Figure 1). First, soil 160 

organic C levels should decline as perennial crops are replaced with annuals. In the study region, 161 

perennial grass or legumes have higher equilibrium soil C content, and so this shift in land use 162 

gradually leads to a lower equilibrium soil C level (Vandenbygaart et al, 2007). Second, 163 

production intensity (output per unit of land) should increase, due to the higher yield of corn 164 

silage compared to perennial grasses and legumes. If the extra land is allocated to reforestation, 165 

then this will sequester CO2 and hence offset direct emissions from dairy production. These two 166 

types of LUC have opposite impacts on the C footprint; replacing perennial land with corn is an 167 

emissions source, while reforestation is a negative emissions source (sequestration). The goal of 168 

the study is to quantify the aggregate effect of this on the C footprint of dairy production. In the 169 

sections below, the basic outline of the model is provided. The model is initially calibrated to 170 

match the management conditions in the province of Ontario. The model output for this scenario 171 

(hereafter, BaseScen) is compared to available economic and environmental data on the Ontario 172 

dairy sector. Next, a sustainable intensification scenario (hereafter, SIScen) is simulated to show 173 

how the proposed intensification strategy affects life cycle GHG emissions over time. The 174 

change in farm returns, as well as the impact on land and livestock related GHG emissions are 175 

taken into account. The results of the intensification strategy are discussed, and the implications 176 

for future GHG mitigation efforts are discussed. 177 
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 178 

2.2 Model Description 179 

A bio-economic model is developed using the BONMIN solver in the General Algebraic 180 

Modelling System (GAMS) (Lougee-Heimer, 2003; Brooke et al, 2008). This software program 181 

allows for the development of simulation models by executing a series of equations. The model 182 

simulates a representative commercial dairy-crop farm in the southwest of Ontario, a province in 183 

east central Canada, near the great lakes region. The farm grows feed on farm, which, together 184 

with supplement feeds (purchased at market prices), are used to formulate rations which are fed 185 

to the dairy herd (Table 1). The farm’s net returns are defined as revenue from the sale of raw 186 

milk, minus expenses related to the dairy operation, including expenses related to the dairy 187 

animals, and the production and purchase of feeds. Nitrogen (N), phosphorous (P), and 188 

potassium (K) fertilizers are purchased and applied to meet crop nutrient requirements, along 189 

with organic manure produced by the herd. All input and output prices are assumed to be 190 

exogenous based on local market conditions (DFO, 2013; OMAF 2014b; OFIMP, 2012; Wilson, 191 

2014).  192 

The study region has a temperate climate, with approximately 516 mm yr
-1 

in precipitation.  193 

The farm grows corn silage, wheat straw, grass and legume hays/silages for livestock roughage. 194 

Grain crops grown on farm include corn, oats, wheat, and barley. Soybean is grown and used to 195 

produce soybean meal as a supplement for the cattle. The model yields and nutrient inputs are 196 

representative of regional averages (Table 1).  197 

 198 

 199 
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Figure 1: Diagrammatic Illustration of Land Use going from Base Scenario to the Hypothetical 200 

Sustainable Intensification Scenario 201 

 202 

Note: Perennial land converted to annual is a positive emissions source. Agricultural land converted to forest is a 203 
source of sequestration.  204 

 205 

 206 

 207 

 208 

 209 
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The dairy herd is comprised of 150 head of Holstein dairy animals (Table 2). The demographic 210 

structure matches those of commercial farms in Ontario. Animal cohorts include young (calves, 211 

non-bred, and bred-heifers), as well as single parity, multiparous, and dry cows (DFO, 2012; 212 

DHI, 2012). The average milk yield for the lactating cows is 29.7 kg d
-1

, and the lactation length 213 

is 121 days, both of which are based on the average for commercial dairy farms in Canada. 214 

Manure from the herd is stored in an open pit manure storage system and applied on field every 215 

spring. Manure and nutrient excretion are calculated using empirical prediction equations, with 216 

the independent variables as animal characteristics and diet. Thus total nutrients available to be 217 

applied on field is semi-endogenous, varying by dietary intake (Nennich et al 2005; Wilson, 218 

2014). 219 

2.3 Crop and Livestock Management  220 

Jayasundara and W-R (2014) provide an in depth analysis of management practices for 221 

dairy farms in Ontario, including the formulation of rations (i.e. the composition of feeds 222 

forming the basis of the diets). For the model herein, ration formulations are set to match these 223 

