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A B S T R A C T

Worldwide, native grasslands are being converted to non-native pastures and cropland. This process threatens
local grassland biomes as well as the livelihoods of farm families that utilize these grasslands.

In the Río de la Plata grasslands region meat production and multispecies native grasslands have coexisted for
more than 400 years. Low levels of meat productivity and farm income, however, trigger replacement of native
grasslands by crops and leys and threaten the survival of local beef farming systems. We studied the economic
and environmental performance of beef farming in the region based on interviews and field measurements on
280 case study farms with the following aims: (a) to identify the multi-functional economic and environmental
performance of beef farms across the Rio de la Plata grasslands biome; (b) to identify farms with ‘outstanding’
multi-functional performance; (c) to compare performance levels with those found in other regions; and (d) to
discuss the implications of the outstanding farms for the development of new systems of meat production. The
representativeness of the case study farms was ascertained by comparing them with a farm typology constructed
from survey data of 15,448 beef farms situated predominantly on native grasslands in Argentina, Brazil and
Uruguay. We identified seven farm types on the basis of farm size, labour, farm specialization, land use and
stocking rate.

We identified positive deviant farms based on Pareto-ranking and compared these with a classification based
on threshold values provided by experts. Out of the 280 farms, 41 were ranked as Pareto-optimal, i.e. out-
performed other farms in one or more indicators without being outperformed in other indicators. Out of these, 5
were positive deviants, achieving on average 192 kg LW ha−1 yr−1 of livestock productivity and 201 US$
ha−1 year−1 farm income, having most favourable values for fossil energy consumption, phosphorus balance,
carbon footprint and having over 95% of their land under native grassland as a proxy for biodiversity con-
servation value. Four of these farms belonged to farm types that together represented 55% of the population,
suggesting scope for widescale improvement.

Compared to the values reported for the OECD countries the beef farming systems of the Río de la Plata
grasslands region consume less energy and positive deviant farms demonstrated approximately average livestock
productivity and carbon footprint. Increasing livestock productivity in the Rio de la Plata grasslands region
resulted in a stronger decline of the carbon footprint without compromising the current negligible levels of fossil
fuel energy use. Further elucidation of management practices that lead to positive deviant performance will
require modelling of the interaction of pasture and herd dynamics at farm level and is needed to support targeted
policy support for sustainable natural grassland-based beef production in the region.

1. Introduction

The global increase in animal protein consumption (FAO, 2006;

Godfray et al., 2010) has resulted in intensification of livestock pro-
duction (Naylor et al., 2005; Steinfeld and Gerber, 2010). Worldwide,
native grasslands are being converted to non-native pastures and
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cropland, which threatens local grassland biomes (Newbold et al.,
2016) as well as the livelihoods of farm families that utilize these
grasslands (Ellis and Ramankutty, 2008; Hoekstra et al., 2005). At the
same time, concerns have been raised about the impact of livestock
production on climate change, deforestation, biodiversity loss, water
contamination and fossil energy depletion (de Vries and de Boer, 2010;
Gerber et al., 2013; Herrero et al., 2015, 2009; Steinfeld et al., 2010).
Meat production systems that make use of the local plant species di-
versity of native grasslands and value chains that provide financial
rewards for biodiversity-supporting farm practices constitute a way to
halt the decline of native grasslands and the ecosystem services that
they provide (Power, 2010).

The Río de la Plata grasslands cover an area of 700,000 km2

(28°–38° S; 47°–67°W) in south-east South America (Argentina, Brazil
and Uruguay) where meat production and native grasslands have co-
existed for more than 400 years (Soriano, 1992; Viglizzo et al., 2001).
These grasslands are a hotspot of biodiversity, including 3000–4000
different plant species (Bilenca and Miñarro, 2004; Overbeck et al.,
2007), and provide societal benefits such as climate regulation, biodi-
versity conservation, water purification and regulation, soil erosion
control, and low-input, grazing-based meat production. Low livestock
productivity and farm income threaten the survival of these local beef
farming systems, and render the area vulnerable to replacement of
native grasslands by crops and leys1 (Baeza et al., 2010; Modernel et al.,
2016; de Oliveira et al., 2017; Pimenta et al., 2016; Vega et al., 2009).

The assessment of economic and environmental performance of the
current farming systems of the Río de la Plata grasslands region has been
addressed in different studies through the construction and evaluation
of stylised model-based farms (Pashaei et al., 2016; Picasso et al.,
2014). There is, however, no previous study that evaluated economic
and environmental farm performance based on actual farms that are
representative across the three countries that compose the Río de la
Plata grasslands region. Such biome-wide information about economic
and environmental farm performance would help to direct policies, and
economic or legal support mechanisms for beef farming systems that
combine food production with provision of other ecosystem services.

To date, many impact assessment studies on beef farming tend to
label grassland-based beef production as ‘unsustainable’ due to their
large carbon footprint (Capper, 2012; de Vries et al., 2015; Modernel
et al., 2013; Pelletier et al., 2010; Von Bernard et al., 2007). Publica-
tions from the region propose various management changes to decrease
greenhouse gas emissions and thus reduce the carbon footprint (Dick
et al., 2015a; Picasso et al., 2014; Ruviaro et al., 2016). These proposals
involve altering native grasslands by adding species or fertilizers, sub-
stituting native grasslands by leys, or by providing supplements to
cattle. While reducing the carbon footprint, at the same time trade-offs
appear with other sustainability indicators such as biodiversity con-
servation, energy consumption from fossil fuels, pesticide risk and nu-
trient balances (Modernel et al., 2016, 2013; Picasso et al., 2014). This
focus on carbon footprint as the major indicator to assess sustainability
of livestock production has dominated the international debate
(Garnett, 2009; Schwarzer et al., 2012), and it should be enriched by a
multi-functional perspective.

Few studies have addressed multi-functionality of grassland-based
beef farming systems by assessing the various ecosystem services that
these systems provide simultaneously (Duru et al., 2015; Power, 2010;
Werling et al., 2014), or quantified the trade-offs that may exist be-
tween economic, environmental and social benefits (Herrero et al.,
2009; Hoffmann, 2011). From a landscape ecology perspective, several
authors have pointed out the need to address bundles of ecosystem
services associated with particular land use systems and to identify
implicit interactions and trade-offs (e.g. Bennett et al., 2009; Raudsepp-

Hearne et al., 2010). This study aims to contribute to the empirical basis
of multifunctionality of agriculture and the provision of bundles of
ecosystem services by studying the case of beef cattle farms in the Rio de
la Plata grasslands region of south east Southern America.

