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Abstract 1 

Dairy production has a substantial environmental impact. Currently, most studies analysing 2 

the environmental burdens of milk production employ attributional Life Cycle Assessment 3 

(LCA), for cradle to farm-gate analysis of dairy systems. This approach calculates 4 

environmental footprints per kg fat and protein corrected milk (FPCM). However, milk and 5 

beef production are inherently interconnected, and a narrow focus on milk production 6 

neglects wider synergies and trade-offs across cattle systems, outside dairy farm boundaries. 7 

For the first time, we applied an expanded boundary LCA of coupled dairy and beef 8 

production in Latin America, considering 1 kg FPCM plus 100 g of beef as functional unit 9 

(FU) to reflect the current global beef:milk demand ratio and taking into account the 10 

complexities of Costa Rican cattle production systems. Boundaries encompassed fattening of 11 

surplus dairy calves and incurred or avoided suckler-beef production needed to deliver the 12 

FU. A database of 552 Costa Rican farms (203 beef and 349 dairy farms) was analysed using 13 

a farm LCA model to generate results across five impact categories (Global Warming 14 

Potential – GWP; Eutrophication; Acidification; Abiotic Resource Depletion; and Land 15 

Occupation - LO). Normalised scores indicated that cattle systems contribute most strongly to 16 

per capita GWP and LO burdens. Cradle to farm-gate attributional LCA showed that milk 17 

produced by dual-purpose farms had the largest GWP and LO footprints, whilst specialist 18 

farms had the smallest footprints, per kg FPCM. The expanded boundary LCA showed that 19 

dual-purpose farms generated smaller GWP footprints per kg FPCM plus 100 g beef than 20 

specialised dairy farms, though still required more land. Key factors were the herd structure, 21 

influencing the amount of beef produced, and milk yields per animal, reflecting the level of 22 

dairy specialisation. This new evidence on the environmental efficiency of cattle production 23 

systems emphasises the imperative to consider both milk and beef production as well as 24 

multiple environmental pressures across interconnected milk and beef production systems 25 

when designing sustainable intensification mitigation strategies. 26 
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1. Introduction 29 

Over the last ten years, the global dairy herd increased by 11% and milk yield per cow 30 

increased by 17% (FAO 2018). Milk production is projected to continue to increase as 31 

demand in countries like China grows (Bai et al., 2018). Cattle products are a valuable source 32 

of nutrition and livelihood for millions of people around the world (FAO 2018). Increasing 33 

milk demand has been met by higher yields per cow, increasing the number of cows or a 34 

combination of both, depending on the region of the world. Meanwhile, global beef 35 

production is also growing, though at a slower rate than milk production (FAOSTAT, 2019). 36 

Latin America is a major cattle producing region. It is home to 28% of the world’s live cattle, 37 

producing 15% of milk and 25% of meat consumed globally (FAOSTAT, 2019). Recent 38 

studies have compared the environmental intensity of beef production in this region (Ruviaro 39 

et al., 2015; Dick et al., 2015; Mazzetto et al., 2015, Florindo et al., 2017). However, few 40 

studies have compared the environmental intensity of milk production in Latin America, and 41 

as far as we are aware, none have compared the impact of combined beef and milk 42 

production in this region. The agrarian sector is an important component of the Costa Rican 43 

economy (INEC, 2017), within which dairy production is a major activity. In 2009, Costa 44 

Rica joined a free-trade agreement (DR-CAFTA – including the United States, Dominican 45 

Republic, El Salvador, Guatemala, Honduras and Nicaragua), which includes measures to 46 

gradually reduce import tariffs on milk products that will strongly influence the internal 47 

market and could place finnancial strain on national milk producers (Lizano and Vega, 2016).  48 

Meanwhile, in 2007 Costa Rica set itself the challenging target of becoming carbon 49 

neutral by 2021 (Flagg, 2018). These factors have led to an imperative towards sustainable 50 

intensification and specialisation in dairy production (more details on the Costa Rican dairy 51 

sector in Supplementary Material, section S1). Several studies have explored the effect of 52 

intensification on dairy production systems and concluded that intensification is an important 53 

strategy for mitigating the environmental burdens of milk production (Bakken et al., 2017; 54 
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Chobtang et al., 2017; Gerssen-Gondelach et al., 2017). The intensification of dairy farms 55 

increases the milk yield per cow and could lead to a reduction in the number of animals 56 

required to satisfy milk demand (Styles et al., 2018). A consequence of this intensification is 57 

that fewer calves and culled dairy cows would be sent for beef production. Any trend towards 58 

specialisation in milk production changes the herd structure, focusing on female animals and 59 

reducing the number of beef animals raised or exported from a dairy farm. Consequently, the 60 

demand for beef would need to be met by increasing numbers of dedicated beef cattle 61 

(Baldini et al., 2017). Styles et al. (2018), Vellinga and de Vries (2018) and Soteriades et al. 62 

(2019) showed that the balance between milk and beef production could have environmental 63 

consequences, especially for GHG emissions and land occupation (LO).  64 

Quantifying the impacts of dairy systems is a complex process. One method to account 65 

for environmental impacts is to undertake Life Cycle Assessment (LCA). Most LCA studies 66 

dealing with milk production are performed on a “cradle to farm-gate” basis (Baldini et al., 67 

2017), and have shown that higher milk yields per cow lead to smaller environmental 68 

footprints, especially for global warming potential (GWP) (Gerber et al., 2011). However, 69 

those studies did not consider implications for coupled dairy-beef production and pure-beef 70 

production systems. This is particularly important because beef production has a higher 71 

environmental intensity than milk production, and 45% of beef produced globally is dairy-72 

beef (i.e. beef output from dairy farms) (Opio et al., 2013). Due to difficulty in obtaining 73 

data, most LCA studies are limited to a few farms or models representing typical systems, 74 

especially in Latin America (Ruviaro et al., 2015; Dick et al., 2015; Mazzetto et al., 2015, 75 

