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1 |  INTRODUCTION

The European dairy sector has experienced significant structural change initiated by the ab-
olition of milk quotas in 2015. While some countries experienced contraction of their dairy 
sector, for example Bulgaria and Romania, other member states have expanded their milk 
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Abstract
The 2015 EU milk quota abolition initiated considerable 
expansion in the dairy sector. This expansion has increased 
the demand for additional labour in some EU countries, 
most significantly in Ireland. This paper explores the role 
of hired labour on Irish dairy farms' technical efficiency 
(TE). We use a detailed farm- level panel data set of a 
representative sample from 2000 to 2018. To estimate 
transient, persistent, and overall TE over time, we apply 
a 4- component stochastic frontier model. Our findings 
show significant variation in TE scores over the period. 
We also control for endogeneity to obtain marginal effects 
of hired labour on TE. The results reveal that hired labour 
has a significant yet small, positive effect on farms' TE. 
Our findings suggest that the effect of hired labour on TE 
is larger for small and medium- sized farms. This effect is 
larger when herd size increases.
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production, most significantly the Netherlands and Ireland (Augère- Granier,  2018; EU- 
FADN,  2018). Understandably, these differring developments in overall dairy production 
across countries have led to changes in labour demand on individual farms due to adjustments 
in production (Kelly et al., 2020; Kimhi, 2009).

Ireland is one of the countries that has experienced significant growth in its dairy sector ini-
tiated by the EU milk quota abolition. Specifically, between 2008 and 2018, the volume of milk 
produced has increased by over 50% (CSO, 2020). As the majority of dairy farms in Ireland 
are family farms (i.e., 99%) (EuroStat, 2018), a significant concern arises from the mismatch of 
increasing herd size and labour availability (Deming et al., 2018; Kelly et al., 2020). Indeed, the 
increase in herd size and labour on dairy farms has been quite uneven (Dillon et al., 2019; Kelly 
et al., 2020). Average herd size increased by 47% but total labour hours only by 16% between 
2008 and 2018 (Donnellan et al., 2020). This may suggest that additional labour is required to 
achieve sustainable growth, as studies reveal high stress levels due to increased workload by 
Irish dairy farmers (Brennan et al., 2022; Kelly et al., 2020). Although family labour may be 
a temporary relief to labour shortages, the structural change leading to significant growth in 
average herd size requires additional non- family labour (Kelly et al., 2020; Thorne et al., 2017). 
Often, when farms grow, family labour is used more intensively first, but for continued expan-
sion, farms need additional hired labour to meet the increasing workload (Blanc et al., 2008).

Irish dairy farming is characterised by a spring calving pasture based system, due to a mild 
and rainy climate in Ireland suitable for growing grass for most of the year. While this gives 
the Irish dairy sector a comparative advantage in producing milk (Läpple & Hennessy, 2012; 
Thorne et al., 2017), the downside of such a production system is an uneven demand for la-
bour throughout the year. Demand for labour peaks from February to June when calving and 
breeding takes place (Dillon et al., 2019). These months represent half of the annual workload 
on Irish dairy farms (Deming et al., 2018; Dillon et al., 2019), and make sourcing additional 
labour more challenging.

Thus, due to the significant production expansion coupled with seasonal production, the 
role of hired labour (i.e., permanent and seasonal) has become crucial. However, an additional 
challenge relates to sourcing workers that have adequate skills to conduct the required tasks 
on the farm. Anecdotal evidence suggests that it is not easy to source such labour, but some 
programmes exist to facilitate access (Kelly et al., 2017). This challenge also relates to tech-
nology improvements (Kelly et al., 2020; Kimhi, 2009). For instance, investment in machinery, 
livestock and buildings on dairy farms increased on average by 36% from 2008 to 2018 (Dillon 
et al., 2019). On top of the general challenge of labour availability, the need for skilled labour 
has become an extra hurdle for dairy farmers.