In a region, a large diversity of farming systems and management
practices generally co-exist. Policy development aimed at greater pro-
ductivity with minimum environmental impact can benefit from this
diversity by identifying promising, yet rare options and by effectively
addressing least desirable systems (Andersen et al., 2007; Kuivanen
et al., 2016). A combination of farm typologies to reveal diversity and
agro-environmental performance assessment has been shown to pro-
vide useful information for developing and targeting policies and sup-
porting research and development (Andersen et al., 2007; Haileslassie
et al., 2016; Landais, 1998; Righi et al., 2011; Tittonell, 2014a; Tittonell
et al., 2010). Farm typologies have been developed to reveal relevant
farm diversity, usually based on structural farm attributes (Tittonell
et al., 2005). While typologies result in clusters of farms with similar
structural attributes, these do not necessarily give insight in farm
functioning as would be needed for addressing multifunctionality
(Cortez-Arriola et al., 2015; Kuivanen et al., 2016; Pacini et al., 2013).
Thus, other methods are needed to identify relevant variation in farm
populations. In this paper, which aims to contribute to systems of beef
production with greater economic-environmental benefits than the
current systems, we will use methods to identify farms that stand out
from the population of farms in terms of their economic-environmental
performance. Our paper has four main goals: (a) to identify the multi-
functional economic and environmental performance of beef farms
across the Rio de la Plata grasslands biome; (b) to identify farms with
‘outstanding’ multi-functional performance; (c) to compare perfor-
mance levels with those found in other regions; and (d) to discuss the
implications of the outstanding farms for the development of new sys-
tems of meat production.

2. Materials and methods

We conducted a detailed survey of 280 beef farms in the three
countries that harbour the Rio de la Plata grasslands biome (Argentina,
Brazil and Uruguay), and assessed their economic and environmental
performance. We identified farms with performance levels that made
them stand out from the population of sample farms. In order to eval-
uate if these farms resemble the farming systems of the region, the
sample farms were compared to a typology built from a database of
15,448 farms of the region (Fig. 1).

2.1. Study areas and case study farms

Seven study areas were selected: two locations in Argentina (Entre
Ríos and Mercedes), two eco-regions in Uruguay (Eastern Sierras and
Basalt) and three municipalities in the south of the Brazilian state of Río
Grande do Sul (Santana do Livramento, Dom Pedrito and Bagé). The se-
lection of the study areas was driven by two criteria: beef farming is the
main agricultural activity and land use is predominantly native grass-
land (Table 1, Fig. 2).

Local experts including agricultural extension agents, technical ad-
visors, researchers and farmers were approached to name farms and
farmers that they considered representative of the beef farming systems
in each study area. In selecting the farms, the experts were asked to
consider the regional diversity in farm size, dominant soil types, live-
stock and crop management, and farmer participation in professional
networks. This resulted in 24 beef farms in Brazil, 33 in Argentina and
223 in Uruguay (including 208 farms participating in a project of the
Ministry of Agriculture and Universidad de la República of Uruguay).

The farmers were approached for a structured interview. In 2015,
structured interviews were held with the 280 farm heads (men in 230
cases). The interviews focused on collecting data for the period July
2014 to June 2015 on farm structure (land area, land use, herd

1 Ley: Temporary pastureland/grassland that is integrated in a crop rotation (Allen
et al., 2011).
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composition), input use (fertilizers, pesticides, fuel, animal feed), agri-
cultural practices (crop rotations, fertilization and sowing techniques,
grazing and feeding schemes, animal reproduction techniques), market
value of sold products, and purchased inputs. On 72 farms, data were
collected on the vegetation heterogeneity, the abundance of exotic spe-
cies, and the abundance of productive native grass species. These data
was used to calculate the Grassland Conservation Index (Parera et al.,
2014).

2.2. Case study farm representativeness

2.2.1. Region-wide farm typology
A region-wide farm typology was built to assess whether the 280

case study farms resembled farm diversity in the Río de la Plata grass-
lands region. Data for the typology were obtained from three existing
databases on total farm area, land tenure, herd composition, land use,
and available labour. The database for Argentina comprised 993 beef

farms in the Pampas region surveyed by INTA (the National Institute of
Agricultural Research) in 2009. The database for Brazil contained data
on 521 beef farms in the State of Rio Grande do Sul surveyed by UFRGS
(Federal University of Rio Grande do Sul) in 2006. For Uruguay, we
used data from the 2011 National Rural Census of MGAP (the Ministry
of Livestock, Agriculture and Fisheries) on 13,934 beef farms located in
the eco-regions Eastern Sierras and Basalt.

Structural variables selected to describe the 15,448 beef farms re-
sembled those used in previous farm typologies for geographically more
restricted areas (Andreatta, 2009; Calvi, 2009; Ferreira, 1997; Mondelli
and Picasso, 2001): total land area, total number of animal units, per-
centage of area under native grasslands, percentage of area under leys,
percentage of area under forage crops, percentage of area under grain
crops, stocking rate (considering only native grassland, ley and forage
crop areas), percentage of cows2 in the herd, percentage of steers3 in the

Fig. 1. Overview of the methodology applied in this paper. Rectangle titles corresponding to sections in Materials and Methods; brown boxes describe methodological steps; white boxes
list results. Details are described in the main text. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Importance of beef farming and native grasslands in the study areas. Data were derived from Giancola et al. (2012), Némoz et al. (2013), IBGE, 2006, Engler et al. (2008) and MGAP
(DIEA, 2014). Study area numbers are used in Fig. 1.

Country Study area Dominant soil types Area under beef farming
(%)

Farmers with livestock
(%)

Area under native grasslands
(%)

Number of case study
farms

Argentina 1-Entre Ríos Phaeozems; Eutric
Vertisols

68 84 50 11

2-Mercedes Ferrasols; Luvisols;
Solonetzs

64 82 85 22

Brazil 3-Santana do
Livramento

Leptosols; Plinthosols 92 77 79 6

4-Dom Pedrito Planosols; Phaeozems 67 70 59 10
5-Bagé Phaeozems; Vertisols 86 66 49 8

Uruguay 6-Basalt Lithic Leptosols;
Phaeozems

80 87 89 111

7-Eastern Sierras Phaeozems 83 92 79 112

2 Cow: female cattle after first mating.
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herd, percentage of heifers4 in the herd and percentage of labour pro-
vided by family members. A general description of the beef farms in the
three countries in terms of these variables is provided in Table 2.

Farm types were identified using principal component analysis
(PCA) and non-supervised hierarchical clustering. The PCA was used to
reduce the dimensionality of the data by projection on principal com-
ponent axes. The Kaiser criterion (Hair et al., 2010) was used to select
the number of principal components, i.e. principal components were
retained when their eigenvalue exceeded 1. Using the scores of the
selected principal components, a hierarchical agglomerative clustering
algorithm using Ward's method was employed to classify the 15,448
farms into farm types (Alvarez et al., 2014; Blazy et al., 2009; Tittonell
et al., 2010). Interpretation of the farm types was supported by expert
consultation.