(Base Scenario, Figure 1). Land on farm is allocated to meet the demand for feed by the 224 

livestock (Base Scenario, Figure 2). Thus, the cropping patterns and livestock diets in BaseScen  225 

are broadly representative of the current management practices of the Ontario dairy sector as a 226 

whole. The GHG emissions are therefore also comparable to the typical commercial dairy farm 227 

in the province (described further below).  228 

 229 

In order to model the SIScen, a shift in land allocation away from perennials and towards higher 230 

yielding corn silage is made. Land allocated to grass and legumes on farm is replaced by corn, 231 
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and grass and legumes in the ration are replaced by corn silage. Figure 1 shows the ration 232 

formulation under the SIScen, as well as nutrient intakes. In order to make up for lost protein, the 233 

SIScen involves an increase in soybean meal and corn gluten meal. The result is that the rations 234 

under the SIScen have significantly more corn silage and less perennial forages, but the overall 235 

nutrient properties of the ration, including crude protein, acid and neutral detergent fibre (ADF, 236 

NDF), and digestibility (TDN) have remained nearly unchanged.  237 

Figure 2 shows the land use indicators for the BaseScen and SIScen. The principle difference 238 

between the base and intensification scenarios is that perennial land is replaced by annual crop 239 

land. The higher yield of corn silage compared to perennial forages means that this change 240 

results in a decline in land use, defined as the amount of land required to produce a unit of output 241 

(m
2
 kg

-1
 FPCM). 242 

2.4 Greenhouse Gas Accounting Procedure 243 

The approach to determining GHG emissions follows closely Hawkins et al (2015). Thus 244 

the below sections present the GHG accounting procedure in a condensed manner. The reader is 245 

referred to Appendix A for a complete listing of all GHG estimation equations, and to Hawkins 246 

et al (2015) for a more in depth explanation of the GHG accounting methodology.  247 

 248 

The emission categories accounted for are: (1) CH4 emissions from enteric fermentation (2) CH4 249 

and N2O emissions from manure in storage, (3) N2O emissions from N inputs into land used to 250 

grow feed crops on the farm, (4) CO2 emissions related to the combustion of fossil fuel for 251 

energy consumption on farm and with the manufacture of farm inputs manufactured upstream 252 

from the farm, (5) CO2 emitted from changes between perennial and annual crop land  (6) CO2 253 

sequestered/emitted from C offsets brought about by a decline in the land base needed for 254 
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production, and finally (7) CO2 emissions associated with the production of purchased feed 255 

upstream from the farm. 256 

 257 

Net emissions are calculated as total emissions minus sequestration from land use change and are 258 

expressed as CO2 equivalents (CO2eq) with global warming potentials for CH4 and N2O based on 259 

IPCC (2007). The results are displayed in emissions intensity by dividing total emissions by fat 260 

and protein corrected milk produced on the farm (in kg). Milk is converted to fat and protein 261 

corrected milk (FPCM) using the international dairy federation procedure (IDF, 2010) equation. 262 

Further, to allocate GHG emissions between milk and meat, an allocation factor of 0.85 is used 263 

to allocate milk related GHGs to the total, to be line with other studies publishing GHG 264 

accounting systems from dairy production (IDF, 2010).  265 

 266 

 267 

2.4.1 Livestock Emissions 268 

Methane from EF is estimated using empirical equations from Moraes et al (2014). A 269 

separate equation is used for each animal class: one for young animals, one for lactating cows, 270 

and one for dry cows. These equations are notable in that they account for the effect of multiple 271 

dietary and animal parameters on methane emissions. Benchaar et al (2001) find that the diet 272 

digestibility is the largest determining factor in CH4 production. Furthermore, including added 273 

lipid in diets has been promoted as a viable means of reducing methanogenesis without affecting 274 

productivity (Cieslak et al. 2013; Beauchemin et al, 2007). Thus, the prediction equations rely on 275 

gross energy intake, neutral detergent fibre, body weight and milk properties (for lactating 276 

animals), as well as ether extract (crude fat percentage of diet) in order to take these dietary 277 

factors into account.  278 
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Table 1: Yields, Costs, Fertilizer Application Rates, and Nutrient Properties of Crops/Feeds 279 

 

Feed/Crop 

Yield 
(t ha

-1
) 

Cost 
($ t

-1
) 

Nutrient 

Application  

(kg ha
-1

) 

DM 
(%) 

TDN 
(%) 

CP 
(g kg

-1
 DM) 

ADF 
(g kg

-1
 DM) 

NDF 
(g kg

-1
 DM) 

N P 

 