Florindo et al., 2017). Furthermore, most studies focus on only one environmental impact 76 

category, usually GWP (McClelland et al., 2018).  77 

The goal of this study was to evaluate multiple environmental burdens of dairy 78 

production, expanding the boundaries of LCA to account for coupled dairy-beef production 79 
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systems and consequences for pure-beef farms. For the first time, we analysed a large number 80 

(552) farms, applying an expanded boundary approach to analyse the impact of milk and beef 81 

production from the whole cattle system, and considering five different impact categories 82 

(GWP, eutrophication potential (EP), acidification potential (AP), resource depletion 83 

potential (RDP) and LO)  84 

 85 

2. Materials and Methods 86 

 87 

2.1 Farm classification and activity data 88 

The database used in this study was shared by the Costa Rican Ministry of Agriculture 89 

(MAG). It was based on information from the 2014 National Agricultural Census carried out 90 

by The National Institute of Statistics and Censuses, and financed by the World Bank and 91 

MAG (INEC, 2015).  The survey was completed for 920 cattle farms and covered 390 factors 92 

relating to the farmer, farm characteristics, input costs and economic outputs. As an initial 93 

step, the dataset was cleaned, profiled, and validated, resulting in a dataset of 552 farms. The 94 

main reasons for excluding the farms from the dataset were i) lack of milk production data 95 

(for dairy farms); ii) no/incomplete animal inventory; iii) lack of farm area (ha) data. The 96 

dataset was then split into farms that reported milk production (dairy cattle farms) and farms 97 

that did not report milk production (beef cattle farms) (Figure 1).  98 

The farms from the dairy sub-database were classified into five typologies previously 99 

defined by Vargas-Leitón et al. (2013), who used multivariate analysis to characterize and 100 

classify 1086 dairy herds of Dos Pinos, a Costa Rican dairy cooperative. We classified the 101 

surveyed farms based on the Key Performance Indicators (KPI) defined by Vargas-Leiton et 102 

al. (2013): i.e. altitude, stocking rate, percentage of specialised breeds, amount of concentrate 103 

feed fed to milking cows and total milk production (Supplementary Information – section S2 104 
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and Table S1). The KPI values (e.g. amount of caoncentrate per milking cow per day) were 105 

derived from relevant survey data. Farm altitude was not specified in the database, so we 106 

located each farm based on available coordinates (City, Region and others) using Google 107 

Earth and extracted the GPS information (latitude, longitude and altitude) for each farm using 108 

the “raster” package (Hijmans and van Etten, 2012) on R (R Core Team, 2018).  109 

The five typologies are: i) Specialised Dairy Extensive in the Lowlands (SD_E_L); ii) 110 

Specialised Dairy Intensive in the Lowlands (SD_I_L); iii) Dual Purpose Extensive in the 111 

Lowlands (DP_E_L); iv) Specialised Dairy Semi-Intensive in the Uplands (SD_SI_U); and v) 112 

Specialised Dairy Intensive in the Uplands (SD_I_U). Dual-purpose farms were diverse, and 113 

therefore subdivided further based on their milk:beef output ratio, whether producing a high 114 

ratio of beef (>60% beef; Dual Purpose Towards Beef – DPTB), high ratio of milk (> 60% 115 

milk; Dual Purpose Towards Dairy – DPTD) or being within a middle range for typology (45 116 

to 55% of both milk and beef - Dual Purpose – DP) (Figure 1). The farms from the beef-only 117 

database were also subdivided into three different groups: i) fattening dairy females; ii) 118 

fattening dairy males; iii) suckler-beef (fattening both females and males) (Figure 1). 119 

Milk production per cow per day was calculated for each survey farm by dividing 120 

weekly milk income by milk price per farm and number of lactating dairy cows, to verify 121 

directly reported milk production expressed as kg per cow per day. Within the MAG dataset, 122 

fertiliser purchase was reported as yearly “urea”, “other N” and “complete formula”. The 123 

“complete formula” was assumed to be a NPK fertilizer blend of 10-30-10 based on Wattiaux 124 

et al. (2016), and “other N” was assumed to be ammonium nitrate. These fertilisers were 125 

converted into the quantity of N per hectare, with urea containing 46% N and ammonium 126 

nitrate containing 33% N.    127 

Electricity usage was calculated from the reported electricity costs for each farmbased 128 

on an electricity price of 107 colones per kWh from 2014 (ICE, 2019 - 1 colon = 0.017 US 129 
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dollar, 2019). Electricity consumption on dairy farms for which no electricity cost data were 130 

reported (35% of the farms) was estimated by taking the average electricity use per lactating 131 

cow within the respective typology, and multiplying it by the number of lactating cows. 132 

Petrol (gasoline) and diesel were also calculated based on yearly costs, using average prices 133 

of 721 and 655 colones per litre, respectively, in 2014 (RECOPE, 2018). Farms that reported 134 

no fuel costs (5% of the farms) were estimated following the same approach as for the 135 

electricity, based on the average petrol and diesel use per lactating cows for the respective 136 

typology.  137 

Within the MAG dataset, manure management was divided between storage tanks and 138 

biodigesters. If either of those options was not reported, it was assumed that the animal 139 

excreta was deposited on pasture, since 82% of specialised dairy and 96% of dual purpose 140 

farms are pasture-based  in Costa Rica (INEC, 2019). Additional data extracted from the 141 

