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Abstract

Livestock farming is the agricultural activity with the greatest individual land-use, but it faces
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competition from other sectors for land, and is criticized for its environmental footprint. In
this global context, Uruguay emerges as an important case study, boasting a long tradition
and significance in the beef export sector. Enhancing livestock productivity is imperative to
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Eficiencia técnica en la ganaderia de carne bovina en Uruguay: Un estudio a
partir de datos censales

Resumen

La ganaderia es la actividad agropecuaria con mayor uso individual del suelo, pero se enfrenta a la competencia de otros
rubros por la tierra y se la critica por su huella ambiental. En este contexto global, Uruguay representa un importante caso
de estudio debido a su fuerte tradicién y presencia en el mercado de exportacion de carne bovina. Aumentar la producti-
vidad de la produccion ganadera es necesario para mitigar los efectos ambientales, impulsar la competitividad y rentabi-
lidad de las firmas, y mejorar la produccion de alimentos. Este articulo investiga la eficiencia técnica de los establecimien-
tos ganaderos con ganado de cria (predios con ganado de cria) en Uruguay en el afio agricola 2011, con datos de cober-
tura nacional y obligatoria. Utilizando datos del Censo General Agropecuario de 2011 se estim6 una frontera estocastica
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de produccion translog con tres insumos (unidades de ganado, area de pastoreo y trabajadores), y variables de control
como la aptitud del suelo para pastoreo, la orientacidn tecnoldgica, instalaciones y asesoramiento tecnoldgico agrondémico
y veterinario. Las estimaciones sugieren que es factible aumentar la produccidn de carne vacuna en un 26,4% en prome-
dio en Uruguay con los mismos insumos y tecnologia, mejorando la gestion de los establecimientos. Ademas, se encuen-
tran efectos significativos sobre el nivel de eficiencia técnica de variables como ingresos principales provenientes del
establecimiento, servicios contratados por terceros, proporcidn de ganado ajeno dentro del establecimiento y la disponi-
bilidad de asesoramiento tecnoldgico agrondmico y veterinario.

Palabras clave: fronteras estocasticas, funcion de produccion

Eficiéncia técnica na pecuaria de carne bovina no Uruguai: um estudo a partir
de dados censitarios

Resumo

A pecuéria de corte é a atividade agropecuaria com maior utilizagdo do solo, mas enfrenta a concorréncia de outros
sectores pela terra e é criticada pela sua pegada ambiental. Neste contexto global, o Uruguai apresenta um estudo de
caso chave, devido a sua forte tradigao e sua importancia no mercado de exportagédo de carne bovina. Aumentar a pro-
dutividade do gado é vital para mitigar os efeitos ambientais, impulsionar a competitividade e rentabilidade das empresas
e melhorar a produgéo de alimentos. Este artigo analisa a eficiéncia técnica dos ranchos de gado focando no gado de
cria no Uruguai no ano agricola de 2011. Utilizando dados do Censo Geral de Agricultura de 2011 uma fronteira estocas-
tica de produc&o translog é estimada com 3 insumos (unidades de gado, area de pastagem e trabalhadores) e variaveis
de controle como a adequagao do solo para pastagem, melhorias, orientacao do gado e do gado bovino, e instalagdes.
Os resultados deste estudo baseado no Uruguai concluem que é viavel aumentar a produgao de carne bovina em 26.4%
em média em todo o pais com 0s mesmos insumos e tecnologia, melhorando a gestéo dos estabelecimentos. Além disso,
sa0 encontrados efeitos significativos de variaveis como a principal fonte de renda vinda da fazenda, servigos contratados
por terceiros, propor¢do de gado de propriedade estrangeira e aconselhamento tecnolégico agrondmico e veterinario.

Palavras-chave: fronteiras estocasticas, fungao de produgédo

1. Introduction

Livestock farming plays a vital role in supporting the sustenance and economic livelihood of more than 1.3 billion
people. By utilizing land unsuitable for traditional crop cultivation, it constitutes the largest single land use, contrib-
uting to 17% of the world's total energy intake through food products(!). Despite these substantial contributions, the
livestock sector is increasingly under scrutiny for its environmental impact?), and it is also encountering growing
competition for land® and labor resources.

In a context where projections anticipate ongoing growth in beef demand (), the opportunity to enhance livestock
productivity becomes clear. This enhancement is essential not only for stimulating economic development but
also for mitigating environmental impacts, boosting the competitiveness of cattle farms, increasing overall food
production, and fulfilling environmental commitments.

In the global context, Uruguay stands out as a crucial case study due to its longstanding tradition in the global
beef export market. Data from the latest agricultural census in 2011 reveal that meat and milk livestock farming
served as the primary source of income for 74% of commercial agricultural farms. This sector occupies a vast
expanse, encompassing 12.6 million hectares, which constitute 70% of the national territory.
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Historically, Uruguay's beef production has thrived due to its cost-effective natural field grazing system, providing
the country with a unique competitive advantage that endures to this day. However, the beef production growth
in Uruguay has not kept pace with other sectors like forestry, agriculture, and dairy®). This challenge is further
complicated by the fact that, over the past two decades, the evolution of beef production per hectare in Uruguay
has exhibited fluctuations without a clear trend©(7)€)®). A more comprehensive understanding of livestock farm-
ing underscores the importance of investigating the heterogeneity in production at the ranch level, as this is
where farmers make the decisions. Various factors unique to each farming operation process, including cattle
focus, local weather conditions, management practices, and resource availability, significantly influence beef
production.

In Uruguay, a stark contrast exists in the performance of different cattle ranches. The top 10% of ranches pro-
duce five times more beef per hectare compared to the bottom 10%(19("1). However, these fluctuations in yield
alone do not capture the variations in input utilization intensities and other inherent attributes of beef production.
Hence, they may not be suitable indicators for comparing the performance of different ranches. To address this
issue, the study suggests estimating the farm-level technical efficiency (TE hereafter) as an indicator of the
production unit's management capability.

TE is a comparative concept that measures the proportion of actual production observed relative to the maximum
potential production attainable, while taking into account factors such as resource availability, input utilization,
and available technology. In simpler terms, TE serves as an advanced performance metric, assessing how
effectively a production unit transforms inputs into outputs within the constraints of available technology.

Table S1 in the Supplementary material compiles prior research endeavors focused on estimating technical
efficiency within beef cattle farming at the farm level, spanning diverse geographic and operational contexts,
providing valuable insights into the efficiency of beef cattle farming. Nevertheless, making direct comparisons
between these studies is challenging due to variations in the methodologies employed, target populations, and
contextual factors. For instance, Trestini('2) used a stochastic production frontier model to evaluate TE using an
unbalanced panel of beef cattle farms in Veneto, Italy, reporting an average farm TE of 0.786. Qushim and
others(3) delved into scale and technical efficiency in cow-calf farms in the Southeastern United States, employ-
ing an input distance function analysis to evaluate economic performance based on gross value of farm produc-
tion and total principal operator household off-farm income, uncovering an average efficiency of 0.86. Otieno
and others('4) estimated TE levels in Kenyan beef cattle production across various systems, including nomads,
agro-pastoralists, and ranchers, using a stochastic metafrontier, resulting in an average TE of 0.69.

