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Abstract
Dairy production has a substantial environmentgant. Currently, most studies analysing

the environmental burdens of milk production empétlyibutional Life Cycle Assessment
(LCA), for cradle to farm-gate analysis of dairyssams. This approach calculates
environmental footprints per kg fat and proteinreoted milk (FPCM). However, milk and
beef production are inherently interconnected, andarrow focus on milk production
neglects wider synergies and trade-offs acrostecatstems, outside dairy farm boundaries.
For the first time, we applied an expanded bounda®A of coupled dairy and beef
production in Latin America, considering 1 kg FP@Mis 100 g of beef as functional unit
(FU) to reflect the current global beef:milk demaratio and taking into account the
complexities of Costa Rican cattle production systeBoundaries encompassed fattening of
surplus dairy calves and incurred or avoided sudbdef production needed to deliver the
FU. A database of 552 Costa Rican farms (203 he®f349 dairy farms) was analysed using
a farm LCA model to generate results across fivgpaioh categories (Global Warming
Potential — GWP; Eutrophication; Acidification; Adtic Resource Depletion; and Land
Occupation - LO). Normalised scores indicated tladtle systems contribute most strongly to
per capita GWP and LO burdens. Cradle to farm-g#tébutional LCA showed that milk
produced by dual-purpose farms had the largest GWHPLO footprints, whilst specialist
farms had the smallest footprints, per kg FPCM. €kpanded boundary LCA showed that
dual-purpose farms generated smaller GWP footppetskg FPCM plus 100 g beef than
specialised dairy farms, though still required miared. Key factors were the herd structure,
influencing the amount of beef produced, and mitdds per animal, reflecting the level of
dairy specialisation. This new evidence on the ramvnental efficiency of cattle production
systems emphasises the imperative to consider indthand beef production as well as
multiple environmental pressures across intercaredemilk and beef production systems

when designing sustainable intensification mitigatstrategies.
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1. Introduction

Over the last ten years, the global dairy herdeased by 11% and milk yield per cow
increased by 17% (FAO 2018). Milk production is jpoted to continue to increase as
demand in countries like China grows (Bai et 801&). Cattle products are a valuable source
of nutrition and livelihood for millions of peopl@round the world (FAO 2018). Increasing
milk demand has been met by higher yields per doereasing the number of cows or a
combination of both, depending on the region of therld. Meanwhile, global beef
production is also growing, though at a slower tata milk production (FAOSTAT, 2019).
Latin America is a major cattle producing regianslihome to 28% of the world’s live cattle,
producing 15% of milk and 25% of meat consumed glgb(FAOSTAT, 2019). Recent
studies have compared the environmental intengibeef production in this region (Ruviaro
et al., 2015; Dick et al., 2015; Mazzetto et a012, Florindo et al., 2017). However, few
studies have compared the environmental intensityikk production in Latin America, and
as far as we are aware, none have compared thectingpbacombined beef and milk
production in this region. The agrarian sectorngmaportant component of the Costa Rican
economy (INEC, 2017), within which dairy productima major activity. In 2009, Costa
Rica joined a free-trade agreement (DR-CAFTA —udolg the United States, Dominican
Republic, El Salvador, Guatemala, Honduras and rigtaa), which includes measures to
gradually reduce import tariffs on milk productsathwill strongly influence the internal
market and could place finnancial strain on natiom#& producers (Lizano and Vega, 2016).

Meanwhile, in 2007 Costa Rica set itself the clmalieg target of becoming carbon
neutral by 2021 (Flagg, 2018). These factors hadetd an imperative towards sustainable
intensification and specialisation in dairy prodoet(more details on the Costa Rican dairy
sector in Supplementary Material, section S1). B#v&udies have explored the effect of
intensification on dairy production systems andatoted that intensification is an important

strategy for mitigating the environmental burdemsnik production (Bakken et al., 2017;
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Chobtang et al., 2017; Gerssen-Gondelach et al7)20he intensification of dairy farms
increases the milk yield per cow and could lead teeduction in the number of animals
required to satisfy milk demand (Styles et al., @08 consequence of this intensification is
that fewer calves and culled dairy cows would b & beef production. Any trend towards
specialisation in milk production changes the hsrdcture, focusing on female animals and
reducing the number of beef animals raised or @éggddrom a dairy farm. Consequently, the
demand for beef would need to be met by increasimgbers of dedicated beef cattle
(Baldini et al., 2017). Styles et al. (2018), ietla and de Vries (2018) and Soteriades et al.
(2019) showed that the balance between milk anflgreduction could have environmental
consequences, especially for GHG emissions anddecubpation (LO).