The PCA was done with the ‘ade4’ R package (Dray and Dufour,
2007) and the cluster analysis with the ‘stats’ R package (R Core Team,
2015).

2.2.2. Comparison of regional and case study farm diversity
To evaluate the resemblance between the 280 case study farms se-

lected by experts and the farming systems found in the region we
compared the relative frequencies of farm types in the region-wide
typology to those in the population of case study farms (Fig. 1). This
required a number of steps. First, the original 15,448 farms were re-
classified by linear discriminant analysis (LDA) (Rao, 1948). This step
results in a statistical relation between farm type and the principal
component scores found in the PCA. LDA uses farm type of each farm as
dependent variable and the scores for the principal components as in-
dependent variables and estimates the regression coefficients in:

∑= +
=

t c PC ε( )i
j

n

j j
1 (1)

where t is the vector of farm types associated with each of the 15,448
farms ( ∈t 1;7); PCj is the score on the jth principal component ( ∈j 1;4)
associated with each farm, cj is the regression coefficient for the jth
principal component, and ε is the error term.

After estimating the regression coefficients, the predictive quality of
Eq. 1 was assessed by estimating the type for each farm and comparing

Fig. 2. The Rio de la Plata Grasslands region, the study areas (numbered 1–7, see Table 1) with percentage area under native grasslands at municipal (Brazil and Uruguay) or departmental
(Argentina) level. Built from IBGE, 2006; INDEC, 2002; MGAP, 2013.

3 Steer: castrated male cattle older than 1 year.
4 Heifer: female cattle before first mating.
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the result to the original classification of the 15,448 farms found in the
region-wide typology. Analyses were done with the lda function of the
MASS package in R (Ripley et al., 2016).

For each of the 280 case study farms we then calculated the scores
of the four principal components using the function suprow of the
‘ade4′ package in R (Dray and Dufour, 2007). These scores were used to
predict farm type for each case study farm using Eq. 1. Resemblance
between the population 15,448 farms and the case study population
was established by comparing the relative frequency of the 280 case
study farms per type to those of the 15,448 farms.

2.3. Assessment of economic and environmental performance of the case
study farms

2.3.1. Calculation of indicators
The economic and environmental performance of the 280 case study

farms were assessed by partial life cycle assessment (i.e. from cradle to
farm gate) (Brentrup et al., 2004) using seven indicators that were
quantified using data from the on-farm interviews and grassland ob-
servations, and model calculations (Table 3). To assess economic per-
formance we quantified livestock productivity and financial revenue.
The environmental performance of the farms was assessed in terms of
their contribution to biodiversity conservation, carbon footprint, fossil

fuel energy use and nutrient (here phosphorus and nitrogen) balances.
These are the most critical indicators among the nine planetary
boundaries (Steffen et al., 2015). For the biodiversity conservation in-
dicator we used percentage area under native grasslands as a proxy. We
compared the predictive quality of the proxy to the Grassland Con-
servation Index proposed by Viglizzo (2012), for which data were
collected on 72 out of 280 case study farms across sites. Results show a
high correlation between the two indicators (r2= 0.79). The proxy
tended to overestimate Grassland Conservation Index values for grass-
land area percentages up to 50% (Figure in Appendix A.1).

2.3.2. Performance analysis
The indicators describing the 280 case study farms were used to

compare differences in economic and environmental performance
among farm types and among individual farms. Differences in perfor-
mance among farm types were assessed indicator-by-indicator using
analysis of variance (ANOVA) and Tukey’s multiple comparison test.
Comparison of performance among individual farms focused on iden-
tification of farms that deviated from the others in multiple indicators
simultaneously. The identification of farms that stand out from a po-
pulation was inspired by the positive deviance approach first developed
in human medicine to improve hospital functioning (Bradley et al.,
2009; Singhal, 2010; Sternin, 2002) and later applied in various fields

Table 2
Means, 50%-values (median), 25%-values (1stQ) and 75%-values (3rdQ) of farm structure variables used in the farm typology for the Río de la Plata grasslands region in Argentina, Brazil
and Uruguay. Data from surveys of INTA (Argentina), UFRGS (Brazil) and the census of MGAP (Uruguay).

Farm characteristics Argentina Brazil Uruguay

1stQ Median Mean 3rdQ 1stQ Median Mean 3rdQ 1stQ Median Mean 3rdQ

Farm size (ha) 370 921 1900 1995 215 544 864 1110 67 212 561 613
Total animal heads (AU1 per farm) 266 592 1037 1188 118 300 500 662 52 150 379 423
Native grassland area (%)2 9 51 49 87 35 56 54 77 75 92 82 99
Ley area (%)2 0 8.2 16.8 27.3 0 0 2.9 0.7 0 0 3.5 1
Forage crop area (%)2 0 14.6 22.9 37.7 1.8 9.6 14.3 21.8 0 0 1.8 0
Grain crop area (%)2 0 0 7.9 9 0 2 11.7 19 0 0 1.1 0
Stocking rate (AU ha−1)3 0.5 0.8 1 1.2 0.7 0.9 1 1.2 0.6 0.8 1 1.1
Cows (%)4 30 50 46 66 28 44 39 56 41 58 53 71
Steers (%)4 0 9 20 25 0 14 22 28 0 5 17 24
Heifers (%)4 5 12 13 20 7 16 16 22 2 11 13 19
Family labour (%)5 0 25 34 60 0 33 38 67 50 100 75 100

1 Animal unit (AU) is a unit used in the region to combine heads of different animal categories. Conversion factors from head to animal unit are: Bulls= 1.2; cows=1.0; heifers older
than 2 years= 1.0; heifers from 1 to 2 years= 0.7; steers older than 2=1.0; steers from 1 to 2 years= 0.7; calves= 0.4 (Allen et al., 2011; INIA, 2012).

2 Percentage of total farm area.
3 Animal units divided by the sum of areas of native grassland, ley and forage crops.
4 Percentage of total number of animal heads.
5 Percentage of labour provided by family members.

Table 3
Indicators and methods used in the assessment of economic and environmental farm performances. Details on the calculation methods are provided in Appendix B.