Furthermore, Gatti and others(15) applied a meta-frontier methodology to assess TE and technology disparities
in beef cattle production across distinct regions in Argentina, finding that they could not reject the hypothesis of
constant returns to scale but did reject the null hypothesis that the regions shared the same technology. Nwigwe
and others('®) measured the TE of nomadic pastoralists, agro-pastoralists, and ranchers in six Nigerian states
using a separated stochastic production frontier, finding average TEs of 0.59, 0.69, and 0.83 for the three groups,
respectively. Additionally, Qushim and others(") delved into TEs in U.S. grass-fed beef production through a
stochastic input distance function with two outputs (whole farm and grass-fed beef enterprise), revealing average
TEs of 0.84 for whole farms and 0.79 for enterprises within the U.S. grass-fed beef sector. Lastly, Martinez-
Cillero and others('8) used a latent class stochastic frontier model with an unbalanced panel of Irish farmers to
assess TE, focusing on TE in farms classified as specialist cattle producers, and their findings indicate that a
single frontier model tends to overestimate technical inefficiency compared to a model that considers technology
heterogeneity.

In the Uruguayan context, prior estimations of technical efficiency have relied on private records from ranches
associated with technical assistance entities. Lanfranco and Buffa('® applied the Data Envelopment Analysis
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technique and revealed that 6 out of the 27 studied companies engaged in beef cattle fattening were efficient.
Similarly, Garcia-Suarez and Lanfranco(2) employed the Data Envelopment Analysis technique to examine beef
cattle farms, yielding an average TE of 0.772. Additionally, Garcia-Suarez and others(?!) used both a stochastic
production frontier with one combined output (equivalent meet) and a stochastic ray frontier with three outputs
(beef, sheep-meat and wool), reporting average TE levels of 0.769 and 0.779, respectively.

However, these prior studies, despite their valuable contributions, were limited in their sample coverage, pre-
venting them from providing a comprehensive overview of the TE representative of the entire sector at the na-
tional level. This is the primary contribution of our study. To achieve this, we utilize data from the last General
Agricultural Census of 2011, which have not been previously utilized for this purpose.

The focus of this article is on ranchers engaged with cow-calf production, primarily involved in cattle grazing,
and having more than seven bovine livestock units and over 50 hectares of pasture. Dairy farms and ranches
specializing in finishing are intentionally excluded from our target population. As a result, our analysis signifi-
cantly enhances the accuracy, representativeness, and comprehensiveness of the study, encompassing the
entire beef industry in Uruguay with cow-calf production.

While the snapshot presented by the data from the last General Agricultural Census of 2011 may not fully capture
the technological landscape of the entire Uruguayan livestock industry, it serves as a valuable point of compar-
ison for cow-calf producers. Moreover, the estimates obtained from this study can be used as a reference point
for comparing the data from the upcoming General Agricultural Census 2022, which is currently in progress.

In this study, we aim to address two pivotal research questions: 'How can we comprehensively assess and
quantify the technical efficiency (TE) of individual ranches in Uruguay's beef cattle farming sector using census
data?', and 'Which variables have a significant impact on TE in Uruguay's beef cattle farming industry?' By
addressing these questions, our objective is to provide insights that are pertinent for public policy analysis, of-
fering the potential to inform the design, targeting, monitoring, and evaluation of evidence-based policies within
the industry.

We employed a stochastic translog production function approach based on Wang's model(?2) to estimate beef
production efficiency. This estimation was conducted through cross-sectional data analysis, incorporating three
primary inputs: equivalent bovine units, grazing area, and equivalent workers. Additionally, we integrated several
control variables into our analysis, including region, on-site infrastructure and improvements, soil suitability for
livestock, the proportion of land undergoing forage improvements, and technological orientation.

We also included additional variables to help in interpreting both the expected values and the variance linked to
inefficiency. These variables encompass aspects such as the availability of technical assistance in agronomy,
veterinary medicine, and accounting; the proportion of cattle owned by third parties; the extent of reliance on
livestock farming as the primary source of income, and the utilization of outsourced services.

In our study, we observed a simple average TE of 76.2% among the ranches. When we applied weights to the
data by farm size, this average TE increased to 79.1%. Our findings emphasized that factors such as the primary
source of income originating from the farm, the utilization of third-party services, the proportion of foreign-owned
cattle, and the utilization of agronomic and veterinary technological advice have a significant impact on TE.

This study represents a pioneering effort in utilizing national-level administrative records, including data from the
most recent General Agricultural Census and the National Livestock Information System, to estimate TE in Uru-
guay's beef cattle farming sector. By providing a comprehensive and representative analysis covering the entire
beef industry in Uruguay, this research aims to illuminate variations in efficiency at the ranch level, identify
significant factors contributing to TE, and offer actionable insights for policy considerations aimed at promoting
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sustainable development and competitiveness. The findings provide valuable insights for policymaking that align
with the nation's economic and environmental objectives, including the goal of reducing emission intensity meas-

ured as emissions per gross product(23),

2. Materials and methods

2.1 Data sources

In this study, we have integrated data from Uruguay's most recent General Agricultural Census (CGA, for its
Spanish acronym) with records from the National Livestock Information System (SNIG, for its Spanish acronym),
which is Uruguay's livestock traceability system. The CGA(24), although it is based on data from 2011, offers a
comprehensive overview of all agricultural ranches in the country. On the other hand, the SNIG is mandatory for
all livestock owners and tracks the temporal and spatial dynamics of various species, including bovine, ovine,
swine, equine, and goat. This system combines annual stock declarations (as of June 30) with all associated
changes in livestock ownership or location.

By merging these datasets at the farm level(19), we define a farm as the unit of analysis in the census data. Then,
a farm is represented by an aggregation of plots unified by shared production factors and management. This
combined dataset enables us to measure production and performance on a granular, farm-by-farm basis across
the country. While the agricultural year data from the 2011 census may appear out of date, it remains as an
invaluable benchmark, offering insights into the intricacies and changes within the livestock sector.

2.2 Method

To measure technical efficiency (TE), we used the output increasing oriented indicator proposed by Farrel(25),
contrasting the observed output of a farm with the potential output of a fully efficient farm using the same inputs
and technology.

The Stochastic Production Frontier (SPF) approach can be viewed as a generalization of the classical production
model. In this approach, the efficiency of resources is considered as an empirical constraint to be tested, rather
than an a priori assumption of neoclassical production theory(26), For recent literature on this topic, refer to
Kumbhakar and others(27)(28)(29), and Sickles and Zelenyuk(25),

Let Y; represent the output of production unit i, X; an input vector of dimension K, and f (X;; ) the production
function. We introduce u; as a non-negative error following the distribution F*(u,, %), and v; a symmetric
normal error. While v; accounts for elements such as measurement error, specification issues, and random
variability in the production process, u; represents technical inefficiency that reduces the observed output level
relative to its potential.