MAG database were: farm size, pasture type and animal inventory (including animals 142 

imported and exported). The dataset was tested for normal distribution and all the statistical 143 

tests were performed using using R (R Core Studio, 2018). Significance was declared for 144 

p<0.05. 145 

 146 

2.2 LCA – Dairy system (farm-gate approach) 147 

To generate the life cycle inventory, we extracted all the relevant activity data from 148 

the database, and applied algorithms for emissions of methane (CH4), nitrous oxide (N2O), 149 

ammonia (NH3), carbon dioxide (CO2) to air and N and P losses to water (Styles et al., 2018). 150 

All upstream burdens arising from the manufacture of fertilizer, production of concentrate 151 

feed, generation of electricity and supply of petrol/diesel were calculated using Ecoinvent 152 

v.3.5 (Wernet et al., 2016). Enteric fermentation CH4 and manure management CH4 and N2O 153 

emissions were calculated using IPCC Tier 2 equations (IPCC, 2007). The digestibility and 154 
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crude protein content of animal diets are critical determinants of enteric CH4 and N excretion, 155 

respectively, based on IPCC Tier 2 calculations. These parameters were determined for each 156 

pasture genus reported, based on a recent review of the nutritional characteristics of Latin 157 

American pastures (Mazzetto et al., submitted). Field N2O emissions were calculated for 158 

nitrogen (N) excreted during grazing and N applied in form of manure and synthetic 159 

fertilizers using an IPCC Tier 1 approach. Indirect N2O emissions were based on NH3-N 160 

emissions and N leaching factors taken from national inventory reports (Duffy et al., 2014; 161 

Misselbrook et al., 2015). Greenhouse gas emissions were calculated as carbon dioxide (CO2) 162 

equivalents (CO2e), according to 100-year global warming potentials of 1, 25 and 298 per kg 163 

of CO2, CH4 and N2O, respectively (IPCC, 2007). Where animals were imported into the 164 

farm, their upstream burdens associated with their rearing were included in the analysis as 165 

“bought” burdens. An average allocated burden per kg liveweight exported was calculated 166 

individually for each farm, which was treated as the “bought” burden and multiplied by the 167 

liveweight imported into the farm as replacement animals (i.e. farms were assumed to import 168 

beef from similar farms). 169 

To calculate the LO footprint, we used the grazing area for the farms, the amount of 170 

concentrate fed to animals, and inferred upstream footprints of all animals imported onto 171 

farms, including calves imported to beef fattening farms. The total land used for concentrate 172 

production was based on quantities of concentrate feed derived from concentrate feed costs 173 

reported for individual farms, the average composition of concentrate feed fed to cattle in 174 

Costa Rica and specific land occupation (m2 year-1) and GHG emissions arising from the 175 

production of each ingredient taken from Ecoinvent v.3.5 (Wernet et al., 2016 – 176 

Supplementary Information, Table S2). The methods related to the other impact categories 177 

(EP, AP, RDP) are described in the Supplementary Information (section S4). All calculations 178 

were performed using MS Excel. 179 
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We applied attributional LCA to all farms individually in all of the aforementioned 180 

typologies, to calculate environmental footprints per kg of fat and protein corrected milk 181 

(FPCM), as defined by Gerber et al. (2011). Further detail on expanded boundary functional 182 

units (FU) is given later (sections 2.3 and 2.4). Farm-level results were averaged to generate 183 

mean values for each typology. A cradle to farm-gate scope was applied (Dairy System - 184 

Figure 2). The impact categories analysed were global GWP (kgCO2e) for a time horizon of 185 

100 years, AP (kgSO2e), EP (kgPO4e), RDP – (MJe) and LO – (m2 year-1) (Supplementary 186 

Information– section 4, Table S3). Farm system burdens were allocated across milk and beef 187 

outputs based on respective gross energy content (ISO, 2006).  We also calculated the 188 

footprint of beef produced on dairy farms (dairy-beef), and beef produced on suckler farms 189 

(for separated expanded boundary LCA calculations, described in sections 2.3 and 2.4), using 190 

a FU of one kg of beef after slaughter, assuming beef meat represents an average 50 % of 191 

animal live weight (Rodriguez et al., 2019; Machado et al., 2019). 192 

 193 

2.3 LCA – Coupled dairy-fattening system (expanded boundaries approach) 194 

 The farm-gate boundary approach described above takes into consideration the 195 

amount of beef produced by exported calves based on their live weight at the point of export 196 

from the dairy farm (assumed to be 40 kg immediately after birth). This approach disregards 197 

the potential for each exported calf to supply over ten times this live weight for beef 198 

production after fattening (Coupled Dairy-Fattening System - Figure 2). In this study, we 199 

assume that female dairy calves, which are surplus to requirements, are exported to 200 

specialised beef farms (fattening dairy females typology), while male calves are exported to 201 

other specialised beef farms (fattening dairy males typology) (Figure 2). Based on the 202 

performance of the relevant beef farm typologies within the MAG database, we calculated the 203 

average CO2e, SO2e, PO4e, energy (MJe) and land necessary for fattening 40 kg male and 204 

female calves up to a slaughter weight of 450 kg (Supplementary Information – section 5 - 205 
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Table S4).  According to the latest Costa Rican Agricultural census (INEC, 2019), 96% of the 206 

beef produced in the country is pasture-based. We assumed that the fattening typologies 207 

(fattening dairy males, fattening dairy females and suckler beef typologies) do not use 208 

concentrate feed. The total beef produced, and burdens incurred for fattening these calves 209 

were added to the analysis above (section 2.4 - creating a new “fattened calves” category). 210 