K 

 
Feeds Produced on Farm 

Corn Grain 7 1,226.75 160 28 39 88.1 88.7 94 34 95 

Corn Silage
a 

41.94 1,091.46 140 35 135 35.1 68.8 80 281 450 

Alfalfa Hay
b 

5.52 766.03 - 10 77 83.9 59.1 208 334 429 

Grass Hay
b 

5.52 766.03 - 10 77 88.1 59.7 133 369 577 

Alfalfa Silage
b 

5.52 766.03 - 10 77 42.9 56.7 219 352 432 

Grass Silage
b 

5.52 766.03 - 10 77 42.0 56.0 168 352 582 

Pasture 5.52 766.03 - 10 77 20.1 66.6 168 25 458 

Wheat Straw 2.82 19.9 - 2 28 92.7 47.5 48 494 730 

Oats 2.97 391.9 35 10 14 90.0 78.5 132 146 300 

Wheat
c 

5.19 391.9 165 51 27 89.4 86.6 94 44 134 

 

Barley 3.71 369.4 74 22 19 91.0 82.7 124 72 208 

Soybean
d 

3.06 646.6 

 

- 18 52 89.1 80.0 499 100 149 

Feeds Produced off Farm 

Corn Gluten Meal 1.561
e
 218.0 - - - 86.4 84.4 650 82 111 

Source: OMAF (2014a), OMAF (2014b), NRC (2001) 280 
Notes:  281 
a Assumed moisture content of 65% 282 
b The model has the option of differing maturities of forages; only the medium maturity nutrient properties are provided   283 
cHard winter wheat 284 
dSoybean is assumed to be transported off farm for processing and returned as soybean meal 285 
e corn gluten yield is determined assuming a ratio of corn gluten meal to corn grain of 22.3% (Schroeder, 2012)  286 
 287 
 288 
 289 

 290 
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 291 

Table 2: Yields, Nutrient Requirements, Body Weights, and Ages of Hypothetical Herd 292 

Cohort Quantity 

(hd) 

Weight 

(kg hd
-1

) 

Growth Rate 

( kg hd
-1

 d
-1

) 

Milk Yield 

(kg hd
-1

 d
-1

) 

Energy 

Requirement 

(Mcal net 

energy  

hd
-1

 d
-1

) 

Calves 12 50 1.0 - 6.1 

Young Heifers 12 150 1.0 - 13.8 

Old Heifers 12 250 1.0 - 20.2 

1
st
 Parity Cows 35 600 - 29 (9,309 kg 

yr
-1

) 

124.3 

2
nd

 Parity Cows 38 600 - 30 (9,630 kg 

yr
-1

)  

130.0 

Later  

Parity Cows 

35 600 - 29 (9,309 kg 

yr
-1

) 

124.3 

Dry Cows 6 600 - - 43.8 
 

Notes: Energy requirements calculated from the NRC (2001) and NRC (2000) models. 293 

 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 

 302 

 303 

 304 

 305 

 306 

 307 

 308 

 309 

 310 
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Figure 2: Ration Compositions and Nutrient Properties for Base Model and Sustainable 311 

Intensification Scenario 312 

 Young Lactating Cows Dry Cows 

 Base 

Scenario 

Sustainable 

Intensification 

Scenario 

Base 

Scenario 

Sustainable 

Intensification 

Scenario 

Base 

Scenario 

Sustainable 

Intensification 

scenario 

Feed Intake 

 (%) 

Corn Grain 8.3 8.3 15.8 15.8 5.0 5.0 

Corn Silage 19.6 44.6 21.8 48.6 35.2 54.1 

Grass/Legume 

Hay 

28.3 9.75 11.5 - 18.6 9.45 

Grass/Legume 

Silage 

23.9 9.75 15.2 - 24.4 9.45 

Pasture 13.2 13.2 1.8 - 2.9 7.9 

Straw 0.7 0.7 2.4 - 3.9 3.9 

Small Grains 4.4 4.4 17.6 17.6 5.5 5.0 

Soybean Meal 1.6 4.2 7.9 9.9 2.5 - 

Corn Gluten 

Meal 

- 5.1 6.1 8.1 1.9 5.2 

 

Nutrient Intakes 

 

 

Crude Protein 

(g kg
-1

 DMI) 

166.04 178.83 157.45 176.19 152.31 115.57 

Neutral 

Detergent Fibre 

(g kg
-1

 DMI) 

432.64 388.52 316.43 275.99 434.10 352.59 

Acid  

Detergent Fibre 

(g kg
-1

 DMI) 

280.89 245.58 200.67 162.46 283.92 216.63 

Ether Extract 

(g kg
-1

 DMI) 