Attribute Indicator and units Calculation method Data from farm survey

Economy Livestock productivity
(kg LW1 ha−1)

Annual balance of kg of animals sold,
bought and stock difference

Number and weight of animals sold and bought, deaths, births. Area
allocated to grazing

Farm revenue (US$ ha−1 year−1) Farm accounting methods Farm gross income and direct costs

Environment Energy use (MJ kg−1 LW) Energy balance Llanos et al. (2013) Fossil energy inputs and live weight outputs
Area under native grasslands (%) Area under native grasslands divided by

total farm area
Area under native grasslands (%)

Carbon footprint (kg CO2 eq kg−1

LW)3
Guidelines for National GHG Inventories
IPCC (2006)

Tier 1 and 22: Activity data (e.g.: kg of N fertilizer applied, gross energy
intake by cattle)

N and P balances (kg ha−1) Difference between outputs and inputs,
divided by total farm area

Inputs: nutrients in fertilizer applied, animals sold, legumes in pastures.
Outputs: nutrients in live animals, crop grains

1 LW: Live weight.
2 Methods to select emission factors according to IPCC (2006). The Tier 1 method uses data on the number of animals for each livestock group. The Tier 2 method includes data on the

number of animals for each livestock group and country-specific data on animal and feed characteristics. The method used depended on the availability of activity data.
3 The calculations of N2O and CH4 were based on the animal diets described by the farmers in the interviews and translated into energy and protein based on published coefficients. For

nutrient composition of the diet components we used data from Modernel et al. (2013), which also included large datasets on chemical composition (dry matter, digestibility, crude
protein, metabolisable energy and ash) collated by Mieres (2004).
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such as the business management (Walls and Hoffman, 2013), ecology
(Violle et al., 2017) and agriculture (Biggs, 2008; Ochieng, 2007). The
positive deviance approach as developed for health care “presumes that
the knowledge about ‘what works’ is available in existing organizations
that demonstrate consistently exceptional performance” (Bradley et al.,
2009). Two approaches were used: Pareto ranking and normative
ranking. These deviant farms were compared to other results from the
Rio de la Plata grasslands and results published for OECD (Organisation
for Economic Co-operation and Development) countries. Pareto-
ranking, normative ranking and the data from other farm level analyses
are described below.

Pareto ranking is a way to bring multiple indicators to a common
denominator without attributing subjective weights (e.g. Groot and
Rossing, 2011). Here we use Pareto ranking to identify the farms that
outperform other farms in one or more indicators, without being out-
performed in any other indicator themselves. The resulting farms are
called Pareto-optimal, non-dominated, or positively deviant. For-
mulated differently, dominated farms are outperformed by at least one
other farm for at least one of the indicators. The only subjective element
in this procedure is the choice whether to maximize or to minimize the
indicator, which is often easy to agree on. In our study, the preferable
directions of change of the seven indicators were: maximizing biodi-
versity, livestock productivity and farm revenue; and minimizing
carbon footprint, nitrogen and phosphorus surplus, and energy use.

During Pareto-ranking farms are assigned Pareto-rank 1 if they are
not dominated by other farms. The farms with Pareto-rank 1 are then

removed from the set and the procedure is repeated by identifying the
next set of non-dominated farms, which are given Pareto-rank 2, and so
on until all farms are ranked. Here we focus on the Pareto-optimal
farms, i.e. farms with rank 1. A graphical example of Pareto-optimality
is presented in Fig. 3 where three indicators are to be maximized. The
Pareto-optimal set of solutions is located on the outer surface of the
partial globe. Inside the globe are the solutions that are dominated.
When represented in two-dimensional graphs (Fig. 3, insets), the
Pareto-optimal solutions become interspersed among the dominated
solutions due to the projection of the third dimension on the other two.
Unlike Fig. 3, Pareto-optimal solutions need not be located on a partial
globe, but could be located on a (hyper-)plane or any other surface. The
relation between the indicators for the Pareto-optimal set is referred to
as the trade-off (surface) and describes that for dominated solutions
improvements in multiple indicators simultaneously are possible (‘win-
win’) up to the Pareto-optimal set, when trade-offs need to be accepted.
The 280 case study farms were ranked by means of a Pareto ranking
algorithm described by Goldberg and Richardson (1989) and im-
plemented as in Groot et al. (2010). Software made available online by
K. Deb was used to perform the Pareto ranking (www.iitk.ac.in/kangal/
soft.htm).

We used a normative ranking procedure to group the case study
farms into archetypes of economic versus environmental performance
in analogy with Fischer et al. (2017) who developed these for the food
security – biodiversity nexus. Here we distinguished archetypes based
on good (Win) or bad (Lose) economic and environmental performance,
defined by normative values for the economic and environmental
thresholds (Table 4). The threshold values were based on expert as-
sessment of what constitutes the boundary between ‘good’ and ‘bad’
performance locally (Appendix Fig. C.1). For nitrogen and phosphorus
balances no regional references values were available and we excluded
these indicators from the normative ranking.

To internationally benchmark the results of the Pareto ranking and
the normative ranking, we reviewed publications describing livestock
productivity, carbon footprint and energy use on farms in the Rio de la
Plata grasslands region not included in our study, and in OECD coun-
tries. Regional data originated from studies by Picasso et al. (2014),
Dick et al. (2015a,), Ruviaro et al. (2016), and Pashaei et al. (2016). In
these studies farms were referred to as 'Traditional' to describe farm

Fig. 3. Example of Pareto optimality for 3 indicators (“A”, “B” and “C”), all of which are to be maximized. Grey dots represent dominated solutions, red dots indicate Pareto-optimal
solutions. Note that Pareto-optimal solutions are scattered among dominated solutions when the 3-dimensional space is projected onto a 2-dimensional space (insets).

Table 4
Indicators and their threshold values used to normatively rank farms into 4 archetypes.
For explanation see text.

Indicators Archetype

Win-lose Lose-win Win-win Lose-lose

Livestock productivity
(kg LW ha−1 yr−1)

>120 – >120 <120

Farm revenue (US$ ha−1 year−1) >100 – >100 <100
Energy use (MJ kg−1 LW) – <0.5 <0.5 >0.5
Area under native grasslands (%) – >80 >80 <80
Carbon footprint (kg CO2 eq kg−1 LW) – <20 <20 >20
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strategies with animal diets based on native grasslands, little or no feed
supplementation and three to four years to reach slaughter weight, and
‘Ley’ when based on sown pastures and feed supplementation, with two
to three years to reach slaughter weight. Data from seven OECD studies
were retrieved from a literature review (de Vries et al., 2015) and
complemented with data from the original publications (Alig et al.,
2012a,b; Capper, 2012; Casey and Holden, 2006a; Cederberg and
Stadig, 2003; Mogensen et al., 2015; Pelletier et al., 2010; Peters et al.,
2010). The studies addressed beef farming systems with cradle-to-gate
boundaries similar to our study, and described carbon footprint, energy
use and livestock productivity. Three studies compared grazing on leys
with confined beef farming systems in the USA (Capper, 2012; Pelletier
et al., 2010) and Australia (Peters et al., 2010). Three studies compared
different grazing systems in Denmark and Sweden (Mogensen et al.,
2015), Switzerland (Alig et al., 2012a,b) and Ireland (Casey and
Holden, 2006b). One study focused on concentrate-based systems in
Sweden (Cederberg and Stadig, 2003). Units of measurement were
converted as needed to make results comparable to ours. Land occu-
pation (m2 per kg product) was converted to livestock productivity (kg
product per ha). In Pelletier et al. (2010) direct land occupation was
used to calculate livestock productivity since it was a fraction of the
total ecological footprint, which included the area needed to sequester
the associated greenhouse gas emissions. Impacts per kilogram of car-
cass weight as reported in Capper (2012), Casey and Holden (2006a),
Mogensen et al. (2015) were converted to per kilogram live weight
based on reported dressing percentages, i.e. the percentage of meat and
skeletal portion of an animal compared to its live weight.