For this boundary expansion step, intermediate LCA results were calculated without 211 

allocation, considering all burdens associated with unique quantities of milk and dairy-beef 212 

produced by each coupled dairy-fattening system (Figure 2).  213 

 214 

2.4 LCA – Cattle system (expanded boundaries approach) 215 

 Based on the total milk and dairy-beef production from the aforementioned approach, 216 

we calculated the beef:milk production ratio (as suggested by Vellinga and de Vries, 2018) 217 

for each coupled dairy-fattening farm system and compared this against the global demand 218 

ratio of beef to milk derived from global statistics (FAOSTAT, 2019 which is 0.10 kg beef 219 

per kg FPCM), and we assumed this also applied to consumption in  Costa Rica. When 220 

coupled dairy-fattening systems produced less beef than this demand ratio, we assumed that 221 

the difference (deficit or “debit”) must be produced by specialist suckler beef farms in Costa 222 

Rica (Figure 3a). In order to calculate the footprint of suckler beef production in Costa Rica, 223 

we performed an attributional LCA on the 175 suckler beef farms available in the MAG 224 

database (Figure 1). Average environmental burdens per kg beef obtained across these farms 225 

were then multiplied by the quantity of beef needed to make up the deficit between the dairy-226 

beef production and the global demand ratio (Supplementary Information – section S5 - 227 

Table S5). Where dairy-beef exceeded the global beef:milk demand ratio, we calculated the 228 

difference and attributed a “credit” to these farms due to the avoidance of suckler beef 229 

production (Figure 3). This enabled environmental burdens to be calculated for a specific and 230 

Jo
urn

al 
Pre-

pro
of



11 

 

constant FU considering both milk and beef production (as recommended by Vellinga and de 231 

Vries, 2018) of 1 kg milk FPCM + 0.10 kg beef. From now on we refer to “milk&beef” for 232 

the combination of the milk footprint plus the debits/credits generated due to the beef 233 

production. More details of the “credit/debit” system can be found in the Supplementary 234 

Material (section S6). 235 

 236 

3. Results and Discussion 237 

3.1 General results 238 

From the original database of 920 farms, only 552 (60%) contained sufficient data for 239 

performing the LCA after the data cleaning process (section 2.1). In this study, the average 240 

dairy farm in Costa Rica had 25 ha of grazing area and applied 50 kg N ha-1 year-1. The 241 

average farm had 24 milking cows, produced 12 kg milk cow-1day-1, with 4 kg of concentrate 242 

given to each cow daily. The typologies with the more intensive production (SD_I_U and 243 

SD_I_L) had the greater number of cows, higher N fertiliser application, higher milk 244 

production and less grazing area (Table 1), while the DPTB had the higher number of animals 245 

exported, especially animals other than calves (Table 1). The specialised dairy typologies 246 

exported greater numbers of male calves. Other details (animal inventory, number of animals 247 

bought and sold) can be found in the Supplementary Material (section S7, Tables S6 to S8). 248 
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Table 1 –The main farm characteristics (averages) for the dairy farm typologies in Costa Rica. 249 

Grazing 
area N fertiliser 

Milking 
cows Milk production Concentrate 

Male calves 
exported 

Female calves 
exported 

Other animals 
exported* 

 
Dairy Beef produced (kg 

year-1)**  

Typology n (ha) (kg N ha-1 year-1) (heads) (kg cow-1 day-1) (kg cow-1 day-1) (heads) (heads) (heads) Farm-gate 
Expanded 

Boundaries 

     

SD_E_L 96 23 47 23 11.40 4.19 10 3 4 1,335 3,993 

SD_I_L 60 9 166 29 12.41 4.02 13 3 6 1,956 5,269 

SD_I_U 40 7 259 23 13.56 4.25 10 3 6 1,946 4,565 

SD_SI_U 83 30 46 25 10.45 4.04 11 3 7 2,103 4,870 

DP 18 36 48 16 4.92 3.79 7 2 6 1,903 3,810 

DPTB 26 52 10 10 4.57 3.54 5 1 18 5,271 6,436 

DPTD 52 34 28 21 6.47 3.80 9 3 1 623 3,146 

            
 250 
* Includes adult cows, heifers, steers and bulls. **  Total beef produced accounting for all the animals exported. More information can be found in Table S1 (Supplmentary 251 

Information). 252 

 253 

SD_E_L: Specialised Dairy Extensive in the Lowlands; SD_I_L: Specialised Dairy Intensive in the Lowlands; SD_SI_U: Specialised Dairy Semi-Intensive in the Uplands; SD_I_U: 254 

Specialised Dairy Intensive in the Uplands; DP: Dual Purpose; DPTD: Dual Purpose Towards Dairy; DPTB: Dual Purpose Towards Beef. 255 

 256 

 257 

 258 

 259 
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We calculated the normalised emission/energy/land per farm typology, normalising 260 

burdens expressed for the various FUs against average annual per capita burdens (CML, 261 

2016). Land occupation and GWP had the highest normalised scores for dairy and beef 262 

production in Costa Rica, whilst RDP had the lowest normalised scores (Figure 4). 263 

Accordingly, we choosed to focus on results for GWP and LO. Table 2 summarises the final 264 

footprint results for EP, AP and RDP. All the results for the other steps are represented as 265 

Tables in the Supplementary Information (Tables S9 to S13).  266 

Table 2 – Average milk&beef footprint for Eutrophication (EP), Acidification (AP) and 267 

Resource Depletion (RDP)  for all the dairy farm typologies in Costa Rica, on both farm-gate 268 