In addition, farmers can be hesitant to hire labour. For instance, in 2018, only 11% of dairy 
farmers stated that they plan to hire extra labour within the next 5 years (Dillon et al., 2019). 
However, 34% of farmers plan to expand their production in the same period, but only 7% of 
those who plan to expand their production also plan to hire more labour. Exploring this data 
in more detail reveals that most farmers (i.e., 71%) also have no plans to invest in labour- saving 
technologies. This data suggests that farmers are reluctant to hire additional labour. This de-
cision may be driven by the belief that family labour is more suitable for their farm. This belief 
goes hand in hand with anecdotal evidence suggesting a reluctance to delegate work to non- 
family labour on the farm. Given that the increased workload associated with larger herds has 
become a significant source of stress for Irish farmers (Brennan et al., 2022; Kelly et al., 2020), 
indicates that this is a topic that needs urgent attention. Therefore, in this paper, we explore the 
role of hired labour on technical efficiency on Irish dairy farms.

The literature highlights the importance of hired labour in estimating farms' technical efficiency 
(TE) (Devadoss & Luckstead, 2018; Kostov et al., 2019). However, very few studies focus on the di-
rect role of hired labour on TE, but rather focus on other determinants of TE, e.g., off- farm work, 
farm size, subsidies, or direct costs (e.g., Carroll et al., 2011; Martinez- Cillero et al., 2019; Wollni & 
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Brümmer, 2012). This paper explores the role of hired labour on farms' TE in a family farming con-
text. We consider it important to address the role of hired labour on TE. Since TE is about “doing 
things right”, a positive role of hired labour on farms TE may suggest that hired labour is suitably 
skilled and equipped to improve farm efficiency (Kostov et al., 2019). This result would indicate 
that hired labour can assist in meeting some of the challenges posed by production expansion in the 
aftermath of milk quota abolition and assist in reducing farmers' hesitancy towards hiring labour.

In our analysis, we use a representative panel data sample of Irish dairy farms from 2000 
to 2018. The period under investigation includes a significant agricultural policy change, i.e., 
milk quota abolition, which led to increased production, larger farms, and higher demand for 
additional labour. Therefore, it is essential to acknowledge the relevance of time when estimat-
ing the role of hired labour on TE.

Since TE may have short (i.e., transient) and long- run (i.e., persistent) components over a 
long period, splitting the efficiency term according to a farms' transient and persistent TE 
may also have important policy implications. For example, consideration could be given to 
when TE is associated with (unobserved) management, which is assumed to be time- invariant. 
Consequently, TE will also be time- invariant, at least in part. More realistically, if we assume 
management changes over time, it will have a time- invariant and a time- varying component. 
If TE is associated with management, we have a situation in which TE has a time- invariant 
and a time- varying component (Tsionas & Kumbhakar, 2014). This illustrates time- invariant 
and varying determinants that influence farms' TE (Lai & Kumbhakar,  2018; Tsionas & 
Kumbhakar, 2014). Recognising this difference, we estimate transient and persistent TE for 
Irish dairy farms considering the importance of time and the time- varying property of hired 
labour in TE estimation. Finally, we analyse dairy farms' TE during three distinct stages of EU 
milk quota abolition since the difference in TE scores can result in varying policy implications 
over a long period. These relate to the quota (2000–2007), soft landing (2008–2014), and post- 
quota periods (2015–2018).

This paper offers two explicit contributions to the existing literature. First, we explore 
the effect of hired labour on TE in a predominantly family farming context, which has —to 
the best of our knowledge— not been explicitly studied before. As outlined above, the sig-
nificant structural change initiated by EU milk quota abolition led to increased demand for 
hired labour. However, due to uncertainty about sourcing and quality of hired labour, the 
effect on farm economic efficiency is unknown at present. This study aims to fill this knowl-
edge gap. Second, on the methodological side, following Lien et al. (2018), we apply a state- 
of- the- art stochastic frontier (SF) model that accounts for endogeneity, a problem frequently 
disregarded in the SF literature (Badunenko & Kumbhakar, 2017; Lai & Kumbhakar, 2018). 
This enables us to get consistent estimates of all parameters that we report.

The paper proceeds as follows. The following section provides background information 
about the Irish dairy sector—Section 3 reviews relevant literature on labour and TE in agri-
cultural economics and transient and persistent TE literature. Section 4 describes the method-
ology, while Section 5 explains the data and the empirical specification. Section 6 presents and 
discusses the results, while Section 7 offers concluding remarks.