2.41 2.43 2.56 2.35 2.24 1.93 

Net Energy 

(MJ hd
-1

 d
-1

) 

82.36 88.73 131.63 134.12 58.53 45.44 

Gross Energy 

(MJ hd
-1

 d
-1

) 

147.60 147.6 378.23 332.1 173.43 147.6 

Dry Matter 

Intake (kg hd
-1

) 

8.0 8.0 20.5 18 9.4 8.0 

Source: Base rations are set to match average ration composition for commercial dairy farms in Ontario as provided 313 
by Jayasundara and Wagner-Riddle (2014). Nutrient properties are calculated endogenously based on feed nutrients 314 
provided by NRC (2001).  315 

 316 

 317 



16 
 

 318 

Figure 3: Land Use under Base Model and Intensification Scenario 319 

 Actual Base Model Sustainable 

Intensification 

Scenario 

(% change) 

Land Allocation (% of total) 

Grain Corn 9.04 9.57 13.95 

Small Grains 21.30 28.23 26.98 

Soybean  15.34 10.29 19.16 

Total Grain Crop Area 45.68 48.09 60.09 

Silage Corn 9.20 8.49 27.49 

Grass and Legumes 30.89 33.72 4.07 

Pasture 14.20 9.63 7.94 

Total Annual Forage 

Crop Area 

9.20 8.49 27.49 

Total Perennial Forage 

Crop Area 

45.09 

 

43.35 12.01 

Total Forage Crop Area 54.32 51.84 39.50 

 

Land Use Indicators 

 

Production  

Intensity 

(kg FPCM ha
-1

) 

4,771 5,343 8,429 

Land Use  

(m
2
 kg

-1
 FPCM) 

2.10 1.87 1.19 

Source: Empirical values (actual) based on Jayasundara and Wagner-Riddle (2014). All other values are 320 
determined endogenously by the model. 321 

 322 

 323 

 324 

 325 

 326 

 327 

 328 
 329 

Methane and nitrous oxide from manure are both determined by the IPCC (2006) method. 330 

Manure CH4 emitted is calculated based on volatile solids present in manure, which is a function 331 
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of total dietary gross energy intake, and the digestibility of the diet. Default values for methane 332 

producing capacity (B0) are assumed. The methane conversion factor (MCF) is based on 333 

estimated values for open pit manure storage systems in Ontario, which takes the value of 0.18 334 

(Sheppard et al, 2011). N excretion in manure is first calculated by subtracting nitrogen retained 335 

for maintenance and production from dietary nitrogen intake. Then N volatilization from the 336 

manure storage system is calculated. IPCC default emission factors are assumed. Leached N is 337 

assumed zero since manure from the animals in the barn is collected and stored in the open pit 338 

with perfect efficiency (i.e. no N is lost).  339 

 340 

2.4.2 Emissions from Cropping, Feed Production, and Land Use Change  341 

Nitrous Oxide emissions from farm soils are obtained from Holos GHG estimation 342 

software (Little et al, 2008). This program is based on the Nitrogen accounting system developed 343 

in Rochette et al (2008), specifically for Canadian soils. It calculates direct N2O emissions from 344 

volatilization of soil N inputs (manure, synthetic fertilizer, and crop residues), and indirect N2O 345 

emissions from NH3 volatilization and NO3 leaching. These estimations are calculated 346 

specifically for the agro-ecological region specified above. Total N2O emissions from 347 

agricultural soils are then calculated as the sum from each crop grown on the farm. Note that this 348 

only includes crops grown on the modelled farm, and does not include emissions from 349 

concentrate feed production upstream (see below).  350 

 351 
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Table 3: Overview of GHG Estimation Methodology 352 

Gas/Source Method, Equation, Emission Factors Source 

Enteric Methane Empirical equations based on animal characteristics such as bodyweight and milk productivity as well as the 

following dietary factors: gross energy, neutral detergent fibre, and lipid intake 

 

 

Moraes et al (2014) 

Manure Methane Estimate excretion of volatile solids based on dietary factors. Then estimate CH4 emissions from VS. 

B0 = 0.24 

MCF = 0.18 

 

IPCC 2006 

Manure Nitrous 

Oxide 

Based on manure N excretion and the following emission factors: 

EFdirect = 0.005 

FRACvol = 0.4 

EFvol = 0.01 

Leaching emissions are zero 

IPCC 2006 

 

 

 

Soil Nitrous Oxide 

 

Crop specific soil N2O emissions attained from Holos GHG Estimation Software. Holos is based on the nutrient 

accounting system developed by Rochette et al (2008). Specific to agro-ecological zone in southwestern Ontario. 