(Dairy system) and expanded boundaries (Coupled Dairy-Fattening System) approaches.  269 

 270 

    Eutrophication  Acidification  Resource Depletion 

  Typology n   Mean   CI   Mean   CI   Mean   CI 

    
kg PO4e (kg FPCM + 0.10 kg 

beef)-1 
kg SO2e (kg FPCM + 

0.10 kg beef)-1 
MJe (kg FPCM + 0.10 

kg beef)-1 

               

Dairy 
System 

DP 18  14.80 a 4.49 7.77 a 4.38 10.59 ab 7.35 
DPTB 26  9.59 a 3.67 4.80 a 1.50 -6.10 b 3.90 
DPTD 52  13.94 a 1.59 6.71 a 1.24 11.15 a 2.04 

SD_E_L 96  9.67 a 1.57 5.05 a 1.72 8.52 ab 2.64 
SD_I_L 60  9.57 a 2.90 5.47 a 3.71 9.55 ab 5.94 
SD_I_U 40  9.12 a 2.04 4.97 a 2.57 9.24 ab 4.24 
SD_SI_U 83  11.35 a 3.49 7.49 a 4.67 11.57 a 7.93 

            

Coupled 
Dairy-

Fattening 
System 

DP 18  10.91 a 3.64 6.34 a 3.80 8.19 a 6.37 
DPTB 26  3.09 b 3.21 2.39 a 1.29 -9.33 b 3.92 
DPTD 52  11.66 a 1.32 6.02 a 1.13 10.11 a 1.89 

SD_E_L 96  7.59 ab 1.28 4.17 a 1.27 7.11 a 2.04 
SD_I_L 60  7.40 ab 1.96 4.44 a 2.69 7.83 a 4.32 
SD_I_U 40  7.68 ab 1.60 4.44 a 2.33 8.40 a 3.95 
SD_SI_U 83   8.43 ab 3.02   6.16 a 4.04   9.37 a 6.96 

SD_E_L: Specialised Dairy Extensive in the Lowlands; SD_I_L: Specialised Dairy Intensive in the Lowlands; 271 

SD_SI_U: Specialised Dairy Semi-Intensive in the Uplands; SD_I_U: Specialised Dairy Intensive in the 272 

Uplands; DP: Dual Purpose; DPTD: Dual Purpose Towards Dairy; DPTB: Dual Purpose Towards Beef. CI 273 

represents the 95% confidence interval.  274 

 275 

3.2 Dairy system level analysis 276 

The Dual Purpose (DP) and Dual Purpose Towards Dairy (DPTD) farms had the 277 

largest GWP footprints for milk and dairy-beef, while the smallest footprints were found for 278 

the SD_I_U typology (Figure 5). Allocated beef footprints produced by the dairy farms 279 
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followed the same pattern as allocated milk footprints across typologies (Figure 5). A partial 280 

Costa Rican carbon footprint was undertaken by Wattiaux et al. (2016), indicating a range of 281 

0.38 to 1.02 kg CO2e kg-1 FPCM. The milk GWP footprint for SD_I_U is in line with other 282 

studies in temperate climates (Castanheira et al., 2017; Schader et al., 2014; Penati et al., 283 

2013; Kiefer et al., 2015; Salvador et al., 2017; Guerci et al., 2014; Wang et al., 2018; Pirlo 284 

and Lolli, 2019), and the other footprints are within the range suggested by Asselin-Balecon 285 

et al. (2013) and Del Prado et al. (2013) (0.74 to 2.46 kg CO2e kg-1 FPCM), except DP, 286 

DPTD and SD_SI_U (Figure 5).   287 

The comparatively small farm-gate milk GWP footprint for the SD_I_U typology 288 

(Figure 5) is mainly the result of higher cow productivity compared with other typologies 289 

(Table 1) and relatively low emissions from housing and manure management in Costa Rica 290 

owing to cows grazing outdoors throughout the year. Knapp et al. (2014) showed that milk 291 

productivity gains outweighed increases in enteric CH4 emission due to higher dry matter 292 

intake, leading to a smaller footprint per unit of product for more productive animals. 293 

Previous studies have shown a strong inverse correlation between carbon footprint and milk 294 

yield per animal (e.g. Gerber et al., 2011).  295 

Enteric fermentation was the main source of GHG for all typologies (Figure 5), as 296 

typically found in previous milk and beef footprint studies (Mazzetto et al., 2015; Wattiaux et 297 

al., 2016; Bergier et al., 2019), followed by bought animals and N2O emissions from fertiliser 298 

applications. GHG emissions from manure management were extremely low, reflecting the 299 

dominance of year-round grazing in the region (Figure 5). Environmental footprints were 300 

higher for beef from the beef-only farms than from dairy farms (except for the DP, DPTD 301 

and SD_SI_U typologies - Figure 5) as also noted by Vellinga and de Vries (2018), de Vries 302 

et al (2015) and Nguyen et al (2010). This is mainly a result of the need for dedicated suckler 303 

cows to rear beef calves on pure beef farms. Emissions arising from these suckler cows are 304 

not allocated across milk and meat as they are in dairy systems.  305 
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 306 

3.3 Coupled dairy-fattening system level of analysis 307 

The DPTB farms produced more beef per kg of milk than the other typologies (Figure 308 

6). After expanding the boundaries (Coupled Dairy-Fattening System), farms across four 309 

typologies produced more than the 0.10 ratio on average. Ratios are relatively high owing to 310 

low milk production per cow compared with dairy systems in industrialised countries 311 