Quantifying the impacts of dairy systems is a campgbrocess. One method to account
for environmental impacts is to undertake Life @yélssessment (LCA). Most LCA studies
dealing with milk production are performed on adtle to farm-gate” basis (Baldini et al.,
2017), and have shown that higher milk yields pew dead to smaller environmental
footprints, especially for global warming potent{@WP) (Gerber et al., 2011). However,
those studies did not consider implications forpted dairy-beef production and pure-beef
production systems. This is particularly importdr@icause beef production has a higher
environmental intensity than milk production, ars# of beef produced globally is dairy-
beef (i.e. beef output from dairy farms) (Opio &f 2013). Due to difficulty in obtaining
data, most LCA studies are limited to a few farmsnmdels representing typical systems,
especially in Latin America (Ruviaro et al., 20I&ck et al., 2015; Mazzetto et al., 2015,
Florindo et al., 2017). Furthermore, most stud@su$ on only one environmental impact
category, usually GWP (McClelland et al., 2018).

The goal of this study was to evaluate multiple iemmental burdens of dairy

production, expanding the boundaries of LCA to actdor coupled dairy-beef production
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systems and consequences for pure-beef farmsh&dirst time, we analysed a large number
(552) farms, applying an expanded boundary apprtmeahalyse the impact of milk and beef
production from the whole cattle system, and carang five different impact categories
(GWP, eutrophication potential (EP), acidificatiqgrotential (AP), resource depletion

potential (RDP) and LO)

2. Materialsand Methods

2.1 Farm classification and activity data

The database used in this study was shared bydbia Rican Ministry of Agriculture
(MAG). It was based on information from the 2014tibiaal Agricultural Census carried out
by The National Institute of Statistics and Censusad financed by the World Bank and
MAG (INEC, 2015). The survey was completed for @a@tle farms and covered 390 factors
relating to the farmer, farm characteristics, inpasts and economic outputs. As an initial
step, the dataset was cleaned, profiled, and vatigdaesulting in a dataset of 552 farms. The
main reasons for excluding the farms from the aata®re i) lack of milk production data
(for dairy farms); ii) no/incomplete animal invengpiii) lack of farm area (ha) data. The
dataset was then split into farms that reported pribduction (dairy cattle farms) and farms
that did not report milk production (beef cattlenis) (Figure 1).

The farms from the dairy sub-database were claskifito five typologies previously
defined by Vargas-Leiton et al. (2013), who usedtivariate analysis to characterize and
classify 1086 dairy herds of Dos Pinos, a CostaiRidairy cooperative. We classified the
surveyed farms based on the Key Performance IrgdKPI1) defined by Vargas-Leiton et
al. (2013): i.e. altitude, stocking rate, percentafspecialised breeds, amount of concentrate

feed fed to milking cows and total milk producti@upplementary Information — section S2
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and Table S1). The KPI values (e.g. amount of cainate per milking cow per day) were

derived from relevant survey data. Farm altitudes wat specified in the database, so we
located each farm based on available coordinatéy, (Region and others) using Google

Earth and extracted the GPS information (latitlolegitude and altitude) for each farm using
the “raster” package (Hijmans and van Etten, 2@I2R (R Core Team, 2018).

The five typologies are: i) Specialised Dairy Exdee in the Lowlands (SD_E_L); ii)
Specialised Dairy Intensive in the Lowlands (SD)l_iii) Dual Purpose Extensive in the
Lowlands (DP_E_L); iv) Specialised Dairy Semi-Irdaf in the Uplands (SD_SI_U); and v)
Specialised Dairy Intensive in the Uplands (SD_L Diyal-purpose farms were diverse, and
therefore subdivided further based on their milefb@utput ratio, whether producing a high
ratio of beef (>60% beef; Dual Purpose Towards BeBPTB), high ratio of milk (> 60%
milk; Dual Purpose Towards Dairy — DPTD) or beinghim a middle range for typology (45
to 55% of both milk and beef - Dual Purpose — CIRgre 1). The farms from the beef-only
database were also subdivided into three diffegrotips: i) fattening dairy females; ii)
fattening dairy males; iii) suckler-beef (fatteningth females and males) (Figure 1).

Milk production per cow per day was calculated éaxch survey farm by dividing
weekly milk income by milk price per farm and numlod lactating dairy cows, to verify
directly reported milk production expressed as &ggow per day. Within the MAG dataset,
fertiliser purchase was reported as yearly “uréather N” and “complete formula”. The
“‘complete formula” was assumed to be a NPK fesilialend of 10-30-10 based on Wattiaux
et al. (2016), and “other N” was assumed to be amuomo nitrate. These fertilisers were
converted into the quantity of N per hectare, witka containing 46% N and ammonium
nitrate containing 33% N.

Electricity usage was calculated from the repodiedtricity costs for each farmbased

on an electricity price of 107 colones per kWh fragi4 (ICE, 2019 - 1 colon = 0.017 US
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dollar, 2019). Electricity consumption on dairyrfer for which no electricity cost data were
reported (35% of the farms) was estimated by takinegaverage electricity use per lactating
cow within the respective typology, and multiplyinigby the number of lactating cows.
Petrol (gasoline) and diesel were also calculateskth on yearly costs, using average prices
of 721 and 655 colones per litre, respectivel\214 (RECOPE, 2018). Farms that reported
no fuel costs (5% of the farms) were estimatedowithg the same approach as for the
electricity, based on the average petrol and dieselper lactating cows for the respective
typology.