The SPF for cross-sectional data can be expressed as:
Y; = f(X; B)e” ", v;~N(0,03), u;~F* (p,,0%)
To estimate this equation parametrically, it is necessary to specify f(X;; ), which we assume to be a translog

functional form due to its flexibility(7):

K K K
1
fX5B) =Bo + Z BiXji +EZZBjsziXsi Bis =Bsj Vi, s
=

j=1s=1
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The functional form described facilitates the derivation of product input elasticities and accommodates non-
constantreturns to scale. Specifically, when all coefficients tied to second-degree terms (3;,) are zero, the Cobb-
Douglas function emerges as a subset. It's worth noting that the translog and Cobb-Douglas functions can be
conceptualized as the second and first-order Taylor series approximations of a broader production function,
respectively(#),

Additionally, it is necessary to assume the distribution of the technical inefficiency term (u;), which, by definition,
can only take positive values. The model developed by Wang(?2) assumes that there is a set of exogenous
variables Z that affects the mean and the variance of technical inefficiency, and it is assumed to be positive
truncated normal: u;~N*(Z;8, exp(Zy))

Wang's model encompasses several specific cases. These include the Half Normal®% and Truncated Normal©")
(TN) specifications, which do not incorporate contextual variables. There are also variations such as the
Kumbhakar, Ghosh and McGuckin2) (KGM) model, which parameterizes the distribution mean of inefficiency
with exogenous variables, and the Caudill and Ford©3) (CF) model, which parameterized the variance.

Additionally, we include control variables in the production frontier to account for variations in technological
orientation among livestock ranches, natural soil suitability, the utilization of forage enhancements, and spatial
production disparities. Therefore, the equation to be estimated, which includes a vector of control variables C;
with a vector of coefficients 87, is as follows:

yi=fX;B)+0"C; —u; +v;,
v;~N(0,03), u;~N*[Z;8, exp(Z;y)]

To estimate the likelihood of the model, it is assumed that the distribution of the random variables u; and v; is
independent, conditional on (X;, Z;). The estimation of all the model parameters is carried out in a single stage
using the maximum likelihood method. In a second stage, the estimation of TE is derived, using the conditional
distribution of u; |v;:

TE; = E(exp(—w;)|v; — u;)

Implicitly, the model assumes exogeneity of all inputs, which implies the absence of unobservable producer-
level heterogeneity that could account for variations in input utilization.

To test the hypotheses on the model restrictions, the likelihood ratio test is employed, expressed as LR =

—Zln(f((:"))), where L(H,) and L(H,) represent the likelihood under the null and alternative hypothesis,
A

respectively. The LR statistic asymptotically follows a chi-square distribution with J degrees of freedom.

Finally, to explore the heterogeneity in TE across farms, we employed a tree-based algorithm to group the
farms(4). This approach allows for a flexible modeling of the relationship between TE and a set of explanatory
variables without imposing restrictive assumptions about the functional form. Specifically, we employed a Con-
ditional Inference Tree(®) (CTREE) regression for this purpose. Tree-type models iteratively divide the explana-
tory variable space, optimizing the dependent variable (TE). The CTREE determines the significance of each
partition based on the strength of the association between the explanatory variable and the target variable, using
non-parametric tests to test all possible associations. It is important to note that these results are exploratory
and should not be interpreted causally(@6),
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2.3 Empirical strategy

The target population of this article comprises ranchers with cow-calf production, with @ minimum production
scale (more than 50 grazing hectares and 7 livestock units), and a specific focus in cattle grazing. To reduce the
heterogeneity of production systems, we have excluded the following categories: dairy farms, ranches special-
ized in sheep production, cattle breeders, feedlots, and ranches specialized in fattening. These exclusions are
intended to simplify the complexity of beef farming and approximate it through a production function focused on
a single composite product. This simplification aids in mapping inputs to products and modeling the technology.

After defining our target population and assessing the quality of the livestock census forms (see the appendix in
the Supplementary materials for details), our sample comprises 5,057 farms, collectively managing more than
3.7 million hectares of land and 3 million animals.

In this analysis, we have included farms owned by corporations. This inclusion requires the exclusion of certain
explanatory variables for technical efficiency that are only available for farms owned by individuals (e.g., age,
sex, educational level, residing on the farm).

The variables used to model beef production are based on previous studies (see Table $1) and the available
information in our database. The chosen output variable to characterize beef cattle farming is the production of
live cattle meat in the livestock year 2011/2012 (in kg). The computation of meat production at the livestock farm
level is based on the net difference between sales and purchases, accounting for inventory changes due to
events such as births, deaths, and category changes resulting from animal growth. Sales are categorized into
two primary types: the sale of fattened cattle intended for slaughter, and the exchange of lean cattle among
producers. The details to compute beef production are described in Aguirre®).

The inputs of production encompass the products and services employed in the beef cattle production process,
including materials, labor, and capital. These inputs must satisfy specific criteria: they should be essential, show
a positive monotonic relationship with the output, and be divisible. The inputs considered in the analysis are: (1)
bovine animals measured in bovine livestock units (BLU); (2) LAND area devoted to beef cattle production; (3)
total LABOR force in the farm, calculated as the sum of permanent workers plus the number of hired daily
laborers in the year divided by 250 (total work days in a year).

In Uruguay, a BLU represents the energy requirements of a cow of 380 kg of live weight in maintenance. An
equivalence system is widely used, assigning different categories of cattle a coefficient that weighs their relative
consumption compared to that of the standard BLU.

To address the heterogeneity in livestock farming, the production function includes a set of control variables:
(1) forage production capacity, represented by the natural productivity of soil for cattle production using the
CONEAT index, and the proportion of area with forage improvements; (2) technological orientation, distinguish-
ing between cattle ranchers or mixed operations, and those engaged in cow-calf or complete cycle production;
(3) ranch infrastructure, encompassing amenities such as electricity, water reservoirs, rainwater tanks, private
vehicles, cattle weighing chutes, and cattle scales; and (4) geographical factors, captured by 18 dummy varia-
bles representing each region (department in Uruguay), excluding Montevideo.

The CONEAT index was developed by the Uruguayan government to measure the production capacity of land
in terms of meat and wool and the land units that comprise it. The index is used for fiscal purposes, has an
average value of 100 at the national level, and ranges from 0 (land not suitable for livestock) to a maximum of
250.

Agrociencia Uruguay 2024;28:e1237 7
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Table 1. Definition of variables

Variable Definition
Log of livestock production (kg/per year).
BLU Log of bovine livestock units (LU).
Land Log of land utilized for cattle production (ha).

Labour Log of total workers (equivalent annual working units).