3. Results

3.1. Case study farm representativeness

3.1.1. Region-wide farm typology
The PCA resulted in four principal components (PCs) with eigen-

values exceeding 1.0. Together, these PCs explained 63% of the var-
iance (22.3, 16.0, 14.1 and 10.2% for PC1 to PC4, respectively). The
variables with greatest positive correlation with PC1 were the percen-
tage of the area under native grassland (Rgrasslands) and percentage of
cows in the herd (Pcows). PC2 was strongly positively correlated with
total farm area (Area) and total number of animal units (TotalAU). PC3
had a strong negative correlation with Pcows and a positive correlation
with percentage of steers (Psteers). PC4 was strongly negatively corre-
lated with the percentage of heifers in the herd (Pheifers). Factor
loadings and correlation circles are provided in Appendix D. The hier-
archical clustering classified the 15,448 farms into seven farm types
that were recognizable to the local experts.

For ease of reference to the farm types we labelled each type (cf.
Haileslassie et al., 2016; Kuivanen et al., 2016; Tittonell et al., 2010).
Labels were based on average values and ranges of one to three dis-
tinctive variables (Table 5). Size and use of family labour allowed
distinction of Large, Medium and Smallholder farm types. Stocking
rates made a difference among the two smallholder types. The variable

steer-to-cow ratio was used to characterize the specialization of the beef
farms (Modernel et al., 2016). ‘Cow-calf farms’ (in other areas referred
as ‘suckler’ farms) obtain their income from selling calves and culled
cows, while ‘finishing systems’ mainly fatten male castrated calves
(steers). Low steer-to-cow ratios indicate cow-calf systems, high values
represent finishing systems, and values around 1 are characteristic of
combined or ‘full cycle’ systems.

In the next lines we succinctly describe each farm type based on the
characteristics presented in Table 5.

1. Large. This type is characterized by larger farm sizes and a sub-
stantial share of hired labour, resembling enterprise-style rather than
family-based farms. More than two-thirds of the land used are native
grasslands, which used mostly to feed cows as part of cow-calf pro-
duction. The stocking rate is among the lowest among the types.

2. Medium. Substantially smaller than Large, with a higher propor-
tion of family labour, greater percentage of native grasslands and lower
stocking rates.

3. Input-based, complete cycle. This is the type with the lowest per-
centage of native grasslands (i.e. with the highest of other land uses
such as leys and crops), which implies higher use of fertilizers and
pesticides for cropping activities. The orientation is towards a complete
cycle, with steer-to-cow ratios close to 1. The farm size is considerable
smaller than Large and Medium types but the percentage of family la-
bour is similar to Large, indicating an enterprise type of farms. This is
the farm type with the largest stocking rate, probably supported by
production of feed (leys and grains) in the systems.

4. Input-based, cow-calf. This farm type has a relatively low per-
centage of native grasslands compared to the other types. The main
differences with Input-based, Complete cycle is the specialization on
cow-calf production and the higher proportion of family labour.

5. Smallholder, high stocking rate and 6. Smallholder, low stocking rate.
These types resemble the typical small-family farming system of the
region due to the small farm size and high proportion of family labour.
These criteria (smaller than 500 ha and more than 50% of family la-
bour) are used by countries in the region to target public policies (fi-
nancial support, education activities) (MERCOSUR/GMC, 2007). Both
farm types are specialized in cow-calf operations, based on native

Table 6
Percentage farms (n=15,448) allocated by Linear Discriminant Analysis (LDA) to the
seven farm types identified by PCA and hierarchical clustering in the region-wide farm
typology. Results in bold represent correct allocation.

Observed farm type (from the beef farm typology)

1 2 3 4 5 6 7

Predicted
farm
type (by
the LDA)

1 83.6 3.6 0.1 0.2 11.1 0.0 1.4
2 0.0 96.3 0.0 3.0 0.7 0.0 0.0
3 0.1 0.0 90.0 5.7 0.9 1.7 1.6
4 0.0 11.7 0.4 79.9 3.4 1.3 3.3
5 2.3 1.2 5.1 1.4 88.5 0.1 1.4
6 0.0 0.00 9.9 3.8 10.3 74.9 1.1
7 2.1 0.00 1.2 2.0 1.1 0.0 93.6

Table 5
Characterization of the seven beef farm types in the Río de la Plata grasslands region (n= 15,448) and representation of each group in the population. Values are averages and standard
deviations. Bold values cells indicate the variable(s) used to formulate a label for each farm type.

Type label Farm size (ha) Family labour (%) Native grasslands (%) Steer-to-cow ratio1 Stocking rate (AU ha−1) Percentage of farms

1. Large 5150±3284 48±42 71±29 0.32 0.81±0.57 4
2. Medium 1568±829 67±39 88±14 0.48 0.77±0.29 10
3. Input-based, Complete cycle 575±589 48±40 14±14 0.68 1.5± 2.2 5
4. Input-based, Cow-calf 449±542 62±39 54±23 0.06 1.18±0.78 15
5. Smallholder, high stocking rate 238±280 77±34 88±17 0.04 1.24±1.98 25
6. Smallholder, low stocking rate 288±357 78±33 93±10 0.00 0.95±0.61 30
7.Finishing 488±508 75±35 83±22 25.54 0.78±0.46 11

1 Represents the ratio between the average of the percentage of steers (Psteers) and cows (Pcows) in the herd of each farm.
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Fig. 4. Percentage of farms in each farm type from the region-wide farm typology (blue bars) and from the set of 280 case study farms classified through LDA (red bars). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 7
Economic and environmental performance of case study farms (n=280) by farm type. Average values per indicator and standard error. Different letters (a-d) indicate significant
differences between farm types (Tukey test, p<0.05).