2 |  BACKGROU N D

Due to the temperate climate in Ireland, the Irish dairy sector is a pasture- based produc-
tion system, which allows for the outdoor grazing of cows for most of the year (Läpple & 
Hennessy, 2012). This competitive advantage makes Irish dairy farms the second- lowest cash- 
cost production system in the EU, surpassed only by Belgium (Kelly et  al.,  2020; Thorne 
et al., 2017). Against this backdrop, the Irish dairy sector experienced significant change initi-
ated by EU milk quota abolition.
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The EU milk quota system was introduced in 1984 and constrained milk production growth 
for over 30 years. The European Common Agricultural Policy (CAP) Mid- Term Review dis-
cussed abolishing EU milk quotas in 2003. However, it took until the 2008 CAP Health Check 
to confirm its abolition in 2015. Thus, the elimination of milk quota was a gradual process. For 
instance, the EU implemented increases in milk quota of 1 to 1.5% annually between 2008 and 
2014 (known as the soft landing period). In 2008, the Irish government set a target to increase 
milk production volume by 50% by 2020 compared to the 2007–2009 base (Kelly et al., 2020; 
Läpple & Hennessy, 2012). The Irish dairy sector exceeded this target 2 years ahead of time in 
2018 (Kelly et al., 2020).

Needless to say, this major growth in milk production initiated significant changes at the 
individual farm level that posed challenges to farmers. Due to these recent adjustments in the 
dairy industry, one of the main challenges for the predominantly family farm dairy sector is the 
availability of skilled labour (Kelly et al., 2020). To overcome this problem, some programmes 
have been implemented to facilitate farmers' access to hired labour (Kelly et al., 2017). For 
instance, Farm Relief Services (FRS) is a farmer- owned cooperative that provides skilled la-
bour to meet farmers' labour requirements (FRS, 2020). In addition, the Macra Land Mobility 
Service (MLMS), a farmer collaborative enterprise, aims to ease increased workload on dairy 
farms (MLMS, 2021). Labour shortages are seen as a major stress factor (Kelly et al., 2017) 
and, despite these programmes, in 2018, around 36% of dairy farms did not employ hired la-
bour (Donnellan et al., 2020).

3 |  LITERATURE

3.1 | Labour and TE in agricultural economics

While TE in agriculture has received significant attention in the literature (e.g., Aigner et al., 1977; 
Battese & Coelli, 1992; Martinez Cillero et al., 2021; Sabasi et al., 2019), few studies examine the 
role of hired labour on TE. One aspect of the literature focuses on contrasting farms' TE between 
family and corporate farms, i.e., those managed by hired labour (Kostov et al., 2018). Empirical 
studies often neglect the direct role of hired labour in family farms' TE. Kloss and Petrick (2018) 
analyse hired and family labour productivity in panel data across eight EU countries. Their re-
sults suggest that hired labour is more productive than family labour in countries characterised 
by family farms, i.e., France, West Germany, and Poland (Kloss & Petrick, 2018). They find the 
opposite result in the UK sample. This conflicting result may be due to the prevalence in the UK 
of smaller farms where farmers supervise paid and unpaid labour (Kloss & Petrick, 2018). In a 
cross- sectional sample, Kostov et al. (2019) analyse the comparative TE of family and corporate 
farms in four EU countries, i.e., the Czech Republic, Hungary, Romania and Spain. Their find-
ings suggest that family farms have higher TE due to better motivation and lower management 
costs. However, if family labour involvement is low, family farms do not compare favourably to 
corporate farms' TE. Also, their results suggest that insufficient managerial capabilities limit 
family farms' output potential (Kostov et al., 2018, 2019). Hence, from these studies, the specific 
role of hired labour on farms' TE remains ambiguous.

In a slightly different context, several studies explore the role of labour allocation decisions 
on farms' TE. For instance, on US dairy farms, studies find a negative and significant cor-
relation between off- farm work and TE (Fernandez- Cornejo et al., 2007; Sabasi et al., 2019). 
However, in a sample of Slovenian dairy farms, the results of Bojnec and Ferto (2013) suggest 
the opposite correlation. Using a sample of Spanish dairy farms, Alvarez et al. (2008) conclude 
that farms with labour- saving technologies are closer to their production frontier.