CONEAT Average soil productivity index for livestock production ranging from 0 to 250.
GrazeAlmpr  |A continuous variable representing the proportion of area with improvements.
GrazeAlmpr0  |A dummy variable that is equal to 1 if the grazing area with improvement is zero, 0 otherwise.
Dept A dummy variable indicating the region (department in Uruguay) where the farm is located.
A dummy variable that is equal to 1 if livestock orientation is cattle rancher [ (6*SheepLU)/BLU<= 1] and O if it

CatleRancher |, rixed [ 4>(5"SheepLUYBLUS 1]
CatfleFocus A dummy variable that is equal to 1 if orientation is cow-calf production (Steers/BreedingCow<=0.5), O if it is
complete cycle production (3>Steers/BreedingCow>0.5).
NoElectr Dummy variable which takes value 1 for farms without electricity and 0 otherwise.

StockPond Dummy variable which takes value 1 for farms with stock ponds and 0 otherwise.

RainWTank Dummy variable which takes value 1 for farms with rainwater tanks and 0 otherwise.

CattleChute Dummy variable which takes value 1 for farms with cattle chute and 0 otherwise.

ScaleWC Dummy variable which takes value 1 for farms with scale to weigh cattle and 0 otherwise.

Vehicle Dummy variable which takes value 1 for farms with vehicles (car, van or truck) and 0 otherwise.

ForeignCatP | Proportion of cattle owned by third parties within the establishment (%).
Dummy variable which takes value 1 for farms with technical assistance from an Agronomist Engineer and 0

AgronTA

otherwise.
VeterTA Dymmy variable which takes value 1 for farms with technical assistance from a Veterinary Doctor and 0 other-
wise.
Account Dummy variable which takes value 1 for farms with technical assistance from an Accountant and 0 otherwise.
HServices Dummy variable which takes value 1 for farms with hired services in the census year and 0 otherwise.
Mincome Dummy variable which takes value 1 for farms whose main income is the property and 0 otherwise.
OwnershipType A categorical variable that captures the (?wnership type (1-Individual ownership, 2-Corporate ownership with-
out a contract, 3-Corporate ownership with a contract).
Tenure A categorical variable that captures the occupancy status of the land (1-Owner, 2-Tenant, 3-Owner-tenant, 4-

Other forms).

The ratio of area with improvements represents the proportion of the soil that has enhancements over natural
grass, allowing for greater forage capacity, and therefore, the potential to feed more cattle. The greater the
proportion of improved area, the higher the expected forage capacity, and, consequently, a greater potential to
sustain more livestock.

Lastly, a set of explanatory variables Z is introduced to consider factors that potentially affect efficiency. While
these variables do not influence the production possibilities frontier, they can impact the distance between the
evaluated farm and the frontier. The explanatory variables consist of: (1) the utilization of services and technical
assistance (agronomic, veterinary, and accounting); (2) the type of land tenure; (3) the type of ownership of the
ranch; (4) the proportion of livestock owned by others, and (5) the importance of beef production in the family's
income.

8 Agrociencia Uruguay 2024;28:e1237
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All the variables used in this study are expressed in physical units rather than monetary values. This approach
enables us to account for price fluctuations, eliminating the need for substantial assumptions about resource

prices or opportunity costs.

When calculating descriptive statistics for the output and input variables (Table S2 and Table S3 in the Supple-
mentary material), we observe significant heterogeneity in terms of the range of variation, the interquartile range
(p75-p25), and the coefficient of variation (S.D/Mean). For example, the coefficient of variation is 1.61 for bovine
meat, 1.49 for bovine livestock units, 1.58 for land area, and 0.88 for labor. As expected, there is a strong linear
correlation between meat production (output) and the inputs. The Pearson correlation coefficient for bovine meat
with bovine livestock units is 0.948, with land area it is 0.899, and with the number of workers itis 0.741.

3. Results

3.1 The beef production model

This section presents the results of the models for the 5,057 livestock farms in the sample that meet our study
universe's definition. The estimations were performed using the sfcross package in the STATA software ¢7),

The Wang translog specification allows us to test hypotheses by comparing it with alternative models as special
cases (see Table S4 in the Supplementary material). Firstly, we reject the hypothesis (H, ) that the Cobb-Doug-
las functional form is preferred over the translog alternative (pv < 0.1%). We also reject the hypothesis of the
absence of technical inefficiency (H,s). Next, we contrast whether the Wang model is preferred over the alter-
native without explanatory variables for inefficiency (Wang vs. TN), with explanatory variables parameterized
only at the mean (Wang vs. KGM), and with explanatory variables parameterized only at the variance (Wang vs.
CF). All three alternatives are rejected (pv < 0.1%). Therefore, from now on, we will provide a detailed discussion
of the results of the Wang translog specification.

Figure 1 displays the 95% confidence intervals (Cl) for the input-output elasticities, evaluated at the mean
values of the inputs. A 1% increment in BLU, LAND, and LABOUR leads to an average increase in meat pro-
duction of 0.789%, 0.164%, and 0.03% respectively, all statistically significant at the 5% level.

0.789, gv = 0.000
BLU 4 -

Elasticity
input output

0.164, pv=0.000
Land - -

0.030, pv = 0.006
Labor 4 A

R oP-983, pv=10.000

Return to scale

Figure 1. 95% confidence intervals for input-output elasticities and returns to scale, all evaluated at the mean value
(BLU=497, LAND=722, LABOUR=2.79)

The response of elasticity is not uniform across the inputs’ support (Figure 2): BLU's impact increases up to 400
and then levels off; LAND's effect declines until 500 and then stabilizes at a value beneath the average elasticity;
LABOUR's influence shows no significant deviation from the mean value throughout the observed range.

Agrociencia Uruguay 2024;28:e1237 9



'& Aguirre E, Garcia Suarez F, Sicilia G

= =
S S =
= 2 4 =
g° g 1o - 25
w w E-
4+ i}
AR
3 1
2
.05
1 .05+
| ———_
0 04
coooocoooss Soooon0000D 0
SOS0S00B0S SO0080088S
NTODSANTODD NTORONTODRD [ A A T
rrrrr & [ 1 23 456 7
BLU Land Labour

Figure 2. 95% confidence intervals for input-output elasticities across the inputs’ support

Note: The horizontal line indicates the average elasticity. The blue curve represents the estimated product elasticity along the input
support, utilizing a local polynomial with the Stata Ipolyci command.

The study reveals an average return to scale of 0.983, which is statistically indistinguishable from 1 (p-value of
0.142), indicating constant returns to scale. A closer look at the entire input range (Figure 3) reveals no sub-
stantial deviations from this scale elasticity at the mean value. The only exception is a marginally higher return
to scale for smaller-sized farms in BLU.

11 11 11
1,05 1.05-| 1051
' M ! _-__#’ 14
m iy L m————
95 95
.95+
9 ]
9
.85 .85
85+
8 8
gy s s s e s e s s st s s
o o 8

T T T T
0 5§ 10 15 20
BLU Land Labour

Figure 3. 95% confidence intervals for return to scale across the inputs’ support

Note: The horizontal line represents the mean return to scale. The blue curve estimates the return to scale along the input path using
a local polynomial with the Stata Ipolyci command.