Within the MAG dataset, manure management was @ivlztetween storage tanks and
biodigesters. If either of those options was ngdoreed, it was assumed that the animal
excreta was deposited on pasture, since 82% ofadiged dairy and 96% of dual purpose
farms are pasture-based in Costa Rica (INEC, 204&jiitional data extracted from the
MAG database were: farm size, pasture type and aninventory (including animals
imported and exported). The dataset was testeddional distribution and all the statistical
tests were performed using using R (R Core Stu2ld8). Significance was declared for

p<0.05.

2.2 LCA — Dairy system (farm-gate approach)

To generate the life cycle inventory, we extracdidhe relevant activity data from
the database, and applied algorithms for emissidbmaethane (Cl), nitrous oxide (NO),
ammonia (NH), carbon dioxide (C¢) to air and N and P losses to water (Styles g2@lL8).
All upstream burdens arising from the manufacturdedilizer, production of concentrate
feed, generation of electricity and supply of pkdtliesel were calculated using Ecoinvent
v.3.5 (Wernet et al., 2016). Enteric fermentatid,@nd manure management £&hd NO

emissions were calculated using IPCC Tier 2 eqonat{tPCC, 2007). The digestibility and
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crude protein content of animal diets are critoietlerminants of enteric Gknd N excretion,
respectively, based on IPCC Tier 2 calculationsesEhparameters were determined for each
pasture genus reported, based on a recent revidheafutritional characteristics of Latin
American pastures (Mazzetto et al., submitted)ldFi,O emissions were calculated for
nitrogen (N) excreted during grazing and N appliadform of manure and synthetic
fertilizers using an IPCC Tier 1 approach. IndirdzD emissions were based on NN
emissions and N leaching factors taken from nationeentory reports (Duffy et al., 2014,
Misselbrook et al., 2015). Greenhouse gas emissuens calculated as carbon dioxide (O
equivalents (Cge), according to 100-year global warming potentidl&, 25 and 298 per kg
of CO,, CH; and NO, respectively (IPCC, 2007). Where animals werearted into the
farm, their upstream burdens associated with tlegiring were included in the analysis as
“bought” burdens. An average allocated burden pefikeweight exported was calculated
individually for each farm, which was treated as thought” burden and multiplied by the
liveweight imported into the farm as replacemenirats (i.e. farms were assumed to import
beef from similar farms).

To calculate the LO footprint, we used the grazanga for the farms, the amount of
concentrate fed to animals, and inferred upstreaotpfints of all animals imported onto
farms, including calves imported to beef fatteniagns. The total land used for concentrate
production was based on quantities of concentextd flerived from concentrate feed costs
reported for individual farms, the average compasiof concentrate feed fed to cattle in
Costa Rica and specific land occupatiorf gmaf') and GHG emissions arising from the
production of each ingredient taken from Ecoinven8.5 (Wernet et al., 2016 -
Supplementary Information, Table S2). The methadsted to the other impact categories
(EP, AP, RDP) are described in the Supplementdorrimation (section S4). All calculations

were performed using MS Excel.
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We applied attributional LCA to all farms individbain all of the aforementioned
typologies, to calculate environmental footprineyr jxg of fat and protein corrected milk
(FPCM), as defined by Gerber et al. (2011). Furttetril on expanded boundary functional
units (FU) is given later (sections 2.3 and 2.4nk-level results were averaged to generate
mean values for each typology. A cradle to farmegatope was applied (Dairy System -
Figure 2). The impact categories analysed weread)lGhWVP (kgCQe) for a time horizon of
100 years, AP (kgS@), EP (kgP@e), RDP — (MJe) and LO — fnyear') (Supplementary
Information— section 4, Table S3). Farm system eusdvere allocated across milk and beef
outputs based on respective gross energy cont&, (R006). We also calculated the
footprint of beef produced on dairy farms (dairyef)eand beef produced on suckler farms
(for separated expanded boundary LCA calculatidascribed in sections 2.3 and 2.4), using
a FU of one kg of beef after slaughter, assumirgf beeat represents an average 50 % of

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

2.3LCA - Coupled dairy-fattening system (expanded bdaries approach)

The farm-gate boundary approach described abokes tnto consideration the
amount of beef produced by exported calves basdbeinlive weight at the point of export
from the dairy farm (assumed to be 40 kg immedyaadtier birth). This approach disregards
the potential for each exported calf to supply otem times this live weight for beef
production after fattening (Coupled Dairy-Fatteni@gstem - Figure 2). In this study, we
assume that female dairy calves, which are surptusequirements, are exported to
specialised beef farms (fattening dairy female®lygy), while male calves are exported to
other specialised beef farms (fattening dairy mdigmlogy) (Figure 2). Based on the
performance of the relevant beef farm typologiethmwithe MAG database, we calculated the
average Cge, SQe, PQe, energy (MJe) and land necessary for fatteninggi@nale and

female calves up to a slaughter weight of 450 kgpfflementary Information — section 5 -
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Table S4). According to the latest Costa Ricani@dpural census (INEC, 2019), 96% of the
beef produced in the country is pasture-based. ¥¢emaed that the fattening typologies
(fattening dairy males, fattening dairy females adtkler beef typologies) do not use
concentrate feed. The total beef produced, andensrihcurred for fattening these calves
were added to the analysis above (section 2.4atingea new “fattened calves” category).
For this boundary expansion step, intermediate Lf2Aults were calculated without
allocation, considering all burdens associated witlgue quantities of milk and dairy-beef

produced by each coupled dairy-fattening systemuiéi 2).