Several studies explored TE on Irish dairy farms. For example, Kelly et al.  (2012) and 
Kelly et  al.  (2013) used a representative sample of farms to calculate TE and found TE 
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scores between 76%–83%. Factors such as breeding season length, milk quality, discussion 
group membership, and soil quality are associated with TE. Moreover, high labour inten-
sity correlates with optimal scale. Carroll et al. (2011) apply SFA to a panel of a representa-
tive sample of Irish dairy farms and show that efficiency levels correlate with extension use, 
soil quality, farm size, and the level of dairy specialisation. Bradfield et al. (2021) estimate 
an SFA for a cross- section of Irish dairy farms from 2014 to explore the correlation of land 
fragmentation with TE. They found an average TE score of 91% for dairy farms in their 
sample. Higher TE levels correlate with increased parcel area, reduced travel distances, 
contact with advisory services, and intensive practices (Bradfield et  al.,  2021). Similarly, 
in a large panel (1975–2012), Gillespie (2015) applied SFA and found that Irish dairy farms 
have been efficient over the observed 40 years. In summary, previous studies find that Irish 
dairy farms are highly technically efficient.

3.2 | Transient and persistent TE

Transient and persistent TE was first introduced by Kumbhakar and Heshmati (1995). However, 
the authors neglected firm effects and assumed that the time- invariant component is due to 
persistent TE (Agasisti & Gralka, 2019). This drawback was solved by Colombi et al. (2014), 
Kumbhakar et al. (2014), and Tsionas and Kumbhakar (2014). They developed a novel approach 
that resulted in a four- way error component model, i.e., latent heterogeneity of firms, transient 
and persistent TE, and random shocks. The model is known as the homoscedastic Generalised 
True Random Effects (GTRE) (Tsionas & Kumbhakar, 2014).

Since the development of the persistent and transient TE model, only a few empirical ap-
plications are available in the agricultural economics literature. For example, Kumbhakar 
et al. (2014) apply the model to a panel data set of Norwegian grain farms. They benchmark the 
model to previous panel SFA approaches, finding that efficiency results are sensitive to model 
specifications. The variability of the results demonstrates the difficulty in ‘correctly’ measuring 
efficiencies (Kumbhakar et al., 2014: p. 335). They suggest that the model selection for the empir-
ical estimation of TE scores should rely on a comprehensive understanding of the data's institu-
tional and production environment (Badunenko & Kumbhakar, 2016; Kumbhakar et al., 2014).

Following transient and persistent TE, Badunenko and Kumbhakar (2016) use, among other 
panel sets, the Spanish dairy farm data from Alvarez et al. (2008). They find that not accounting 
for transient and persistent TE leads to an underestimate of overall TE. Additionally, they show 
that persistent and transient TE are more accurate in data sets where the time series is small and 
the number of firms is large. Another example is Pisulewski and Marzec (2019) who analyse a 
panel of Polish crop farms. They conclude that agricultural policy should focus on factors as-
sumed to influence transient inefficiencies, e.g., adopting new technologies, managerial skills, 
grants and subsidies, or seasonal hired labour. These applications, along with the GTRE model's 
estimation through a one- step maximum likelihood approach in Filippini and Greene (2016), 
have the drawback that only unobservable factors determine transient and persistent TE.

3.3 | Endogeneity in transient and persistent TE models

SFA endogeneity is a common problem when determining TE terms (Baležentis & Sun, 2020; 
Battese & Coelli,  1995; Lai & Kumbhakar,  2018). However, in the standard GTRE model, 
endogeneity of TE components is not considered due to the assumptions of homoscedasticity in 
the error term. Therefore, transforming the homoscedastic composed error term in the GTRE 
model to heteroscedastic is the key to address the endogeneity in the model. Not addressing 
endogeneity in the GTRE model leads to biased output elasticities in the production function, 
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an underestimation of TE scores, and the impossibility of specifying efficiency drivers (Lai 
& Kumbhakar,  2018; Lien et  al.,  2018). This shortcoming was solved by Badunenko and 
Kumbhakar (2017), Lai and Kumbhakar (2018), Lien et al. (2018), and Baležentis and Sun (2020).