Figure 4 shows the partial effect of the control variables. The CONEAT index variable is statistically significant
(p-value < 0.1%), and, when considering the other variables, a 10-point increase in the CONEAT index is ex-
pected to resultin a 1% increase in meat production. Ranches without improvements over natural fields produce,
on average, 3.2% less meat compared to those with improvements. Additionally, for each 1% expansion in the
area of improved land, a corresponding 0.2% growth in meat production is expected (p-value < 0.1%). When
examining livestock composition, ranches specialized in cattle farming exhibit 5.6% higher production compared
to mixed ranches (p-value < 0.1%). Meanwhile, ranches oriented towards cow-calf production do not present
significant differences when compared to those following a complete cycle of livestock farming (p-value = 0.384).
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Infrastructure-wise, we observe significant variations: producers equipped with livestock scales and cattle han-
dling facilities yield 7.2% and 4.4% more meat production, respectively (p-value < 0.1% and p-value = 0.035),
while factors such as the absence of electricity (p-value = 0.340), vehicle presence (p-value = 0.306), and the
existence of a rainwater tank (p-value = 0.934) or a stock pond (p-value = 0.326) do not yield statistically signif-
icant differences.
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Figure 4. The 95% confidence intervals for partial effect of the control variables in the production function

Lastly, geographical variations also impact production. Beef output in Canelones region exceeds that in Rivera
(omitted category) by 23.6% after accounting for input usage and other variables (Figure 5). These discrepan-
cies point to structural variations among different production regions not captured by the inputs and control
variables in the model. In future research, it may be beneficial to explore the possibility of modeling spatial
production variations by employing precise georeferencing data for each property, thereby achieving a better
control over spatially unobservable heterogeneity.
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Figure 5. 95% confidence intervals of the partial effect of the farm department on the production function

Note: The omitted category is the department of Rivera (RV). CA (Canelones), SJ (San José), RO (Rocha), SA (Salto), LA (La-
valleja), DU (Durazno), CO (Colonia), PA (Paysandu), AR (Artigas), TA (Tacuarembd), FS (Flores), CL (Cerro Largo), FD (Florida),
TT (Treinta y Tres), SO (Soriano), MA (Maldonado), RN (Rio Negro).
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3.2 Technical efficiency

When computing technical efficiency, we analyze the data in two distinct ways: weighting it by the size of the
ranches in livestock units and treating all farms with equal weight (as shown in Figure 6). These two approaches
yield two different indicators: the simple average efficiency of the farms in our sample, which is relevant for
assessing the heterogeneity within our dataset, and a weighted average that provides a more representative
measure of the state of the livestock sector in Uruguay.
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6
1

Density of Technical Efficiency (TE)
2 4
L L

0
L

T T T T T T

0 I

4 6
Technical Efficiency: E[exp(-u)]

Density of TE

Density of TE weighted by BLU |

Figure 6. 95% density estimates of TE, and TE weighted by bovine livestock units

When using the weighted sample by size, it is observed that the average TE level increases from 76.2% to
79.1%, and the dispersion narrows (Table 2). This is evident as the p90/p10 ratio decreases from 59.2% to
41.2%.

Table 2. Descriptive statistics of the TE distribution estimated by the model

TE [0.762]0.152(0.200( 0.562 | 0.715|0.808 | 0.864 | 0.895 | 1.592

TE*10.791/0.124{0.156 0.633 [ 0.757 | 0.829 [ 0.870 [ 0.894 | 1.412

Note: TE is the simple average and TE" is the weighted average by livestock bovine units (BLU).

Table 3 presents the Pearson bivariate correlation coefficients between the estimated TE and the variables
included in the model. TE shows a positive correlation with the output and all inputs, which may be influenced
by the farm's size (we will come back to this point later).

Figure 7 illustrates the relationship between TE and meat production per hectare, which is the standard perfor-
mance measure for ranches. We have plotted a local regression between these two variables, revealing a non-
linear positive relationship. The Pearson correlation coefficient between the variables at the level is 0.6174, and
in ranks (Spearman) itis 0.713. Notably, there seems to be a cutoff point at 80 kg/ha; for values lower than this,
the Pearson correlation is 0.7364, whereas for values greater than 80 kg/ha, it drops to 0.3779.
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Table 3. Pearson's correlation

Output (Y) Beef 0.2541* [ 0.0909" | -0.0450"
BLU 0.2063* [ 0.0561" | 0.0945
Input (X) Land 0.1715* [ -0.15670* | -0.2221*
Labor 0.1271* [ 0.0131 | -0.0591*
GrazeAlmpr | 0.0206 | 0.1702* | 0.0203
CONEAT | 0.0291 | 0.1322* | 0.0347
CattleRancher | 0.0123 | 0.0717* | 0.0235
CattleFocus |-0.0425"| -0.0272 | -0.0011
Contrals NoEnergy |[-0.0620"| -0.0308 | 0.027
StockPond | 0.0365* | 0.0305 | -0.0252
RainWTank | 0.0745* | 0.0036 | -0.0649
CattleChute | 0.0672* [ 0.0256 | 0.0026
ScaleWC | 0.1151* | 0.0276 | -0.0805"
Vehicle 0.0466™ | 0.0511" | 0.0124
ForeignCatP |[-0.1448"| -0.0506 | 0.0363"
HServices | 0.1300" [ 0.0489* | 0.0062
AgronTA | 0.1445" [ 0.0773" | -0.0428"
‘ VeterTA | 0.1646* | 0.0331 | -0.0666
Account 0.0991* [ 0.0199 | -0.0566"
Mincome | 0.0649" [ 0.0514* | 0.0746"
Beef/ha | 0.6174* | 1.0000" | 0.6464*
BLU/ ha 0.0701* [ 0.6464" | 1.0000

Note: values with * are statistically significant at 1%. Output and inputs are presented in level form to facilitate the interpretation.
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Figure 7. Scatter plot TE and beef/ha

To assess the influence of the explanatory variables on efficiency, we compute the average partial effect of
each variable on the expected value and variance of technical inefficiency (as shown in Table 4). Standard
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errors are estimated using bootstrapping with 1000 iterations, following the methodology outlined by Kumbhakar
and others(?").

Table 4. Average partial effect (APE) of explanatory variables on expectation and variance of inefficiency

Foreign cattle % <001% [ 114%™ [ 7.3%""
Veterinary TS 1.27% 571%™ | -3.7%™"
Hired services 0.14% -3.9%™ [ -2.5%"*
Main income 0.16% -4 8% |-3.1%""
Agronomist TS <001% [ -6.8%™" [-4.3%"
Accountant TS 28.95% -1.4% -0.1%
Types of land tenure 211%
Tenant 15.28% 0.3% 0.02%
Tenure Owner-tenant 31.29% -2.4% -1.5%
Others forms 16.78% -1.3%™" | -4.8%""
Ownership type 0.12%
Ownership type Corporate ownership without a contract 0.56% -25 1% |-16.5%™
Corporate ownership with a contract 14.48% -0.5% -0.4%

Note: standard errors of APE on E(u) and V(u) estimated by bootstrap with 1000 repetitions (*** pv<0.01; **pv<0.05: * pv<0.1).
Categorical variable tenure and ownership type have as omitted category owner and individual ownership, respectively.