(Vellinga and de Vries, 2018). The dual purpose typologies (DPTB and DP) showed a high 312 

beef:milk ratio at both farm-gate and expanded boundary level, while the specialised dairy 313 

typologies (SD_SI_U and SD_I_L) only reached higher beef ratios after expanding the 314 

boundaries to consider beef produced by fattened calves (Figure 6). 315 

 The DPTB showed a lower GWP milk&beef footprint (Figure 7) due to the large 316 

beef:milk ratio (Figure 6), generating a “credit” that reduced the milk&beef footprint to a 317 

smaller size  than the other specialised dairy farms (Figure 7). Other typologies, including DP 318 

and SD_SI_U also received “credits” when the boundaries were expanded (Figure 7). 319 

Meanwhile, other typologies incurred “debits” that were added to the milk&beef footprint, 320 

owing to the need for additional suckler-beef production to compensate for a dairy-beef 321 

shortfall relative to final beef demand (Figure 7).  322 

At the farm-gate, the amount of beef exported by the more intensive typologies was 323 

low (Table 1) because most of the animals exported were pre-weaned calves, resulting in a 324 

small beef:milk ratio (Figure 6). When the boundaries were expanded to account for 325 

downstream fattening of these calves, beef production from these specialised dairy farms 326 

became similar to the dual purpose farms at the farm level (Table 1), reducing the “debit” to 327 

be paid by the suckler beef farms (Figures 5 and 6). However, due to the high yield of milk 328 

per cow, the beef:milk ratio was still lower than the dual purpose farms where the herd 329 

structure was oriented more to the beef production (DPTB – Figure 6). The main factor that 330 

explained our milk&beef carbon footprint (Figure 7) is the balance between herd structure 331 
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and milk production. The influence of the herd structure is noted on the dual purpose farms 332 

studied, which were more diverse and showed a wider range of performance (Figure 8). All 333 

dual purpose typologies (DP, DPTB and DPTD) had similar milk production per cow (Table 334 

1), but the DPTD typology had more milking cows and exported fewer animals (Table 1). As 335 

a consequence, the beef:milk ratio of DPTD is smaller than for the other dual purpose 336 

typologies (Figure 6), generating debits added to the milk&beef footprint (Figure 7).  337 

  Large LO “credits” were also generated by the higher beef:milk ratio for DPTB 338 

farms, compared with smaller LO credits for DP and SD_SI_U farms (Coupled Dairy-339 

Fattening System) (Figure 9). However, despite these smaller credits, the most intensive 340 

typologies (SD_I_U and SD_I_L) still resulted in smallest overall LO  for the milk&beef 341 

footprint (Figure 9). LO results displayed a different pattern to GWP footprints, reflecting the 342 

efficiency (intensity) of land used. The specialised dairy farms had a smaller total grazing 343 

area, especially the more intensive typologies (SD_I_L and SD_I_U – Table 1). The land 344 

occupation is especially important in Costa Rica, because their carbon-neutral plan relies on 345 

the reforestation of the country (Flagg, 2018). The most recent FAO available dataset 346 

(FAOSTAT, 2019) shows that Costa Rica increased its forested area from 25% to 55% of 347 

national land area between 2000 and 2016. In order to comply with its environmental plan, 348 

the trade-off between farm area (Figure 9) and GWP footprint (Figure 7) must be considered. 349 

This trade-off illustrates the importance of considering more than one impact category when 350 

analysing the impact of milk and beef production. From 2000 to 2016, 173 LCA studies 351 

dealing with the environmental impact of livestock production were published (McClelland et 352 

al., 2018) and 28% (50 studies) analysed only the GWP impact. The number of multi-353 

categories LCA studies has increased over recent years, identifying synergies and trade-offs 354 

among systems and management practices (McClelland et al., 2018).  355 

Vellinga & de Vries (2018), Styles et al. (2018) and Soteriades et al. (2019) also worked 356 

on expanding the boundaries of the dairy system, showing that an integrated approach is 357 
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necessary when evaluating the dairy sector that is closely coupled with beef production. For 358 

all the typologies, the expanded boundary LCA of milk plus beef production indicated lower 359 

footprints when the boundaries were expanded (coupled dairy-beef system) (Figure 7 and 8). 360 

This is because of the extra beef being produced by the fattened calves (Figure 6) which 361 

outweighs the extra emission/land necessary during the fattening process, reducing the final 362 

milk&beef footprint (Figures 6 and 8). 363 

 364 

3.4 Alternative system practices 365 

The purpose of LCA is not just to account for environmental burdens of a product, but 366 

also to identify possibilities for optimisation and mitigation within production systems. 367 

Common practices that are performed in the more intensive dairy production to reduce the 368 

impact at farm-gate level could have counter-productive consequences for coupled beef 369 

production systems captured by expanded boundary analysis. One example is killing male 370 

dairy calves due to the small economic incentive for fattening these animals, which typically 371 

gain weight more slowly than dedicated beef breeds. Killing surplus calves may appear 372 

environmentally and economically efficient from isolated analysis of dairy and beef systems: 373 

dairy systems minimise inputs and emissions associated with calf maintenance whilst 374 

specialising on feed conversion efficiency into milk; increased productivity from import of 375 

dedicated beef breeds into beef fattening systems reduces the impact per kg beef (excluding 376 

breeding emissions that typically arise on separate beef breeding farms). But, when 377 

calculating the environmental impact at the Coupled-Dairy System level, it is clear that 378 

overall GWP and LO footprints increase significantly if dairy calves are killed immediately 379 

after birth, because more beef suckler calves then need to be produced (Figure 10).  380 