Badunenko and Kumbhakar (2017) apply a heteroscedastic GTRE to a sample of Indian 
financial banks. Their model is a one- step maximum likelihood approach to allow TE's de-
terminants. Lai and Kumbhakar (2018) propose a one- step approach to specify inefficiency 
determinants to a dataset of U.S. power plants. Within the agricultural economics literature, 
Lien et al. (2018) propose a multi- step approach to specify a heteroscedastic GTRE model that 
allows for determinants of transient TE. They apply the model to a sample of Norwegian crop- 
producing farms. The main advantage of the multi- step approach of Lien et al. (2018) is that 
the production parameter estimates are not biased by distributional assumptions which are 
central to a one- step procedure. Finally, another method to address endogeneity in the GTRE 
model is the approach taken by Baležentis and Sun  (2020). They apply a semi- parametric 
framework using an input distance function method, which represents the frontier (Levinsohn 
& Petrin, 2003; Shee & Stefanou, 2015), and transform the composed error term as a function 
of environmental variables in a Lithuanian dairy farms sample.

In the empirical analysis below, we focus on the role of hired labour on farms' transient TE. 
To do so, we address the endogeneity between inputs and the GTRE's error term to estimate 
the marginal effects of hired labour in transient TE (Lien et al., 2018). This allow us to explore 
the relationship between hired labour and dairy farms' TE in a predominantly family farming 
context.

4 |  M ETHODOLOGY

SFA is a widely implemented frontier estimation method to obtain TE measures. However, 
in SFA endogeneity arises when inputs are also determinants of TE (Kumbhakar & 
Lovell, 2003; Kumbhakar et al., 2015), but this problem is often ignored in TE analyses (Lai 
& Kumbhakar, 2018; Lien et al., 2018). We address this problem by estimating a GTRE model 
(Kumbhakar et al., 2014) that controls for endogeneity between inputs and TE drivers following 
a method outlined by Lien et al.  (2018). By doing so we estimate the latent heterogeneity of 
Irish dairy farms, as well as transient, persistent, and overall TE scores. We also estimate 
the corresponding marginal effects of transient TE's determinants following Wang and 
Schmidt (2002) and Wang (2005).

4.1 | GTRE addressing endogeneity

The Lien et al. (2018) method is an updated version of Kumbhakar et al. (2014) homoscedastic 
GTRE model. In the approach of Lien et al. (2018) the transient technical inefficiency (i.e., the 
flip side of TE) component is not homoscedastic. Its mean and variance are a function of inef-
ficiency determinants that are time- variant (Musau et al., 2021). Thus, the transient inefficiency 
component becomes heteroscedastic using the Lien et al. (2018) approach. We keep the distri-
butional assumptions of the persistent inefficiency term and random shocks as homoscedastic.

Following Kumbhakar et al. (2014), we define a Cobb–Douglas (CD) production function as 
follows1:
 1The CD production function has some limitations regarding its strong assumption on the constant returns to scale and constant 
elasticity of factor substitution. A translog production function may be preferred if there is a need to relax the assumptions of 
constant returns to scale and constant elasticity of substitution. Therefore, we also estimated a translog production function, a 
more flexible functional form (Kumbhakar, 1990; Kumbhakar et al., 2015). However, the translog function model did not produce 
converged results. Moreover, the GTRE heteroscedastic model we apply assume constant returns to scale (Lien et al., 2018); 
therefore, the CD function is the best production alternative.
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where yit is output for farm i in time t. X is the number if inputs, xjit is the input j for farm i at time 
t. for the production function (i. e. ,

∑X

j=1

�
� ijxjit

�
). The composed error term (Ait) includes the la-

tent heterogeneity of farms, persistent and transient inefficiency, and random shocks. The GTRE 
model by Kumbhakar et al. (2014) is homoscedastic; that is, all the Ait components are assumed 
to be random, independent, and identically distributed (i.e., iid) (Colombi et al., 2014; Filippini & 
Greene, 2016).

As mentioned, endogeneity in the GTRE model is resolved by transforming the composite 
error term from homoscedastic to heteroscedastic. The Lien et al.  (2018) approach resolves 
this endogeneity in two main steps. First, the approach focuses on the assumptions related to 
the production function specification that builds the frontier allowing for efficiency drivers in 
the composed error term. Second, it focuses on the empirical specification of the production 
function using a semiparametric approach (Lien et  al.,  2018; Musau et  al.,  2021; Skevas & 
Skevas, 2021).