The variables that significantly affect the expected value of TE at the 1% level are: the ratio of foreign cattle
(11.4%), possession of technical agronomic assistance (-6.8%), veterinary services (-5.7%), the main income
sourced from the farm (-4.8%), and contracted services to external parties (-3.9%). Conversely, factors such as
the ratio of foreign cattle (7.3%), the presence of technical agronomic assistance (-4.3%) and veterinary services
(-3.7%), primary income being farm-related (-3.1%), and third-party hired services (-2.5%) are significantly re-
lated to the variance of the TE score. The variable accounting for technical assistance is not statistically signifi-
cant at the 10% level.

This implies that, for example, ranches with agronomic technical assistance have an average level of technical
inefficiency that is 6.8% lower than those without agronomic advice. Additionally, the variance of technical inef-
ficiency for ranches with agronomic assistance is 4.3% lower than for those without such assistance.

When analyzing the data based on the types of land tenure, which include tenant, tenant-owner, and other forms
(with the 100% owner category as the reference), we observe statistically significant lower levels (-7.3%) and
variance (-4.8%) of inefficiency in other forms of tenure. This category encompasses various arrangements such
as grazing for 11 months exclusively, sharecropping, occupants, and other similar forms.

Finally, when exploring the impact of the type of ownership, which includes corporate ownership with and without
contracts (with individual ownership as the reference category), we discovered that farms owned by corporate
ownership tend to have lower efficiency levels. Specifically, corporate ownership without contracts or succes-
sions exhibit a level and variance of technical inefficiency that are 25% and 16.5% lower than those owned by
natural persons.

3.3 Descriptive analysis by TE deciles

As part of our exploratory analysis, we categorized ranches into ten equal-sized groups (deciles) based on their
technical efficiency (TE), sorting them from lowest to highest TE. This categorization allowed us to describe the
composition of these groups (Table 5,Table 6, Table 7, Table 8). It is worth noting that given the multiple
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hypothesis tests conducted, we applied a Bonferroni correction®®). The correction involves dividing the signifi-
cance level (5%) by the number of comparisons, which in this case is 45 (representing combinations of 2 out of
10 groups). This correction helps to control for the increased risk of making a Type | error due to multiple testing.

An increasing relationship between TE and meat production per hectare is observed, corroborating the results com-
mented above. However, it is important to note that not all the groups show statistically significant differences.

There is a positive association between TE and the size of the farm (measured in livestock units or grazing
area), but there is no clear relationship between TE and the CONEAT index or the level of soil intensification.

Concerning the sheep-to-cattle ratio and the proportion of foreign-owned animals within the ranches, they are
negatively associated with TE. In contrast, TE shows a positive association with the availability of technical
advice (including agronomic, veterinary, or accounting assistance), infrastructure resources, and access to hired
services. Additionally, the relationship between the ratio of bovine livestock units (BLU) per hectare and TE
follows an inverted U-shaped pattern.

Remarkably, the decile associated with the lowest TE also exhibits a cattle mortality rate of 6.4%, which is over
twice the overall average of 2.6%.

Table 5. Descriptive statistics by decile of technical efficiency (TE)

1 0.396 37 277C 0.115AB 381B 86 A 178 C

2 0.63 62 397AC 0.111A 495 AB 84 A 231 AB
3 0.715 76 425 ABC 0.106 A 508 AB 88 A 216 AC
4 0.762 86 A 417 ABC 0.113 A 524 AB 86 A 226 ABC
5 0.794 92 AB 536 ABD 0.1056 A 648 AC 86 A 244 AB
6 0.82 98 BC 538 ABD 0.092 A 681 ACD 86 A 246 AB
7 0.843 104 C 554 B DE 0.096 A 684 ACD 86 A 253 AB
8 0.864 114 692 E 0.117 AB 860 D 88 A 263 AB
9 0.884 125 655 DE 0.12 AB 821 CD 88 A 267B

10 0.913 1564 482 AB 0.156 B 615 A 90 A 225 ABC

Total 0.762 95 497 0.113 622 87 235

Note: groups with the same letter do not present statistically significant differences (& = 5%/m = 1/900 = 0.1%).

Table 6. Descriptive statistics by decile of technical efficiency (TE)

1 0.396 0.783C 0.761 A 0.192B 0.162 A 0.298 D 0.093 A
2 0.63 0.845 ABC 0.676 A 0.178 B 0.174 AB 0.332 DE 0.077 A
3 0.715 0.884 AB 0.673 A 0.123A 0.2 ABC 0.358 B DE 0.087 A
4 0.762 0.902 A 0.724 A 0.123 A 0.206 ABC 0409BE 0.109 A
5 0.794 0.899 A 0.743 A 0.106 A 0.217 ABC 0.455 AB 0.138 ABC
6 0.82 0.891A 0.735A 0.119A 0.253 BCD 0.447 AB 0.119A
7 0.843 0.884 AB 0.7A 0.103 A 0.269 CD 0.514AC 0.128AC
8 0.864 0.892A 0.734 A 0.084 A 0.328 DE 0.538AC 0.192 BC
9 0.884 0.876 AB 0.661 A 0.095 A 0.358 E 0.545AC 0.204B
10 0.913 0.813BC 0.679 A 0.086 A 0.449 BC 0.593C 0.206 B
Total 0.762 0.867 0.709 0.121 0.261 0.449 0.135

Note: groups with the same letter do not present statistically significant differences (& = 5%/m = 1/900 = 0.1%).
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Table 7. Descriptive statistics by decile of technical efficiency (TE)

1 0.396 0.822A 0.601C 0.136 D 0.593 A 0.879B 0.117 AB
2 0.63 0.85AB 0.668 BC 0.178 CD 0.63A 0.915 AB 0.115B
3 0.715 0.872 AB 0.676 BC 0.235 ABC 0.626 A 0.917 AB 0.13 AB
4 0.762 0.87 AB 0.749 AB 0221 ACD 0.603 A 0.931 AB 0.15 ABC
5 0.794 0.883 AB 0.767 A 0.255 ABC 0611 A 0.957 A 0.182 ABC
6 0.82 0.883 AB 0.747 AB 0.239 ABC 0.658 A 0.947 A 0.18 ABC
7 0.843 0.879 AB 0.753 AB 0.279 AB 0.621 A 0.945 A 0.192AC
8 0.864 0.879 AB 0.796 A 0.312B 0.678 A 0.947 A 0223C
9 0.884 0915B 0.787 A 0.296 AB 0.658 A 0.929 AB 0.19 ABC
10 0.913 0.885 AB 0.812A 0.283 AB 0.68 A 0.931 AB 0.192AC
Total 0.762 0.874 0.736 0.243 0.636 0.93 0.167

Note: groups with the same letter do not present statistically significant differences (& = 5%/m = 1/900 = 0.1%).