Attribute Indicator Farm type
1
(n= 8)

2
(n= 20)

3
(n= 4)

4
(n= 22)

5
(n= 65)

6
(n=147)

7
(n=14)

Economic Livestock productivity (kg LWha−1 yr−1) 104± 45ab 97± 43b 184±53a 121±48ab 78± 48b 84±51b 121±82ab

Farm revenue (US$ ha−1 year−1) 90± 65 54±99 152±88 27±188 48±132 69±95 38±135

Environmental Energy use (MJ kg−1 LW) 8±12bc 2±3c 54± 50a 14± 10b 2±4c 2± 4c 2± 2c

Area under native grasslands (%) 70±26c 89± 10ab 27± 14d 46±24d 90±13a 91± 12a 82± 22bc

Carbon footprint (kg CO2 eq kg−1 LW) 18±5 23±9 15±12 23±9 32±14 31±14 23±18
Nitrogen balance (kg N ha−1) 3±4b 0±3b 7±6ab 11± 7a 1±5b 0± 3b 4± 6b

Phosphorus balance (kg P ha−1) 8±9bc 3±4c 24± 15a 26± 12a 3±5c 3± 4c 11±14b

Table 8
Correlations between indicators for the 280 case study farms. Significance levels: <=0.001, “***”; <=0.01, “**”; <=0.05, “*”. Values in bold indicate correlations greater than 0.5 and
p values less than 0.01.

Correlation coefficients

LP CF GHG FR NB PB AUNG EC

Significance LP −0.61 0.54 0.17 0.19 0.29 −0.29 0.10
CF *** 0.09 −0.11 −0.16 −0.24 0.24 −0.02
GHG *** 0.11 0.11 0.14 −0.15 0.11
FR ** −0.34 −0.01 −0.05 0.06
NB ** ** *** 0.82 −0.66 0.27
PB *** *** − *** −0.83 0.43
AUNG *** *** − *** *** −0.56
EC − − *** *** ***

LP: Livestock productivity (kg LWha−1 yr−1); CF: Carbon footprint (kg CO2 eq kg−1 LW); GHG: Greenhouse gas emissions (kg CO2 eq ha−1); FR: Farm revenue (US$ ha−1 yr−1); NB:
Nitrogen balance (kg N ha−1); PB: Phosphorus balance (kg P ha−1); AUNG: Area under native grasslands (%); EC: Energy consumption (MJ kg−1 LW).
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grasslands. They differentiate one another due to higher stocking rate of
type 5, which could indicate an unbalanced relation between the ani-
mals feed demand and the grass production (i.e. overgrazing).

Farms of both farm types add up to 55% of the total population
studied.

7. Finishing. The high steer-to-cow ratio of this farm type indicates
specialization on steer production. Contribution of family labour is si-
milar to that of the Smallholder types but farm size is greater. This type
has a large percentage of native grasslands and one of the lowest
stocking rates.

3.1.2. Comparison of regional and case study farm diversity
The statistical relation between farm type and the principle com-

ponent scores that resulted from LDA (Eq. 1) resulted in an average
reclassification accuracy of 83.2%. This meant that based on the LDA
83.2% of the 15,448 farms were allocated to the same farm type as in
the farm typology based on PCA and hierarchical clustering. The ac-
curacy of reclassification ranged from 74.9% (for Type 6) to 96.3% (for
Type 2) (Table 6). Considering this accuracy adequate, we used Eq. 1 to
allocate the 280 case study farms to the seven farm types and compare
the relative frequencies to those of the region-wide typology (Fig. 4).

Fig. 5. Relative frequency of occurrence of Pareto-optimal and archetypical farms ranked as Pareto-optimal in the 7 farm types distinguished in the region-wide typology.
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All seven farm types were represented among the 280 case study farms.
Farm type 6 was overrepresented in the case study farms while farm
types 3, 4 and 7 were underrepresented. However, the shapes of the
frequency distributions were similar (Kolmogorov-Smirnov test,
p= 0.54).

3.2. Economic and environmental performance

3.2.1. Performance by farm type
Variation in indicators within farm types was considerable.

Significant differences among some farm types were found for livestock
productivity, energy use, area under native grasslands, and nitrogen
and phosphorus balances, but not for farm revenue or carbon footprint
(Table 7). Farm type 3 had the highest average livestock productivity
(184±53 kg LW ha−1 yr−1; not significantly different from farm types
1, 4 and 7), the highest energy use (54± 50MJ kg−1 LW) and smallest
area percentage under native grasslands (27±14%; not significantly
different from farm type 4). Lowest farm productivity was found in farm
type 5 (78±48 kg LW ha−1 yr−1; not significantly different from farm
type 1, 4, 6 and 7), which exhibited lowest energy use
(2± 4MJ kg−1 LW; not significantly different from farm types 1, 2, 6
and 7) and largest area percentage under native grasslands (90±13%;
not significantly different from farm type 2 and 6). Nitrogen and
phosphorus balances were on average slightly positive for all farm
types. Nitrogen balances were greatest for farm type 4, whereas phos-
phorus balances were greatest for farm type 3 and 4.

3.2.2. Performance by farm
Significant correlations were found between livestock productivity

and carbon footprint (r=−0.61; p<0.001), and between area under
native grasslands and nitrogen balance (r=−0.66; p< 0.001), phos-
phorous balance (r=−0.83; p<0.001) and energy use (r=−0.56;
p<0.001), respectively (Table 8). Farms with higher livestock pro-
ductivity had lower carbon footprint, whilst farms with larger area
percentages under native grasslands had smaller nutrient surplus and
used less fossil fuel. The combined use of nitrogen and phosphorus
fertilizers on farms with cropping land explains the negative correla-
tions between area under native grasslands and nitrogen and phos-
phorous balances (r=−0.66 and r=−0.82; p<0.001) and the po-
sitive correlation between nitrogen and phosphorus balance (r= 0.82,
p<0.001). No significant, clear correlations were found between farm

revenue and any of the environmental performance indicators.
Forty-one out of 280 farms were classified as Pareto-optimal (i.e.

having Pareto rank 1) in the seven-dimensional indicator space. This
means that these farms outperformed other farms in one or more in-
dicators, without being outperformed in any other indicator them-
selves. Relations among pairs of indicators were complex and affected
by other indicators, as implied by the data points below the boundary
lines in two-dimensional representation (Appendix Fig. E.1). Pareto
optimal farms could be found in all farm types, with highest relative
frequencies in the smallholder types 5 and 6 (Fig. 5).

The normative ranking procedure using expert-based thresholds
resulted in allocation of 78 farms to the four archetypes: 5 farms inWin-
win, 24 in Win-lose, 21 in Lose-win and 28 in Lose-lose. The other 202
case study farms did not comply with one or more of the thresholds and,
therefore, were not classified as one of the archetypes.