2.4LCA — Cattle system (expanded boundaries approach)

Based on the total milk and dairy-beef producfram the aforementioned approach,
we calculated the beef:milk production ratio (aggasted by Vellinga and de Vries, 2018)
for each coupled dairy-fattening farm system anchgared this against the global demand
ratio of beef to milk derived from global statistiFAOSTAT, 2019 which is 0.10 kg beef
per kg FPCM), and we assumed this also appliedotsumption in  Costa Rica. When
coupled dairy-fattening systems produced less thesf this demand ratio, we assumed that
the difference (deficit or “debit”) must be prodddey specialist suckler beef farms in Costa
Rica (Figure 3a). In order to calculate the footpaf suckler beef production in Costa Rica,
we performed an attributional LCA on the 175 suckleef farms available in the MAG
database (Figure 1). Average environmental burgengg beef obtained across these farms
were then multiplied by the quantity of beef neettechake up the deficit between the dairy-
beef production and the global demand ratio (Supelgary Information — section S5 -
Table S5). Where dairy-beef exceeded the globdtrhéke demand ratio, we calculated the
difference and attributed a “credit” to these farthse to the avoidance of suckler beef

production (Figure 3). This enabled environmentatlens to be calculated for a specific and
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constant FU considering both milk and beef produnc{as recommended by Vellinga and de
Vries, 2018) of 1 kg milk FPCM + 0.10 kg beef. Fromw on we refer to “milk&beef” for

the combination of the milk footprint plus the dslgredits generated due to the beef
production. More details of the “credit/debit” sgst can be found in the Supplementary

Material (section S6).

3. Resultsand Discussion
3.1 General results
From the original database of 920 farms, only 5824) contained sufficient data for

performing the LCA after the data cleaning prodsextion 2.1). In this study, the average
dairy farm in Costa Rica had 25 ha of grazing aed applied 50 kg N Hayear'. The
average farm had 24 milking cows, produced 12 K odw’day”, with 4 kg of concentrate
given to each cow daily. The typologies with therenmtensive production (SD_| U and
SD_| L) had the greater number of cows, higher Milifger application, higher milk
production and less grazing area (Table 1), whieQPTB had the higher number of animals
exported, especially animals other than calves I€T4p. The specialised dairy typologies
exported greater numbers of male calves. Otheilsiégmimal inventory, number of animals

bought and sold) can be found in the Supplemertaterial (section S7, Tables S6 to S8).
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Table 1 —The main farm characteristics (averageshe dairy farm typologies in Costa Rica.

12

Male calves Female calves Other animals

Dairy Beef produced (kg

Grazing Milking
area N fertiliser cows Milk production Concentrate  exported exported exported year)”

Expanded

Typology n (ha) (kg N Hayeai’)  (heads) (kg cowday’) (kg cow' day’) (heads) (heads) (heads) Farm-gateBoundaries
SDEL 96 23 47 23 11.40 4.19 10 3 4 1,335 3,993
SD 1 L 60 9 166 29 12.41 4.02 13 3 6 1,956 5,269
SD 1 U 40 7 259 23 13.56 4.25 10 3 6 1,946 4,565
SD_SIL 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

" Includes adult cows, heifers, steers and buillsTotal beef produced accounting for all the animetported. More information can be found in Table (Supplmentary

Information).

SD_E_L: Specialised Dairy Extensive in the Lowlgr8® | L: Specialised Dairy Intensive in the Lowdan SD_SI_U: Specialised Dairy Semi-Intensive i tthplands; SD | U:

Specialised Dairy Intensive in the Uplands; DP: DRurpose; DPTD: Dual Purpose Towards Dairy; DPDBal Purpose Towards Beef.
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We calculated the normalised emission/energy/lagdfgrm typology, normalising

13

burdens expressed for the various FUs against geesanualper capita burdens (CML,

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

production in Costa Rica, whilst RDP had the lowesrmalised scores (Figure 4).

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

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

Tables in the Supplementary Information (Tabledd5913).

Table 2 — Average milk&beef footprint for Eutropaimon (EP), Acidification (AP) and

Resource Depletion (RDP) for all the dairy farmdlpgies in Costa Rica, on both farm-gate
(Dairy system) and expanded boundaries (Coupledyfattening System) approaches.