Thus, it is clear that expanding the boundaries of analysis when assessing sustainable 381 

intensification and climate mitigation strategies for dairy systems, to consider implications 382 
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for interconnected beef production systems, is likely to change conclusions on appropriate 383 

pathways and specific management practises. For example, rather than being culled, less-384 

productive milking cows could be crossed with pedigree beef bulls to increase dairy-beef 385 

production and reduce overall impacts from beef production by displacing less efficient 386 

suckler-beef production (Figure 5). Alternatively, retaining cows for fewer lactations would 387 

result in more beef emanating from culled milking cows (but also fewer calves available for 388 

fattening). Meanwhile, beef system consequences of dairy system modifications are critically 389 

dependent upon the relative (in)efficiency of suckler beef production. The environmental 390 

impact of beef production in Europe is, on average, lower than in Latin America (Desjardins 391 

et al., 2012) because most of the European beef is derived from dairy cows. Sustainable 392 

intensification of beef production would result in a smaller final footprint for the whole cattle 393 

system and may even change the direction of consequences arising from dairy system 394 

specialisation. Reducing the footprint of beef production can be achieved through multiple 395 

steps of intensification, with mitigation potential in the range of 2% to 57% demonstrated for 396 

Latin American beef (Mazzetto et al., 2015). There is an urgent need to reassess the plethora 397 

of mitigation options for dairy and beef systems in the more holistic context of interconnected 398 

cattle systems, using an expanded boundary LCA approach.  399 

We recognise some of the limitations/uncertainties of this study. The large confidence 400 

intervals reported for typology footprints reflect the diversity of farms classified within each 401 

typology grouping, but may also reflect some underlying uncertainties within the database 402 

used. As the farm inventory data consist of a snapshot of each farm at the time that the survey 403 

was undertaken, they may not fully represent the average situation over one year of farm 404 

operation. The loss of 40% of sample farms owing to data gaps indicates patchy quality of 405 

data collection in Costa Rica. Data collection and validation techniques for this Costa Rican 406 

survey could be further developed towards the statistical representativeness and verified 407 
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book-keeping approach used in e.g. the European Farm Accountancy Data Network (EC, 408 

2019). Enhanced data collection would improve the accuracy and usefulness of future studies.  409 

 410 

4. Conclusion 411 

Our results generate new insights into the relative efficiency of milk and beef production 412 

in Latin America and provide new evidence on the importance of considering coupled dairy-413 

beef systems when evaluating sustainable intensification strategies for dairy systems. 414 

Specialised dairy farms produced milk with the smallest carbon and land footprints, but dual 415 

purpose dairy-beef farms resulted in lower overall greenhouse gas emissions for the delivery 416 

of one kg milk plus 100 g beef (the global average demand for these commodities). We 417 

advocate the the application of expanded boundary LCA to evaluate the environmental 418 

efficiency of combined milk and beef production from interconnected dairy, dairy-beef 419 

fattening and suckler-beef systems (or fully consequential LCA to assess changes in these 420 

systems), in order to correctly identify effective mitigation practices and/or design new 421 

sustainable intensification strategies that minise the risk of unintended “emisisons leakage”. 422 

Such strategies must account for complex animal exchanges (especially replacement heifers 423 

and fattening animals) among dairy and beef farms.  Furthermore, the use of the beef:milk as 424 

a functional unit can help in understanding the potential change of the environmental burdens 425 

due to the change in demand (e.g., increasing the consumption of plant-based milk 426 

alternatives means less cattle milk being produced, reducing the footprint of milk, but 427 

increasing the footprint of beef – due to the inherent connection between milk and beef). 428 

Our results also highlight the importance of analysing multiple environmental impact 429 

categories and imply that there is no single strategy likely to simultaneously address all 430 

environmental challenges facing the dairy sector. Land occupation will have additional 431 

consequences for greenhose gas emissions given the importance of land use, land use change 432 

and forestry for the global greenhouse gas budget (IPCC, 2019). It is possible that the higher 433 
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carbon footprint of combined milk and beef production for specialised dairy farms could be 434 

offset by CO2 sequestration via afforestation on land spared from cattle production relative to 435 

other farm typologies or agroforestry (Brook et al., in review).  Further research needs to 436 

consider feasible combinations of dairy and beef farm typologies at a regional level that 437 

minimise emissions and use land efficiently in orderto generate a full picture of the net 438 

environmental efficiency of alternative sustainable intensification strategies at national and 439 

international scales.  440 
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Figures Subtitles 669 

 670 

Figure 1 – Database profile in terms of farm typologies. SD_E_L: Specialised Dairy Extensive in the Lowlands; 671 

SD_I_L: Specialised Dairy Intensive in the Lowlands; SD_SI_U: Specialised Dairy Semi-Intensive in the 672 

Uplands; SD_I_U: Specialised Dairy Intensive in the Uplands; DP_E_L: Dual Purpose Extensive in the 673 

Lowlands. The Dual purpose farms were subdivided based on their product allocation, whether producing more 674 

beef (Dual Purpose Towards Beef – DPTB), more milk (Dual Purpose Towards Dairy – DPTD) or having an 675 

equivalent production of both milk and beef (Dual Purpose – DP). “Fattening dairy males” represents farms 676 

fattening male animals from dairy farms; “Fattening dairy females” represents farms fattening females animals 677 

from dairy farms; “Suckler beef” represent a normal beef farm.  678 

 679 

Figure 2 – Diagram showing the farm-gate and extended boundaries approaches 680 

 681 

Figure 3 – Summary of the analysis performed using the cradle-to-farm gate (attributional) LCA and the 682 

expanded boundary LCA. FPCM: fat and protein corrected milk; the 0.XX denotes the beef:milk ratio for each 683 

individual farm. 684 

 685 

Figure 4 – Radar chart of normalised scores (dimensionless per capita units) for all the impact categories 686 

studied: Global Warming (GWP); Eutrophication (EP); Acidification (AP), Abiotic resource depletion (RDP) 687 

and Land Occupation (LO), for all the dairy farm typologies: SD_E_L: Specialised Dairy Extensive in the 688 