Win-win farms were all Pareto optimal (i.e. had Pareto rank 1). Also
among the Win-lose and Lose-win farms, there were individuals that
were Pareto optimal. Others were classified in Pareto ranks 2 and 3. The
Lose-lose farms were classified as having Pareto ranks three to six
(Fig. 6). Of the 202 farms that were not classified in the normative
ranking procedure 16 had Pareto rank 1, indicating that they had fea-
tures that made them stand out from the others. Archetypes were
scattered across the 7 farm types distinguished in the region-wide ty-
pology (Fig. 5). Win–win farms were found among medium farms (farm
type 2) and smallholder farms (farm types 5 and 6). Win-lose farms
could be found in all farm types, with highest relative frequencies in the
smallholder types 5 and 6, while Lose-win farms were restricted to farm
types 2 (medium), 6 (smallholder, low stocking rate) and 7(finishing).
Lose-lose farms occurred in all types except in farm type 1 (large) and
farm type 3 (full cycle, input based). Thus, the structural farm variables
used for the region-wide farm typology did not reflect farm economic
and environmental performance (Fig. 6).

Fig. 7 describes Pareto-optimal and archetypical farms in terms of
the 7 performance indicators. The Pareto-optimal farms covered a wide
range of indicator values, indicative of the breadth of the trade-off
frontier. As also apparent from Fig. 7, indicator ranges for Pareto-op-
timal farms included values exhibited by win-win farms. Indicator va-
lues of the other archetypes were not consistently within the range
exhibited by the Pareto-optimal farms.

Win-win farms were characterized by narrow ranges for all in-
dicators. Relatively narrow indicator ranges were also found for Lose-

Fig. 6. Relation between Pareto rank, archetype and farm type for the 280 case study farms. For explanation of categories see main text.
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Fig. 7. Box-plots of the 7 indicators describing economic and environmental performance of the 280 case study farms. In each panel results of Pareto ranking (Pareto-1) and the normative
ranking procedure (Win-win, Win-lose, Lose-win, Lose-lose, non-ranked) are compared. Nitrogen balance and phosporus balance were not used when creating the archetypes. For further
explanation see text.
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win farms, e.g. for percentage area under native grassland, carbon
footprint, nutrient balances and energy use. Among the 280 farms,
apparently only a limited number of combinations of indicators led to
results that were considered desirable from both an economic and en-
vironmental perspective, or from an environmental perspective irre-
spective of the economic outcomes. In contrast, ‘releasing’ the en-
vironmental requirement as in Win-lose and Lose-lose increased the
ranges of values of the various indicators. The results of Fig. 7 were
summarized in spider plots organized on axes describing economic and
environmental performance, similar to Fischer et al. (2017) (Fig. 8).
The areas covered by the radar plots indicate large differences among
the archetypes.

Compared to most of the values reported for the OECD countries the
beef farming systems of the Río de la Plata grasslands region consume
less energy, not exceeding 20MJ kg−1 LW (Fig. 9A and 9B). This is to a
large extent due to low use of synthetic fertilizers and mechanization in
the Río de la Plata grasslands region. Furthermore, in the Río de la Plata
grasslands region greater livestock productivity is associated with de-
creasing carbon footprint per kg LW whilst there is no clear relationship
for the OECD countries (Fig. 9C) possibly due to the already relatively
low carbon footprint per kg LW of the OECD countries (Opio et al.,
2013). Compared to the OECD data, Win–win farms demonstrated ap-
proximately average livestock productivity and carbon footprint
(Fig. 9C).

4. Discussion

This study identified the multi-functional economic and environ-
mental performance of beef farms across the Rio de la Plata grasslands
biome based on 2 economic and 5 environmental indicators. Assessing
data on 280 real farms that resembled the diversity of farm types in the
region, trade-offs among the indicators were found to be described by

non-linear relations, with the exception of the relation between N-bal-
ance and P-balance. Out of the 280 case study farms only 41 were lo-
cated on the trade-off frontier (i.e. had Pareto rank 1), indicating that
for many of the farms scope exists for improving both economic and
environmental performance. Out of the 41 farms, 5 win-win farms
complied with expert-based performance thresholds. Another 45 farms
met the expert thresholds on either economic or environmental per-
formance. These farms all showed desirable deviation from the total
farm population in multiple indicators simultaneously, equivalent to
‘outstanding’ multi-functional performance (Duru et al., 2015) or pro-
vision of bundles of ecosystem services (Raudsepp-Hearne et al., 2010).
The results highlight the multifunctionality of native grasslands. As-
sessments that focus on singular indicators, whether greenhouse gas
emission or others, provide information that is inadequate for evalu-
ating sustainability of production systems (Guyader et al., 2016; Picasso
et al., 2014).

Benchmarking the results with data on OECD beef cattle systems
revealed that the OECD countries achieved higher livestock pro-
ductivity (52%) with lower carbon footprint (35%) on average, but at
the cost of much greater consumption of fossil fuel energy (500% on
average) (Fig. 9). The Win-win farms achieved a carbon footprint si-
milar to the average of the OECD countries while maintaining their
near-zero fossil fuel input, which shows that it is possible to achieve
win-win improvements in the Río de la Plata grasslands region.

Previous studies on the assessment of sustainability of livestock
farming in the Rio de la Plata grasslands region focused on stylised
systems (i.e. hypothetical farms based on expert consultation) (Dick
et al., 2015b; Modernel et al., 2013; Pashaei et al., 2016; Picasso et al.,
2014; Ruviaro et al., 2016), while others used real farm data but only
addressed one environmental (Becoña et al., 2014; Ruviaro et al., 2014)
or one economic (Calvi, 2009; IEL, 2000) indicator of sustainability.
Our study is innovative in analysing a large sample of real farms that

Fig. 8. Trade-offs in economic and environmental farm performance for the four farm archetypes, in analogy with Fischer et al. (2017). The filled areas indicate the performance of the
particular archetype. The black line represents the average Pareto-optimal performance. Values in parentheses represent the average for each indicator per archetype. The score for each
indicator was normalized based on the target value and the minimum value. For the indicators to be maximized the target value represented the best value found (98%, 192 kg LW ha−1

and 206 US$ ha−1 for biodiversity conservation, livestock productivity and revenue, respectively). For the indicators to be minimized the target value was set to 0 and the minimum value
was the average of the 10% worst performing farms (40 kg CO2 eq ha−1, 32 kg P ha−1, 14 kg N ha−1 and 23MJ kg−1 LW for climate change mitigation, phosphorus balance, nitrogen
balance and energy use, respectively). Absolute values were used to calculate scores for the nutrient balances since these could be either positive or negative.
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resembles regional diversity, and identifying outliers with desirable
multifunctional performance.