Eutrophication Acidification Resource Depletion

Typology n Mean Cl Mean Cl Mean Cl

kg PQe (kg FPCM + 0.10 kg kg SGe (kg FPCM + MJe (kg FPCM + 0.10

beefy 0.10 kg beef} kg beef)!
DP 18 1480 a 4.49 7.77 a 4.38 1059 ab 7.35
DPTB 26 959 a 3.67 480 a 1.50 -6.10 3.90
Dairy DPTD 52 1394 a 1.59 6.71 a 1.24 1115 a 2.04
System  SD-EL 96 9.67 a 1.57 505 a 172 852 ab 2.64
SD_I_L 60 9.57 a 2.90 547 a 3.71 9.55 ab 5.94
SD_I_LU 40 9.12 a 2.04 497 a 2.57 9.24 ab 4.24
SD_SI_U 83 11.35 a 3.49 749 a 467 1157 a  7.93
DP 18 1091 a 3.64 6.34 a 3.80 8.19 a 6.37
DPTB 26 3.09 b 3.21 2.39 a 1.29 933 b 3.92
C[;)U_P'ed DPTD 52 11.66 1.32 602 a 1.13 1011 a  1.89
airy-

Fattening SD_ E L 96 759 ab 1.28 4,17 a 1.27 711 a 2.04
System SD_I_L 60 7.40 ab 1.96 444 a  2.69 783 a 432
SD_I_LU 40 7.68 ab 1.60 444 a 2.33 840 a 3.95
SD_SI_U 83 8.43 ab 3.02 6.16 a  4.04 937 a  6.96

SD_E_L: Specialised Dairy Extensive in the Lowlgn8® | L: Specialised Dairy Intensive in the Lowdan

SD_SI_U: Specialised Dairy Semi-Intensive in theldods; SD_|I_U: Specialised Dairy Intensive in the
Uplands; DP: Dual Purpose; DPTD: Dual Purpose Tdwddairy; DPTB: Dual Purpose Towards Beef. ClI

represents the 95% confidence interval.

3.2 Dairy system level analysis

The Dual Purpose (DP) and Dual Purpose Towardsy[faiPTD) farms had the

largest GWP footprints for milk and dairy-beef, \fehhe smallest footprints were found for

the SD_1_U typology (Figure 5). Allocated beef fmants produced by the dairy farms
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followed the same pattern as allocated milk foatjsracross typologies (Figure 5). A partial
Costa Rican carbon footprint was undertaken by Mlattet al. (2016), indicating a range of
0.38 to 1.02 kg C& kg* FPCM. The milk GWP footprint for SD_I_U is in liveith other
studies in temperate climates (Castanheira 2@L7; Schader et al., 2014; Penati et al.,
2013; Kiefer et al., 2015; Salvador et al., 201def@i et al., 2014; Wang et al., 2018; Pirlo
and Lolli, 2019), and the other footprints are witthe range suggested by Asselin-Balecon
et al. (2013) and Del Prado et al. (2013) (0.72.46 kg CQe kg* FPCM), except DP,

DPTD and SD_SI_U (Figure 5).

The comparatively small farm-gate milk GWP footpffior the SD_|_U typology
(Figure 5) is mainly the result of higher cow protivity compared with other typologies
(Table 1) and relatively low emissions from housamgl manure management in Costa Rica
owing to cows grazing outdoors throughout the yiKaapp et al. (2014) showed that milk
productivity gains outweighed increases in ent€it; emission due to higher dry matter
intake, leading to a smaller footprint per unipobduct for more productive animals.
Previous studies have shown a strong inverse atioelbetween carbon footprint and milk
yield per animal (e.g. Gerber et al., 2011).

Enteric fermentation was the main source of GHGafbtypologies (Figure 5), as
typically found in previous milk and beef footprstudies (Mazzetto et al., 2015; Wattiaux et
al., 2016; Bergier et al., 2019), followed by boughimals and BD emissions from fertiliser
applications. GHG emissions from manure managemerd extremely low, reflecting the
dominance of year-round grazing in the region (Fedr). Environmental footprints were
higher for beef from the beef-only farms than frdairy farms (except for the DP, DPTD
and SD_SI_U typologies - Figure 5) as also noteWdlinga and de Vries (2018), de Vries
et al (2015) and Nguyen et al (2010). This is maatesult of the need for dedicated suckler
cows to rear beef calves on pure beef farms. Eamssrising from these suckler cows are

not allocated across milk and meat as they arainy dystems.



306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

15

3.3 Coupled dairy-fattening system level of anadysi

The DPTB farms produced more beef per kg of midntthe other typologies (Figure
6). After expanding the boundaries (Coupled Daiagténing System), farms across four
typologies produced more than the 0.10 ratio omamee Ratios are relatively high owing to
low milk production per cow compared with dairy ®yas in industrialised countries
(Vellinga and de Vries, 2018). The dual purposeokypies (DPTB and DP) showed a high
beef:milk ratio at both farm-gate and expanded damy level, while the specialised dairy
typologies (SD_SI_U and SD_I| L) only reached higbeef ratios after expanding the
boundaries to consider beef produced by fatteneecéFigure 6).