Lowlands; SD_I_L: Specialised Dairy Intensive in the Lowlands; SD_SI_U: Specialised Dairy Semi-Intensive 689 

in the Uplands; SD_I_U: Specialised Dairy Intensive in the Uplands; DP: Dual Purpose; DPTD: Dual Purpose 690 

Towards Dairy; DPTB: Dual Purpose Towards Beef. 691 

 692 

 693 

Figure 5 – Average milk and beef footprints across the dairy farm typologies. SD_E_L: Specialised Dairy 694 

Extensive in the Lowlands; SD_I_L: Specialised Dairy Intensive in the Lowlands; SD_SI_U: Specialised Dairy 695 

Semi-Intensive in the Uplands; SD_I_U: Specialised Dairy Intensive in the Uplands; DP: Dual Purpose; DPTD: 696 

Dual Purpose Towards Dairy; DPTB: Dual Purpose Towards Beef. The error bars represent the 95% confidence 697 

interval. 698 

 699 

Figure 6 – Beef:milk ratio calculated for all the dairy typologies for the Dairy Systems and Coupled Dairy-700 

Fattening system. SD_E_L: Specialised Dairy Extensive in the Lowlands; SD_I_L: Specialised Dairy Intensive 701 

in the Lowlands; SD_SI_U: Specialised Dairy Semi-Intensive in the Uplands; SD_I_U: Specialised Dairy 702 

Intensive in the Uplands; DP: Dual Purpose; DPTD: Dual Purpose Towards Dairy; DPTB: Dual Purpose 703 

Towards Beef. The error bars represent the 95% confidence interval. The horizontal dashed line represents the 704 

FAO beef:milk ratio (0.10) 705 

 706 

Figure 7 – Average Global Warming burdens (in kg CO2e) across all typologies at two levels of analysis: Dairy 707 

System and Coupled Dairy-Fattening System. Burdens are expressed for: (i) one kg FPCM plus variable kg beef 708 

from dairy farms (Milk + Dairy Beef – blue bars); one kg FPCM plus 0.1 kg beef (Final footprint – green bars) 709 

after adding the beef deficit/credit (Beef Deficit – red bars). SD_E_L: Specialised Dairy Extensive in the 710 

Lowlands; SD_I_L: Specialised Dairy Intensive in the Lowlands; SD_SI_U: Specialised Dairy Semi-Intensive 711 

in the Uplands; SD_I_U: Specialised Dairy Intensive in the Uplands; DP: Dual Purpose; DPTD: Dual Purpose 712 

Towards Dairy; DPTB: Dual Purpose Towards Beef. The error bars represent the 95% confidence interval. The 713 

0.XX denotes the beef:milk ratio for each individual farm. 714 

 715 

Figure 8 – Distribution of the milk (kg CO2e kg FPCM-1) and final (kg CO2e kg FPCM-1 + 0.10 kg beef) 716 

footprints for all the typologies considering the Dairy System and the Coupled Dairy-Fattening System. 717 

SD_E_L: Specialised Dairy Extensive in the Lowlands; SD_I_L: Specialised Dairy Intensive in the Lowlands; 718 

SD_SI_U: Specialised Dairy Semi-Intensive in the Uplands; SD_I_U: Specialised Dairy Intensive in the 719 

Uplands; DP: Dual Purpose; DPTD: Dual Purpose Towards Dairy; DPTB: Dual Purpose Towards Beef.  720 

 721 

Figure 9 – Land occupation footprint summing the milk and beef from dairy farms (Milk + Dairy Beef – blue 722 

bars) and the deficit/credit (Beef Deficit – red bars) footprints, for all the typologies considering the Dairy 723 

System and the Coupled Dairy-Fattening System. The green bars represent the final footprint (i.e. the sum of the 724 

two previous footprints). SD_E_L: Specialised Dairy Extensive in the Lowlands; SD_I_L: Specialised Dairy 725 

Intensive in the Lowlands; SD_SI_U: Specialised Dairy Semi-Intensive in the Uplands; SD_I_U: Specialised 726 
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Dairy Intensive in the Uplands; DP: Dual Purpose; DPTD: Dual Purpose Towards Dairy; DPTB: Dual Purpose 727 

Towards Beef. The error bars represent the 95% confidence interval. The 0.XX denotes the beef:milk ratio for 728 

each individual farm. 729 

 730 

Figure 10 – Final Global warming and Land occupation footprints for one kg FPCM plus 0.1 kg beef across the 731 

specialised dairy typologies at the Coupled Dairy-Fattening System level, with and without killing the calves. 732 

SD_E_L: Specialised Dairy Extensive in the Lowlands; SD_I_L: Specialised Dairy Intensive in the Lowlands; 733 

SD_SI_U: Specialised Dairy Semi-Intensive in the Uplands; SD_I_U: Specialised Dairy Intensive in the 734 

Uplands. The error bars represent the 95% confidence interval. 735 
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Applying a milk-plus-beef functional unit better represents dairy system multifunctionality 
 
Including downstream fattening of dairy calves captures wider cattle system efficiency   
 
Specialised dairy farms exhibited the smallest carbon and land footprints per kg milk 
 
Dual-purpose dairy-beef farms exhibited smallest footprints for milk-plus-beef production 
 
Climate mitigation strategies should consider dairy-beef sector interconnectedness  
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