We developed a functional farm typology to ascertain that our case
study farm sample resembled farm diversity of the region.
Geographically more restricted studies also showed the numerical
dominance of smallholder systems (farm types 5 and 6) for Río Grande
do Sul (Brazil) (Andreatta, 2009), Corrientes (Argentina) (Calvi, 2009)
and the Basalt region of Uruguay (Ferreira, 1997). Percentages native
grassland area in these studies were similar to the most extensive farm
types 3, 5 and 6 of our study: 63–82% (Andreatta, 2009), 96–100%
(Calvi, 2009), and 92–99% (Ferreira, 1997). Cow-calf systems (farm
types 1, 2, 4, 5 and 6) were also important (23%) in the sample for Río
Grande do Sul (Andreatta, 2009), while cattle finishing farms (out farm
type 7) constituted a larger share (23% versus 11%).

Farm typologies have been used in different parts of the world to
identify farm diversity (Alvarez et al., 2014; Escribano et al., 2016;
Haileslassie et al., 2016; Righi et al., 2011). Our results showed the
limitations of using farm typologies for the purpose of identification of
options to improve farm performance; as shown in Fig. 6, Pareto-op-
timal or archetypical farms occurred across a range of farm types. Such
results were also found by others (Cortez-Arriola et al., 2016; Flores-
Sanchez et al., 2011; Hammond et al., 2017; Ondersteijn et al., 2003).

Relations between indicators were found to be largely non-linear as
revealed by the indicator bi-plots (Appendix Fig. E.1) and the lack of
significant (linear) correlations (Table 8). Such non-linear relations
were also found for the trade-off frontier represented by the 7 indicators
(Fig. 6). Strong and significant correlations were found between live-
stock productivity (kg LW ha−1) and carbon footprint (kg CO2

eq kg−1 LW) and between livestock productivity (kg LW ha−1) and
greenhouse gas emission (kg CO2 eq ha−1) (r= 0.54). Thus, while the
emission per unit product tends to decrease, the emission per unit of
area increases. Previous research in the Río de la Plata grasslands region
showed that carbon footprint can be decreased by improving fodder
digestibility and protein content through the introduction of leys and
crops in the farming system (Cohn et al., 2014; Dick et al., 2015a;
Pashaei et al., 2016). These changes decrease the time to slaughter, and
therefore the emission intensity (i.e. the units of emission per units of
production). Such changes, however, will involve trade-offs (Modernel
et al., 2013; Picasso et al., 2014) with biodiversity as native grasslands
are converted to sown pastures or cropping land, and with N- and P-
balances as leys and crops will likely lead to more external inputs of
fertilizer (Baldi et al., 2006; Ghersa et al., 2002; Souza et al., 2013).

An important question for the future of beef farming systems in the
Río de la Plata grasslands region is whether it is possible for the majority

Fig. 9. Average livestock productivity, energy use and carbon footprint in beef systems of Río de la Plata grasslands region (RPG) and countries of the Organisation for Economic Co-
operation and Development (OECD). Río de la Plata grasslands data (green symbols) are based on case studies by Dick et al. (2015a,b); Pashaei et al. (2016); Picasso et al. (2014); Ruviaro
et al. (2014). OECD country data (black symbols) were retrieved from (Alig et al., 2012a,b; Capper, 2012; Casey and Holden, 2006c; de Vries et al., 2015; Mogensen et al., 2015; Nguyen
et al., 2010; Pelletier et al., 2010; Peters et al., 2010). Win-lose, Lose-win, Win-win and Lose-lose (green triangles) represent the archetypes described in this paper. Trad (green dots)
represent the traditional beef farm systems of the Río de la Plata grasslands region as defined by Becoña et al. (2014), Dick et al., (2015b) and Pashaei et al. (2016). Ellipses include 95% of
the observations of the group (Fox and Weisberg, 2010). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of farms to increase economic performance whilst maintaining or im-
proving their environmental performance. The Win-win farms, which
combine sound economic and environmental performance suggest that
an alternative is available for external input based productivity in-
crease. We hypothesise that this will involve implementing grazing
management systems based on moderate herbage allowances to in-
crease native grassland growth rates and matching the seasonal live-
stock feed demand to the biomass dynamics of the native grassland
vegetation (Claramunt et al., 2017; Modernel et al., 2016; Ruggia et al.,
2015; Soca and Orcasberro, 1992). Such strategy, based on grazing
ecology principles and animal energetics (Do Carmo et al., 2016) is an
example of how food productivity can be increased by smart mobili-
zation of ecosystem functions (Bommarco et al., 2013; Tittonell,
2014b).

Here, we focused on the first step of the positive deviance approach,
the identification of ‘positive deviants’. Next steps should include in-
depth study of the positive deviants to generate hypotheses about
practices that allow others to achieve top performance, e.g. using sys-
tems modelling in combination with detailed farm management data;
test hypotheses on-farms, e.g. using co-innovation approaches as de-
scribed by Dogliotti et al. (2014), Ruggia et al. (2015) and Klerkx et al.
(2017); and work in partnership with key stakeholders to disseminate
the evidence best practices.

6. Conclusions

The beef farming systems of the Rio de la Plata grasslands deliver
provisioning (food) and regulation (nitrogen and phosphorus cycling,
transforming solar energy into primary productivity) services. The level
of services is related to the fraction native grassland area on farms. On
average, meat productivity (but not income) tended to decline with
native grasslands area on farms. Greater reliance on natural grassland
area is associated with lower use of nitrogen and phosphorus fertilizers
and fossil energy. Our results highlight the multifunctionality of these
agroecosystems and raise questions on the dominant focus on green-
house gas emissions as sole indicator of sustainability.

We identified positively deviating farms in the region, which are
exemplars of outstanding performance in both the economic and en-
vironmental dimensions. For the majority of farms there is ample scope
to increase livestock productivity and farm revenue, and to reduce
greenhouse gas emissions.

When compared to OECD countries, the beef farming systems of the
Rio de la Plata grasslands showed very low fossil fuel energy con-
sumption. The positive deviant farms showed similar meat yields and
carbon footprint compared to the average OECD case studies, with
significantly lower use of fossil fuel energy.

Subsequent research is needed to elucidate the management stra-
tegies underlying positively deviant farms as a next step towards
widespread uptake of production systems that maximize the use of
ecological processes for provisioning and other ecosystem services. The
information presented here enables informing policy makers and
farmers about alternatives for the imminent replacement of native
grassland based beef production by production systems based on in-
dustrialized production models along with their negative environ-
mental and social impacts.
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