Coefficient includes direct N2O from N inputs (organic and synthetic fertilizers) as well as indirect emissions 

from NH3 volatilization and NO3 leaching.  

Little et al 2008 

Rochette et al 

(2008) 

Feed Production 

(for feeds produced 

off farm) 

Life cycle emissions from feed production expressed as kg CO2eq t
-1 

Adom et al 2012 

Government of 

Manitoba (2014) 

 

Land Use Change: 

Annual to 

Perennial 

Conversion 

Empirical equation estimating CO2 emitted (sequestered) from an increase (decrease) in annual relative to 

perennial cropland, based on agro-ecological region and time since management change. 

McConkey et al 

2007 

Land Use Change: 

Carbon Offsets 

through 

Afforestation 

Carbon sequestration from reforestation calculated from IPCC (2006). The assumption of a temperate climate 

agro-ecological zone is made. The result is an estimated sequestration of 8.8924 Mg CO2 ha
-1

.
 
 

 

IPCC 2006 

  353 
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 354 

To account for the carbon footprint of production of concentrate feeds off farm, emission 355 

coefficients are used to estimate embodied GHG emissions from common livestock feeds across 356 

North America. Total emissions from production of feed upstream is therefore calculated as the 357 

sum of each feed’s individual GHG coefficient, multiplied by the amount of that feed purchased 358 

and consumed by livestock.  359 

Crop production involves significant energy inputs through the use of fossil fuels, which are 360 

converted to their carbon dioxide equivalents and included under the category for energy 361 

consumption. These include emissions from farm field work, manure spreading, and the 362 

manufacture of crop inputs. Machine energy consumption coefficients for farm field work are 363 

obtained from Dyer and Desjardins (2007). Energy requirements to produce crop inputs, namely 364 

fertilizers and herbicides, are obtained from Nagy (2000). For manure spreading, a coefficient 365 

based on the total amount of manure spread is obtained from Little et al (2008). For the above 366 

three uses of energy, the corresponding CO2 emitted is calculated using a coefficient to convert 367 

CO2 emissions per MJ of energy (Nagy, 2000; Dyer and Desjardins, 2007; National Inventory 368 

Report, 2010). In addition to energy from crop production, electricity consumed for basic barn 369 

functions, such as milking, are accounted for. A coefficient for total energy consumption per cow 370 

is obtained from Vergé et al (2007), and then converted to the corresponding CO2eq emissions 371 

(National Inventory Report, 2010). These emission categories are added together to obtain total 372 

energy related emissions from milk production (expressed in CO2eq).   373 

To account for carbon sequestered through natural forest generation, the IPCC (2006) Guidelines 374 

for National Greenhouse Gas Inventories – Forestry methodology is used. Under this system, 375 

above and below ground biomass is estimated based on the agro-ecological region, and then 376 
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converted to C based on a coefficient for biomass to C. The result is an estimate of total CO2 377 

sequestration per ha per year from reforested land (see Appendix B). Using this system, an 378 

estimated value of 8.8924 Mg CO2eq ha
-1 

y
-1 

from forest regeneration is obtained. Note that LUC 379 

emissions from reductions in land use occurring upstream from the modelled farm is excluded 380 

because the simulations are deliberately selected so that there is no change in land use upstream 381 

(see discussion). Finally, to estimate emissions/removals from conversion between annual and 382 

perennial crop land, a mechanistic equation from McConkey et al (2007) is used. This equation 383 

estimates CO2 emitted/sequestered per hectare per year based on the management change and 384 

climate parameters.  385 

 386 

3.0 Results 387 

3.1 Base Model Calibration 388 

The results of BaseScen are compared to available data on returns and GHG emissions 389 

for the Ontario dairy sector (Table 4). Modelled net farm returns are compared to those of 390 

medium-large sized dairy-crop operations (~ 150 head of cattle, and 150 ha of land) in Ontario 391 

(ODFAP, 2012). The modelled value falls within the range of net farm returns reported by the 392 

data. Modelled GHG emissions intensity in BaseScen is 1.03 kg CO2eq kg
-1

 FPCM, which 393 

matches the estimated provincial average provided by Jayasundara and W-R (2014).  394 