Table 8. Descriptive statistics by decile of technical efficiency (TE)

1 0.396 0.063 0.081A 0.84B 6.1E

2 0.63 0.033D 0.081A 0.83 AB 75BE
3 0.715 0.027 CD 0.101 AB 0.81 AB 8.7 AB
4 0.762 0.025 BC 0.109 AB 0.81 AB 8.3 AB
5 0.794 0.02 ABC 0.119 AB 0.81 AB 9.1 ABC
6 0.82 0.02 AB 0.111 AB 0.82 AB 94AC
7 0.843 0.018 AB 0.128 AB 0.82 AB 94AC
8 0.864 0.018 A 0.15B 0.78 AB 115D
9 0.884 0.019AB 0.166 B 0.75A 115D
10 0.913 0.023 ABC 0.144 AB 0.77 AB 10.8 CD

Total 0.762 0.026 0.119 0.8 9.2

Note: groups with the same letter do not present statistically significant differences (& = 5%/m = 1/900 = 0.1%).

3.4 Descriptive analysis using regression trees

Figure 8 depicts the regression tree, dividing livestock ranches based on the average TE. The tree effectively
segments ranches into 10 end nodes, reflecting the heterogeneity of the results, with average technical efficiency

groups spanning from 61% to 86.5%.

The algorithm starts the segmentation process by assessing whether there is a cattle weighing scale present.
The presence of such a scale suggests more precise herd management, indicating better overall farm manage-
ment or TE.

Lower levels of TE are found in groups that lack technical assistance, and are distinguished by either a low ratio
of livestock units to surface area (below 0.368) or a high percentage of third-party-owned livestock (above 53%).
The presence of agronomic and veterinary technical advisory services divides the farms, with higher levels of

efficiency observed in those ranches that utilize these services.
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3.5 Robustness test

Finally, to ensure the reliability and robustness of our results, we conducted some additional tests. Initially, we
ran the model while excluding outliers. Among the 5,057 farms included in our analysis, only eleven were iden-
tified as outliers. While we have not presented the specific results in this section, it is important to note that the
outcomes of these tests were consistent with the main findings we have discussed earlier in the study.

As part of our robustness checks, we conducted a second test. In this test, we adjusted the inconsistency filter
related to the information reported in stock versus recorded cattle movements. The greater the level of incon-
sistency, the less credible the data become, and this, by definition, affects the estimated value of meat produc-
tion®. Initially, we used a tolerance range of -5% to 5% for discrepancies, but in this test we have expanded the
range to -25% to 25% of the herd. This relaxation of the filter criteria resulted in an increase in the number of
farms meeting the filters, growing from the initial 5,057 to more than 8,075 ranches.

Itis important to note that even with this adjustment, the results remained qualitatively consistent across various
aspects, including input-output elasticities, returns to scale, and the influence of explanatory variables on effi-
ciency. However, the notable change was a decrease in the average efficiency rate, which dropped to 70.9%.
This makes sense, especially considering that we are adding more than 3,000 ranches.

4. Discussion

In a context where projections anticipate ongoing growth in global beef demand, increasing livestock productivity
represents a significant opportunity for rural development in Uruguay. This enhancement is essential for stimu-
lating economic development, boosting the competitiveness of cattle farms, and ensuring food security. Moreo-
ver, enhancing livestock productivity is crucial for meeting the goals associated with sovereign bonds indexed
to environmental sustainability indicators(23),

Through this study, our objective is to contribute to the expanding field of research concerning TE in beef cattle
farming. We specifically concentrate on one of the three primary avenues for enhancing productivity over time,
which is TE. The other two pathways involve technological advancements and productivity improvements result-
ing from changes in scale. Gaining a thorough understanding of these efficiency aspects is of utmostimportance,
as it can provide essential guidance for the development, targeting, monitoring, and assessment of evidence-
based policy measures.

In this paper, we present novel estimates of the production function and TE in Uruguayan beef cattle farming.
Our analysis is based on comprehensive data derived from the national census and administrative records for
individual farms across the country. We find that the average TE stands at 76.2%. This result is consistent with
previous studies conducted in Uruguay, such as Garcia-Suarez, Pérez-Quesada, and Molina(?"), who reported
an efficiency level of 76.9%, and Garcia-Suarez and Lanfranco(@), who found a TE of 72.3%.

The overall average TE masks significant variations, as the most efficient farm in the top decile achieves 89.5%
efficiency, which stands in stark contrast to the bottom 10% with only 56.2% efficiency. This substantial differ-
ence results in a remarkable 59.2% increase in efficiency when moving from the lowest to the highest decile (by
TE).

When we account for farm size by weighting the data for bovine livestock units (BLU), the TE average increases
to 79.1%, compared to an unadjusted mean of 76.2%. This adjustment highlights the frequent lower efficiency
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found in smaller farms. With this 79.1% efficiency level, there is the potential to produce an additional 26% of
beef using the existing resources and technology, implying a significant opportunity for productivity improvement.

Our analysis of TE disparities aligns with previous Uruguayan researches, which also emphasized significant
production variations across farms based on administrative records(@)(10)39)(40). However, our findings indicate a
reduction in these variations, likely attributed to the consideration of heterogeneity in inputs, infrastructure, tech-
nology, and advisory services.

The input-output elasticities and returns to scale exhibit positive values consistent with theoretical expectations.
However, these values vary across ranches. Farms with fewer than 400 BLU show a more pronounced response
in meat production to changes in animal allocation. Additionally, our findings suggest that returns to scale may
not be constant, particularly exceeding the mean value for farms with fewer than 100 BLU.

Indeed, given the significance of fixed costs in influencing economies of scale, it would be valuable for future
research to compute scale elasticity while considering a stochastic net income function. Furthermore, delving
into economic modeling of ranch decisions that incorporates factors like opportunity costs and risks could be a
pertinent direction for upcoming studies.

Interpreting the results of our study requires caution due to the cross-sectional nature of the data and the as-
sumption of input exogeneity. In the TE literature, there are two approaches to endogenize input use: using a
statistical model with instrumental variables or employing an economic model based on a structural frame-
work(26), Nevertheless, in our case involving cross-sectional census data, the task of identifying appropriate
instrumental variables or accurately specifying the objective function which producers would intend to optimize
remains a challenging endeavor.

Shifting our attention to another critical aspect, climate plays a significant role in beef cattle farming, particularly
in pasture growth. Uruguay benefits from low-altitude relief, a temperate climate, and evenly distributed rainfall
throughout the year, although there are notable annual variations. However, quantifying the influence of climate
through specific variables can be challenging. In our technical efficiency model, we typically controlled the farm's
geographical region. Future research could enhance this analysis by georeferencing farms and utilizing satellite
imagery to more accurately assess conditions such as soil moisture, forage quality, and production levels.

Another limitation of our study is the reliance on data from a single snapshot in time, considering the inherent
inertia of beef farming due to long-term biological cycles. The development of dynamic models for beef produc-
tion represents an important avenue for future research. This challenge is further complicated by the frequency
of available data, as the response of variables is likely to vary across different time periods or windows. Further-
more, having access to panel data would allow the use of less restrictive models and improved control for un-
observable heterogeneity, providing a more nuanced understanding of the factors influencing production effi-
ciency.