The DPTB showed a lower GWP milk&beef footprintdiie 7) due to the large
beef:milk ratio (Figure 6), generating a “creditiat reduced the milk&beef footprint to a
smaller size than the other specialised dairy $affigure 7). Other typologies, including DP
and SD_SI U also received “credits” when the bouedawere expanded (Figure 7).
Meanwhile, other typologies incurred “debits” thvegére added to the milk&beef footprint,
owing to the need for additional suckler-beef pthn to compensate for a dairy-beef
shortfall relative to final beef demand (Figure 7).

At the farm-gate, the amount of beef exported leyrtiore intensive typologies was
low (Table 1) because most of the animals exposee: pre-weaned calves, resulting in a
small beef:milk ratio (Figure 6). When the boundanvere expanded to account for
downstream fattening of these calves, beef prodadtom these specialised dairy farms
became similar to the dual purpose farms at thra favel (Table 1), reducing the “debit” to
be paid by the suckler beef farms (Figures 5 an#iéyvever, due to the high yield of milk
per cow, the beef:milk ratio was still lower thdme tdual purpose farms where the herd
structure was oriented more to the beef produdf B — Figure 6). The main factor that

explained our milk&beef carbon footprint (Figureidthe balance between herd structure
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and milk production. The influence of the herd stuwe is noted on the dual purpose farms
studied, which were more diverse and showed a watege of performance (Figure 8). All
dual purpose typologies (DP, DPTB and DPTD) hadlammilk production per cow (Table
1), but the DPTD typology had more milking cows &axgorted fewer animals (Table 1). As
a consequence, the beef:milk ratio of DPTD is sen@lian for the other dual purpose
typologies (Figure 6), generating debits addedhéonnilk&beef footprint (Figure 7).

Large LO “credits” were also generated by thehbrgbeef:milk ratio for DPTB
farms, compared with smaller LO credits for DP &id Sl _U farms (Coupled Dairy-
Fattening System) (Figure 9). However, despite eéh&maller credits, the most intensive
typologies (SD_I_U and SD_I_L) still resulted in aiast overall LO for the milk&beef
footprint (Figure 9). LO results displayed a diffat pattern to GWP footprints, reflecting the
efficiency (intensity) of land used. The specidais#airy farms had a smaller total grazing
area, especially the more intensive typologies (SDand SD_| U — Table 1). The land
occupation is especially important in Costa Ricgduse their carbon-neutral plan relies on
the reforestation of the country (Flagg, 2018). Thest recent FAO available dataset
(FAOSTAT, 2019) shows that Costa Rica increasedoitssted area from 25% to 55% of
national land area between 2000 and 2016. In dodeomply with its environmental plan,
the trade-off between farm area (Figure 9) and GUdBprint (Figure 7) must be considered.
This trade-off illustrates the importance of coesidg more than one impact category when
analysing the impact of milk and beef productionorfk 2000 to 2016, 173 LCA studies
dealing with the environmental impact of livestgukduction were published (McClelland et
al.,, 2018) and 28% (50 studies) analysed only tNMéPGmpact. The number of multi-
categories LCA studies has increased over recensy@entifying synergies and trade-offs
among systems and management practices (McCledfaaid 2018).

Vellinga & de Vries (2018), Styles et al. (2018)Boteriades et al. (2019) also worked

on expanding the boundaries of the dairy systemysty that an integrated approach is
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necessary when evaluating the dairy sector thdbsely coupled with beef production. For
all the typologies, the expanded boundary LCA dkmlus beef production indicated lower
footprints when the boundaries were expanded (eaugiry-beef system) (Figure 7 and 8).
This is because of the extra beef being producetidjattened calves (Figure 6) which
outweighs the extra emission/land necessary dahiedattening process, reducing the final

milk&beef footprint (Figures 6 and 8).

3.4 Alternative system practices

The purpose of LCA is not just to account for eammental burdens of a product, but
also to identify possibilities for optimisation amditigation within production systems.
Common practices that are performed in the mornsive dairy production to reduce the
impact at farm-gate level could have counter-prtiiacconsequences for coupled beef
production systems captured by expanded boundalysas. One example is killing male
dairy calves due to the small economic incentivefdttening these animals, which typically
gain weight more slowly than dedicated beef breéding surplus calves may appear
environmentally and economically efficient from lsted analysis of dairy and beef systems:
dairy systems minimise inputs and emissions aswatiavith calf maintenance whilst
specialising on feed conversion efficiency into knihcreased productivity from import of
dedicated beef breeds into beef fattening systeahsces the impact per kg beef (excluding
breeding emissions that typically arise on sepataef breeding farms). But, when
calculating the environmental impact at the Couidaity System level, it is clear that
overall GWP and LO footprints increase significantldairy calves are killed immediately
after birth, because more beef suckler calves ieex to be produced (Figure 10).