 395 

 396 

3.2 Model Simulations 397 
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The intensification strategy has the effect of lowering the overall feed cost for the dairy 398 

producer, as corn silage is a more economical source of roughage. The model costs of producing 399 

corn silage are $27.6 t
-1

, compared to $88.6 t
-1

 for perennial forages. This effect outweighs the 400 

increased expenses resulting from larger amounts of purchased supplemental feeds. Farm income 401 

for the dairy producer rises from $437,756 yr
-1 

to $471,292 yr
-1

.  402 

The immediate effects of the intensification strategy are that the net GHG flux from production 403 

declines from 1.030 to 0.455 kg CO2eq kg
-1

 FPCM; a decline of about 55%. The primary factor 404 

in this declining emissions intensity is the declining land use. In BaseScen, land use required for 405 

feed production is 173.4 ha. This value declines to 109.9 ha after SIScen has been implemented. 406 

This implies a total of (173.4 – 109.9) = 63.5 ha has been set aside for reforestation. Thus 407 

emissions from reforestation are -0.549 kg CO2eq kg
-1

 FPCM (negative emissions implies 408 

sequestration). Loss of soil carbon resulting from the replacement of perennial with annual crops 409 

on farm leads to emissions of 0.106  kg CO2eq kg
-1

 FPCM. Initially the total amount of land 410 

allocated to perennial forages was 43.35 ha, with 8.49 ha being allocated to corn silage. After the 411 

intensification strategy is implemented, perennial forage land declines to 12.01 ha, as corn silage 412 

area increases to 27.49 ha. 413 

Emissions from livestock also decline. Enteric CH4 declines by 7.1%, due to the higher 414 

digestibility of the ration. Manure CH4 declines by 37.5%, again due to the more highly 415 

digestible ration (recall from Table 1 that corn silage has a higher digestibility and lower NDF 416 

content than other forages). The changes in emissions from crop production remain minor 417 

relative to the livestock and land use change emissions categories.  418 

In summary, the GHG accounting procedure suggests that the intensification strategy results in a 419 

net decline in the carbon footprint of dairy production, with sequestration of 0.549 kg CO2eq kg
-1

 420 
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FPCM coming from reforestation on set aside land. The C footprint declines from 1.03 kg CO2eq 421 

kg
-1

 FPCM to 0.445 kg CO2eq kg
-1

 FPCM, for a decline of 55%.  422 

 423 

3.2.1 Sensitivity Analysis 424 

As described above, the major factor in the large decline in emissions intensity herein is the 425 

capacity for set aside land to sequester carbon. Figure 4 shows the modelled emissions intensity 426 

of milk production under forest carbon sequestration capacities up to 12 Mg CO2 eq ha
-1

 yr
-1

. 427 

Recall the actual value used for the SIScen was 8.89 Mg CO2eq ha
-1

 yr
-1

. The sensitivity analysis 428 

shows that the modelled emissions intensity of milk production remains below the actual value 429 

of 1.03 kg CO2eq kg
-1

 FPCM for all values of forest carbon sequestration capacity greater than 1 430 

Mg CO2eq ha
-1

 yr
-1

, or about 11% of the calculated value used in the model. These sensitivity 431 

results suggest that the main findings described above are valid even under very conservative 432 

values of forest carbon sequestration capacity.  433 

 434 

4.0 Discussion 435 

The framework presented in this study provides a means of assessing the change in net 436 

GHG emissions from dairy production after replacing low yielding with high yielding forages. 437 

The initial land use per unit product is 1.87 m
-2

 kg
-1

 FPCM, which declines to 1.19 m
-2

 kg
-1

 438 

FPCM after the intensification strategy, for a decline of ~36%. Output per unit land rises from 439 

5,343 kg FPCM ha
-1

 to 8,429 kg FPCM ha
-1

, for an increase of ~58%. This implies the simulated 440 

farm is able to reduce it’s land base required for feed production by 63.5 ha, or ~37%. This land 441 

is assumed to be taken out of production and undergoes natural reforestation. The annual amount 442 
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of CO2 sequestered from this land is (8.89 Mg CO2 ha
-1 

y
-1

 x 63.5 ha) = 564.67 Mg CO2 y
-1

. 443 

When including this negative emissions source in the calculation of net GHG emissions from 444 

milk production, the emissions intensity declines from its original value of 1.03 to 0.445 kg 445 

CO2eq kg
-1

 FPCM, for a decline of about 55%.  446 

In addition to the land use related mitigation, the change in ration nutrient properties also results 447 

in minor declines in livestock related CH4 emissions from enteric fermentation and manure. The 448 

equation used to estimate enteric CH4 (Appendix A – Enteric CH4) has a positive coefficient on 449 

gross energy and dietary NDF intake. The higher digestibility and lower NDF content of corn 450 

silage compared to grass and legumes (see Table 1 – Livestock Feed Nutrient Compositions) 451 

means that the animal’s nutrient requirements are met with lower gross energy intake and lower 452 

overall NDF content of the ration. Furthermore, since volatile solids in manure is based on the 453 

digestibility of the ration (Appendix A – Manure CH4), this change also leads to a decline in 454 

manure CH4 emissions.  455 

 456 

The results herein provide useful insights with respect to how sustainable intensification can 457 

potentially reduce the C footprint of livestock production systems. As discussed in Hawkins et al 458 