As expected, variables related to improved animal management practices, such as weighing scales, cattle
chutes, and technological guidance, exhibit a positive correlation with efficiency. While causality remains uncer-
tain, this association highlights a meaningful connection between technical advice and efficiency, even after
accounting for input levels, regional differences, and technology.

Finally, evaluating technical efficiency at the individual livestock farm level provides a deeper understanding of
farm management practices. This fine-grained perspective facilitates direct comparisons among diverse produc-
tion units, thereby yielding more precise insights into the efficacy of livestock-related programs and policies. This
granularity is especially pertinent since technical efficiency serves as a superior outcome variable for evaluating
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the effects of interventions on the livestock population, offering a more targeted and meaningful measure for
evaluating success and identifying areas for improvement.
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Supplementary material

Table S1. Review of the literature on technical efficiency in beef farming

Beef meat + sheep

(vials) and labour (persons day)

SPF
meat + 2.54*wool
Garcia-Suérez, Pérez- Uruguay, cattle and sheep, Labour (n); Total expenditures ($); Bovines
Quesada, Molingen | ©0c@lf ranch and com- (kg); Cattle area (ha)
' plete cycle, 2012-2015 ’
(Beef, sheep, wool)| SRF
- - — ——
Garcia-Suérez, Uruguay, cattle and sheep, leestqck units () Bovm? shgep ratio (%), | (Beefand sheep
Forage improvements (%); Capitals flows ($); DEA
Lanfranco®@) 2010-2014 ) meat, wool)
Labour (n); Cattle area (ha)
Uruguay, cattle finishing .
(19) - .
Lanfranco, Buffa farms, 2007-2010 Pasture ($); Supplementation ($); Health ($) Beef meat (kg) DEA
Gatti, Lema, Bre- ) ) Cattle area (ha); Labour (n); Herd size (n); SPF &
scia® Argentina (3 regions) Area crops (ha) Sales (kg) SMF
. ) User cost of fixed K ($); User cost of no fixed K| Gross Production
Trestini(12) Ital t ’ SPF
restini aly (Veneto region) ($); Labour (hours) value (9)
(Gross value of
o Quality adjusted land ($); Fixed and capital ex- | farm production, to-
: Cow-calf operations in ) . ) -
Qushim(13) penses ($); Operating expenses ($); La- tal principal opera- IDF
South-eastern USA
bour ($) tor household of
farm income)
(Grass fed-beef
Qushim, Gillespie, | USA, grass fed-beef pro- | Quality adjusted land ($); Fixed expenses and |production ($), Rest IDF
Bhandari, Scaglia(*? ducers labour ($); Total variable expenses ($) of farm produc-
tion($))
Martinez Cillero M, Ireland, farms classified as | Land (ha), labour (labour units), capital ($) and | Beef cattle output
Thorne F, Wallace M, o ; LCSFM
specialist cattle producers variable cost ($) ($)
Bree J(18)
Nwigwe C, Okoruwa o Herd size (LU), total fged equwa_lgn_ts (kg), Beef catle output | SPF &
V, Adenegan K, Kenya, four districts cost of veterinary services ($), Divisia Index ($) SME
Olajide A(16) with other cost ($)
) Land (ha), herd size (kg), forage consumed
Ot'eT_O gjioHEy(lfgbard Nigeria, six states (kg), feeds/supplement (kg), medicine/drugs Beef ca(tg;e output SPF

Note: DEA (Data Envelopment Analysis); IDF (Input Distance Function); LCSFM (Latent Class Stochastic Frontier Model); SMF (Stochastic Meta
Frontier); SPF (Stochastic Production Frontier); SRF (Stochastic Ray Frontier).
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Table S2. Descriptive statistics

Y Beef 53773 86444 30 9906 23931 60536 1259519
BLU 497 742 9 102 236 585 9998
X Land 722 1144 50 139 320 817 18188
Labour 2.739 242 1 1 2 3 53
GrazeAlmpr 0.113 0.202 0.00 0.00 0.00 0.15 1.00
CONEAT 86.9 303 9.0 65.1 839 104.0 246.9
CattleRancher 0.730 0.444 0 0 1 1 1
CattleFocus 0.722 0.448 0 0 1 1 1
NoEnergy 0.212 0.409 0 0 0 0 1
Controls StockPond 0.635 0.481 0 0 1 1 1
RainWTank 0.167 0373 0 0 0 0 1
CattleChute 0.929 0.256 0 1 1 1 1
ScaleWC 0.243 0.429 0 0 0 0 1
Vehicle 0.605 0.489 0 0 1 1 1
ForeignCatP 0.121 0.252 0.00 0.00 0.00 0.09 1.00
HServices 0.735 0.441 0 0 1 1 1
AgronTA 0.261 0.439 0 0 0 1 1
Z
VeterTA 0.450 0.498 0 0 0 1 1
Account 0.136 0.343 0 0 0 0 1
Mincome 0.874 0.332 0 1 1 1 1

Note: Output and inputs are presented in level form to facilitate the interpretation.

Table S3. Descriptive statistics of categorical variables

. Individual ownership 80.22%
Ownership —
Type Corporate ownership without a contract 7.81%
Corporate ownership with a contract 11.97%
Z Owner 56.71%
Type of Tenant 10.61%
Land
Tenure Owner-tenant 15.90%
Other forms 16.79%
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Table S4. Hypothesis tests

Wang TL vs Wang CD Hoyg) Bjx = 0,V j, k 411 <0.0001 6 Rejection
Wang vs KGM Hp)y,=0Vz 393 <0.0001 1 Rejection
Wang vs CF Hp3)6,=0,Vz 35.07 <0.0001 " Rejection
Wang vs TN Hpy,=6,=0Vz 186.6 <0.0001 22 Rejection

No inefficiency Hp)p, =02 =10 10141.2 <0.0001 24 Rejection

Appendix: Definition of target population

In defining the population under study, a set of data quality and relevance filters is considered.

1.

Beef farming represents the main income declared in the census.

2. No dairy.

3. With more than 7 livestock units and 50 hectares of grazing.

4. With information on cattle stock in 2011 and 2012.

5. With main line of business of the farm cattle ranch.

6. Farms from Montevideo are excluded.

7. Livestock farms with a focus on cow-calf or full cycle production.

8. Farms specialized in sheep are excluded.

9. With less than 3 bovine livestock units per hectare of grazing land.

10. With cattle sum of head entries and exits over stock greater than 0 and less than 3.

11. With variation of bovine livestock units between exercises less than 100%.

12. Producers who have a breeding stud farm are excluded.

13. Feedlots are excluded.

14. With variation in grazing area between exercises between -50% and 50%.

15. With inconsistencies between the value of the stock of animals declared at the end of the year and the
initial stock of the year plus the movements of livestock between -5% and 5% of the stock.

16. With positive bovine meat production in agriculture year 2011/2012 and less than 99th percent of bovine

meat production in the bovine area (300 kg/halyear).
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