Thus, it is clear that expanding the boundarieanaflysis when assessing sustainable

intensification and climate mitigation strategies tlairy systems, to consider implications
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383 for interconnected beef production systems, isljike change conclusions on appropriate
384 pathways and specific management practises. Fan@ea rather than being culled, less-
385  productive milking cows could be crossed with pegggbeef bulls to increase dairy-beef
386  production and reduce overall impacts from beefdpotion by displacing less efficient
387 suckler-beef production (Figure 5). Alternativetgtaining cows for fewer lactations would
388 result in more beef emanating from culled milkirayws (but also fewer calves available for
389 fattening). Meanwhile, beef system consequencemioy system modifications are critically
390 dependent upon the relative (in)efficiency of seckbeef production. The environmental
391 impact of beef production in Europe is, on averdgeer than in Latin America (Desjardins
392 et al.,, 2012) because most of the European bedérived from dairy cows. Sustainable
393 intensification of beef production would resultarsmaller final footprint for the whole cattle
394 system and may even change the direction of coesegs arising from dairy system
395 specialisation. Reducing the footprint of beef prtn can be achieved through multiple
396 steps of intensification, with mitigation potentialthe range of 2% to 57% demonstrated for
397 Latin American beef (Mazzetto et al., 2015). Thisran urgent need to reassess the plethora
398  of mitigation options for dairy and beef systems$ha more holistic context of interconnected
399 cattle systems, using an expanded boundary LCAocaphr
400 We recognise some of the limitations/uncertaintéshis study. The large confidence
401 intervals reported for typology footprints reflebe diversity of farms classified within each
402  typology grouping, but may also reflect some unded uncertainties within the database
403  used. As the farm inventory data consist of a dmatpsf each farm at the time that the survey
404  was undertaken, they may not fully represent theraye situation over one year of farm
405 operation. The loss of 40% of sample farms owinglata gaps indicates patchy quality of
406 data collection in Costa Rica. Data collection aatidation techniques for this Costa Rican

407 survey could be further developed towards the sticél representativeness and verified
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book-keeping approach used in e.g. the Europeam Parcountancy Data Network (EC,

2019). Enhanced data collection would improve ttmieacy and usefulness of future studies.

4. Conclusion

Our results generate new insights into the relagifieiency of milk and beef production
in Latin America and provide new evidence on thponiance of considering coupled dairy-
beef systems when evaluating sustainable inteasific strategies for dairy systems.
Specialised dairy farms produced milk with the destlcarbon and land footprints, but dual
purpose dairy-beef farms resulted in lower ovegedlenhouse gas emissions for the delivery
of one kg milk plus 100 g beef (the global averagenand for these commodities). We
advocate the the application of expanded bound&@ lto evaluate the environmental
efficiency of combined milk and beef production rfrointerconnected dairy, dairy-beef
fattening and suckler-beef systems (or fully coneedial LCA to assess changes in these
systems), in order to correctly identify effectivaitigation practices and/or design new
sustainable intensification strategies that miniserisk of unintended “emisisons leakage”.
Such strategies must account for complex animahaxges (especially replacement heifers
and fattening animals) among dairy and beef farfsthermore, the use of the beef:milk as
a functional unit can help in understanding theepbal change of the environmental burdens
due to the change in demand (e.g., increasing tresumnption of plant-based milk
alternatives means less cattle milk being produceducing the footprint of milk, but
increasing the footprint of beef — due to the igm¢iconnection between milk and beef).

Our results also highlight the importance of analysmultiple environmental impact
categories and imply that there is no single ssatikely to simultaneously address all
environmental challenges facing the dairy sectand. occupation will have additional
consequences for greenhose gas emissions givemploetance of land use, land use change

and forestry for the global greenhouse gas budB&Q, 2019). It is possible that the higher
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carbon footprint of combined milk and beef prodoctior specialised dairy farms could be
offset by CQ sequestration via afforestation on land spareqh ftattle production relative to
other farm typologies or agroforestry (Brook et al. review). Further research needs to
consider feasible combinations of dairy and beefifaypologies at a regional level that
minimise emissions and use land efficiently in otalegenerate a full picture of the net
environmental efficiency of alternative sustainaivigensification strategies at national and

international scales.
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Figures Subtitles

Figure 1 — Database profile in terms of farm typgids. SD_E_L: Specialised Dairy Extensive in thevlamds;
SD_|_L: Specialised Dairy Intensive in the Lowland®&D_SI_U: Specialised Dairy Semi-Intensive in the
Uplands; SD_I|_U: Specialised Dairy Intensive in tdplands; DP_E_L: Dual Purpose Extensive in the
Lowlands. The Dual purpose farms were subdivideskdan their product allocation, whether producimagye
beef (Dual Purpose Towards Beef — DPTB), more ifiilkal Purpose Towards Dairy — DPTD) or having an
equivalent production of both milk and beef (Dualrfose — DP). “Fattening dairy males” representmga
fattening male animals from dairy farms; “Fattenaegry females” represents farms fattening femaldmals
from dairy farms; “Suckler beef” represent a norived¢f farm.