(2015), extensive livestock systems relying on grass/legumes or pasture have higher soil organic 459 

carbon content, implying a lower emissions intensity within the system boundary. However, as 460 

shown here, when taking into account the opportunity cost of the extra land needed to produce 461 

using extensive practices, these systems actually have higher C footprints than more intensive 462 

ones 463 

. 464 



24 
 

Table 4: Comparison of Returns and Greenhouse Gas Emissions Between Empirical Data and 465 

Modelled Scenarios 466 

Variable Observed Base Scenario 

(% deviation
c
) 

Sustainable 

Intensification 

Scenario 

(absolute change) 

(% change
d
) 

Net Farm Returns
a
 $214,577 – 

579,743
b 

 $ 437,756 yr
-1

  $ 471,292 yr
-1

 

Greenhouse Gas Emissions (kg CO2eq kg
-1

 FPCM) 

Enteric Methane  0.471 0.610 

(29%) 

0.567 

(-.043) 

(-7%) 

Manure Methane 

 

0.133 0.192 

(44%) 

0.120 

(-.072) 

(-62.5%) 

Manure Nitrous Oxide 0.056 0.030 

(-46%) 

0.026 

(-.004) 

(-13%) 

Soil Nitrous Oxide  .244
f 

0.133 

(-45%) 

0.079 

(-0.054) 

(-40%) 

Energy  

 

0.121 0.069 

(-43%) 

0.068 

(-0.001) 

(-1.5%) 

Purchased Feed   

- 

 

0.001 

- 

- 

0.026 

(.025) 

(+2,600) 

Perennial to Annual 

Conversion 

 

- 

 

- 

0.106 

(-) 

(-) 

Afforestation  

- 

 

- 

-0.549 

(-) 

(-) 

Net Emissions
e
  

- 

1.035 0.445 

(-59) 

(-55%) 
Source: Model Output 467 
Notes:  468 
a 
Monetary values are in Canadian Dollars. 469 

b
 Value is calculated as milk revenue minus dairy and crop expenses for sample of farms ranging between 120 and 470 

240 head of dairy cattle  471 
c
 Between observed and base model emissions 472 

d
 Compared to Base Scenario Emissions

 473 
e 
Calculated as total emissions minus sequestration from land use change 474 

f 
Observed N2O emissions are the sum from organic N, synthetic fertilizer N, crop residue N, NH3 volatilization, and 475 

NO3 leaching476 



25 
 

Figure 4: Sensitivity Analysis of Net Emissions Intensity of Intensification Scenario under Differing Assumptions about Forest 477 

Carbon Sequestration Capacity 478 

 479 

Note: The dotted line represents the actual forest carbon sequestration capacity used for the intensification scenario, and the resulting emissions 480 

intensity. The solid line represents the estimated emissions intensity of average commercial dairy farms in the study region.  481 
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 483 

Based on the model herein, intensification of these systems by replacing low with high yielding 484 

forages leads to significant reductions in the C footprint of production. The framework outlined 485 

in this paper could potentially be highly relevant for regions in which deforestation or destruction 486 

of natural habitats brought about by the expansion of crop land used in beef or dairy production 487 

is problematic. It is in these regions where intensification of livestock production systems, and 488 

reductions in agricultural land, could potentially be an effective means of reducing the C 489 

footprint of meat and dairy production. This could occur either by increasing intensification and 490 

setting aside existing agricultural land for offsets, or by limiting future expansion of agricultural 491 

land as demand for livestock products increases.  492 

 493 

Future studies pursuing this line of reasoning should aim to improve the biophysical 494 

representation of soils and C and N dynamics during land use change. Since the ratio of N fixing 495 

to N using crops is declining on the simulated farm, farm soils could be negatively impacted by 496 

declining soil N. Increasing production intensity while maintaining soil fertility remains a key 497 

priority.  498 

 499 

5.0 Conclusion 500 

Sustainable food production for a growing population will increasingly rely on increasing 501 

output per unit of land to avoid expansion of agricultural land and natural habitat destruction, 502 

while optimizing resource use efficiency and exploiting low emission production practices with 503 