Figure 2 — Diagram showing the farm-gate and exddrmbundaries approaches

Figure 3 — Summary of the analysis performed ughwgy cradle-to-farm gate (attributional) LCA and the
expanded boundary LCA. FPCM: fat and protein caesenilk; the 0.XX denotes the beef:milk ratio fach
individual farm.

Figure 4 — Radar chart of normalised scores (dilnaefessper capita units) for all the impact categories
studied: Global Warming (GWP); Eutrophication (ERJidification (AP), Abiotic resource depletion (D
and Land Occupation (LO), for all the dairy farnptyogies: SD_E_L: Specialised Dairy Extensive ie th
Lowlands; SD_|_L: Specialised Dairy Intensive ir thowlands; SD_SI_U: Specialised Dairy Semi-Inteasi
in the Uplands; SD_I|_U: Specialised Dairy Intensivehe Uplands; DP: Dual Purpose; DPTD: Dual Pago
Towards Dairy; DPTB: Dual Purpose Towards Beef.

Figure 5 — Average milk and beef footprints acrtss dairy farm typologies. SD_E_L: Specialised Rair
Extensive in the Lowlands; SD_|_L: Specialised Rdntensive in the Lowlands; SD_SI_U: Specialisealri)
Semi-Intensive in the Uplands; SD_|_U: SpecialiBadry Intensive in the Uplands; DP: Dual PurposeTD:
Dual Purpose Towards Dairy; DPTB: Dual Purpose Trdw#eef. The error bars represent the 95% cordiglen
interval.

Figure 6 — Beef:milk ratio calculated for all thaiy typologies for the Dairy Systems and Coupleairip
Fattening system. SD_E_L: Specialised Dairy Extengi the Lowlands; SD_|_L: Specialised Dairy Irdive

in the Lowlands; SD_SI_U: Specialised Dairy Sentefrsive in the Uplands; SD_| U: Specialised Dairy
Intensive in the Uplands; DP: Dual Purpose; DPTaDPurpose Towards Dairy; DPTB: Dual Purpose
Towards Beef. The error bars represent the 95%drmde interval. The horizontal dashed line represthe
FAO beef:milk ratio (0.10)

Figure 7 — Average Global Warming burdens (in kg€@cross all typologies at two levels of analyBigiry
System and Coupled Dairy-Fattening System. Burdea&xpressed for: (i) one kg FPCM plus variabl&&ef
from dairy farms (Milk + Dairy Beef — blue barsp@kg FPCM plus 0.1 kg beef (Final footprint — grésars)
after adding the beef deficit/credit (Beef Defieitred bars). SD_E_L: Specialised Dairy Extensivehe
Lowlands; SD_|_L: Specialised Dairy Intensive i thowlands; SD_SI_U: Specialised Dairy Semi-Inteasi
in the Uplands; SD_|_U: Specialised Dairy Intensivehe Uplands; DP: Dual Purpose; DPTD: Dual Pago
Towards Dairy; DPTB: Dual Purpose Towards Beef. €ver bars represent the 95% confidence intefivad.
0.XX denotes the beef:milk ratio for each indivititaam.

Figure 8 — Distribution of the milk (kg G® kg FPCM) and final (kg CGe kg FPCM + 0.10 kg beef)
footprints for all the typologies considering theaify System and the Coupled Dairy-Fattening System.
SD_E_L: Specialised Dairy Extensive in the Lowlan8B_|_L: Specialised Dairy Intensive in the Lowdisn
SD_SI_U: Specialised Dairy Semi-Intensive in theldods; SD_I_U: Specialised Dairy Intensive in the
Uplands; DP: Dual Purpose; DPTD: Dual Purpose Tdw&airy; DPTB: Dual Purpose Towards Beef.

Figure 9 — Land occupation footprint summing thdékrand beef from dairy farms (Milk + Dairy Beef 4ub
bars) and the deficit/credit (Beef Deficit — redrd)afootprints, for all the typologies considerittge Dairy
System and the Coupled Dairy-Fattening System.green bars represent the final footprint (i.e.dhm of the
two previous footprints). SD_E_L: Specialised Daltytensive in the Lowlands; SD_|_L: Specialised rRai
Intensive in the Lowlands; SD_SI_U: Specialisedrip@emi-Intensive in the Uplands; SD_I_U: Specétlis
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Dairy Intensive in the Uplands; DP: Dual Purpos&TID: Dual Purpose Towards Dairy; DPTB: Dual Purpose
Towards Beef. The error bars represent the 95%idmmde interval. The 0.XX denotes the beef:milkordor
each individual farm.

Figure 10 — Final Global warming and Land occupafmotprints for one kg FPCM plus 0.1 kg beef asriige
specialised dairy typologies at the Coupled Daiajtehing System level, with and without killing tbalves.
SD_E_L: Specialised Dairy Extensive in the Lowlan8B_|_L: Specialised Dairy Intensive in the Lowdisn
SD_SI_U: Specialised Dairy Semi-Intensive in theldods; SD_I_U: Specialised Dairy Intensive in the
Uplands. The error bars represent the 95% confelamnerval.
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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
Speciaised 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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