existing land. The model developed herein provides a framework to assess the tradeoffs between 504 
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life cycle GHG emissions from livestock production and the opportunity cost of land, expressed 505 

as the potential for set aside land (or avoided deforestation) to sequester carbon.  Under this 506 

framework, replacing perennial grasses and legumes with corn silage reduced the C footprint of 507 

dairy production even when considering the lost soil C from planting annual crops on previous 508 

perennial land.  509 

This finding corroborates the global analysis of Burney, Davis, and Lobell (2010) in 510 

which historical crop yield increases have been crucial in avoiding increasing net GHG 511 

emissions from the crop sector due to avoided deforestation. Together these findings suggest that 512 

the opportunity cost of land use has to be included in conventional approaches to assessing life 513 

cycle GHG emissions from agricultural production.  514 

 515 

 516 

 517 

 518 

 519 

 520 

 521 

 522 

 523 

 524 
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Appendix A: Greenhouse Gas Accounting Equations 729 

Source Equation Variables and Parameters Reference 

Enteric 

Methane 

– 

Lactating 

Cows
a
  

CH4 = 9.311 (1.060) + 0.042 (0.001) x GEI + 0.094 (0.014) x NDF - 0.381 

(0.092) 9 EE + 0.008 (0.001) x BW + 1.621 (0.119) x MF 
CH4 – methane production (MJ 

hd
-1

 d
-1

) 

GEI – gross energy intake (MJ 

hd
-1

 d
-1

) 

NDF – neutral detergent fibre (% 

of DMI) 

EE – ether extract (% of DMI) 

BW – body weight (kg) 

MF – milk fat (%) 

Moraes et al 

(2014) 

Enteric 

Methane 

– Dry 

Cows
a 

CH4 = 2.880 (0.200) + 0.053 (0.001) x GEI - 0.190 (0.049) x EE 

Enteric 

Methane 

– Young 

Animals
a 

CH4 = 1.487 (0.318) + 0.046 (0.001) x GEI + 0.032 (0.005) x NDF + 0.006 

(0.0007) x BW 

Manure 

Methane
a
 

VS = GEI × ((1− TDN) 100)+ 0.04 ×GEI × ((1− Ash) 100) 18.45 VS – volatile solids (kg hd
-1 

d
-1

) 

TDN – total digestible nutrients 

of diet (%) 

Ash – ash content of diet (%) 

IPCC (2006) 

Manure 

Methane
a 

CH4 VS ×Bo ×MCF ×0.67 MCF – methane conversion 

factor 

Bo – methane producing capacity 

(m3 CH4 kg
-1

 VS) 

IPCC (2006) 

Manure 

Nitrous 

Oxide
a 

Nitrogen Excretion PI x 6.25 – PRL x 6.38 − PRG  x 6.25 PI – protein intake (kg hd
-1 

d
-1

)  

PRl – protein retained for 

lactation (kg hd
-1 

d
-1

) 

PRg – protein retained for gain 

(kg hd
-1 

d
-1

) 

IPCC (2006) 

Manure 

Nitrous 

Oxide 

N2O Nitrogen Excretion EFdirect FRACvol EFvol EFdirect – direct emission factor 

FRACvol – volatilization fraction 

EFvol – emission factor for 

volatilization 

IPCC (2006) 
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Land Use 

Change – 

Annual 

to 

Perennial  

C lumCmax ( e-k(y-1) – e-ky)  C – change in C stored in land 
lumCmax – carbon storage 
capacity of land (by region) 
k – rate constant (by region) 
y – years since management 
change 

McConkey et al 

(2007) 

Notes: Emissions are calculated per animal, and then summed up to determine total herd emissions. 730 
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Appendix B: Calculation of Forest Carbon Sequestration 731 

From IPCC (2006), annual CO2 sequestered from afforestation (Mg CO2 ha
-1

) is calculated as 732 

follows: 733 

Gw x (1+r)  x CF x (44/12) 734 

Where 735 

 Gw is the above ground biomass growth rate (ha yr
-1

) 736 

 r is the ratio of below ground to above ground biomass  737 

 CF is the carbon fraction of biomass  738 

44/12 converts C to CO2 739 

  740 

Gw and CF take the IPCC default values of 4 t dm per ha per yr and 0.47 Mg C per t DM (IPCC, 741 

2006). The below ground to above ground biomass ratio, r, for conifers of 50 to 150 Mg ha
-1

 in a 742 

temperate climate zone is 0.29. The result is that, for land allocated to afforestation, the annual 743 

CO2 sequestration is 8.8924 Mg ha
-1

.  744 

 745 

 746 

 747 