4.1.1 | Production function assumption and composed error term

To allow for determinants of technical inefficiency, Lien et  al.  (2018) propose a multi- step 
approach where the transient technical inefficiency term is a function of time variant observable 
determinants. Following Lien et al. (2018), we rewrite Equation (1) as:

where ỹit = ln
(

yit

x1it

)
 is the natural logarithm of the ratio of the dependent variable for the ith farm 

in time t and input x1. x̃jit = ln
(
xjit∕x1it

)
, j = 2, … , J is the natural logarithm for the ratio of each 

input in the production function to input x1, �
′
0
 is a parameter to be estimated. And Ait is the esti-

mated error term that includes four components (i.e., latent heterogeneity of farms, transient and 
persistent inefficiency, and random shocks).

A fundamental assumption of the Lien et al. (2018) model is that producers maximise the 
return to outlay (i.e., total revenue divided by total cost). In this way, everything that may af-
fect the error term of the equation will affect the independent side of the equation by the same 
magnitude allowing both inputs and outputs to be correlated with the composed error term 
(i.e., inefficiency and random shocks) (Lien et  al.,  2018; Musau et  al.,  2021; Skevas & 
Skevas, 2021). In addition, the Lien et al. (2018) approach by construction assumes degree one 
homogeneity in the production function.2

The standardisation carried out to 
∑X

j=1

�
� jixjit

�
 in Equation  (1) by input x1 allows the 

modified regressors (x̃jit) in Equation (2) to be independent from the composed error term 
(Ait). In other words, any random element of Ait that is correlated with some element from 
x̃jit affects the output variable and input ratios in Equation  (2) (i. e. , ỹit; x̃jit) by the same 
magnitude; therefore, the input ratios (x̃jit) are now independent from Ait. Therefore, the 
production function in Equation (2) is homogeneous of degree 1 in inputs (Lien et al., 2018; 
Musau et al., 2021).

The assumption that farmers maximise return to outlay is a common simplifying as-
sumption in economic models. Although this assumption has its advantages, as any other 

(1)yit =
∑X

j=1

(
� jixjit

)
+Ait,

(2)ỹit = ��
0
+

J∑

j=2

��
j
x̃jit +Ait,

 2This degree 1 homogeneity means that the returns to scale are constant by model construction (Lien et al., 2018).
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444 |   GARCIA- COVARRUBIAS et al.

economic behavioural assumption (i.e., product/profit maximisation), it may not capture 
the full range of factors influencing farmers' decisions (Brown et  al.,  2021; Weersink & 
Fulton, 2020).3 In practice, Irish dairy farmers have diverse objectives, including risk aver-
sion, non- pecuniary goals, and sustainability considerations (Balaine et al., 2023; Howley 
et al., 2014; Loughrey et al., 2015). Therefore, this assumption should be viewed as a simpli-
fication that facilitates analysis rather than a comprehensive representation of farmers' 
decision- making behaviour.

4.1.2 | Non- parametric approach for the GTRE model

We use Equation (2) to obtain the parameters from the GTRE model as follows:

where the error term Ait in Equation (1) is disentangled in four components in Equation (3). The 
component bi is the latent heterogeneity of farms assumed to be and E

(
bi
)
= 0 with constant variance 

�2
b
. �i represents persistent inefficiency assumed to be iid N+

(
0, �2

�

)
. vit captures the random shocks 

(i.e., iid N
(
0, �2

v

)
), uit is the transient inefficiency component, and �tt is a time trend to observe 

technical change. Then, we follow the distributional assumptions by Lien et al. (2018) on the transient 
inefficiency term:

where Zit are the determinants of transient inefficiency. In this way, the transient inefficiency 
term is no longer assumed to be a random iid term, as it is now expressed as a function of a vector 
Zit of K observable determinants. To empirically resolve the endogeneity between the transient 
inefficiency term uit

(
Zit

)
 and inputsX̂ jit, we reformulate Equation (4) into a partial linear model 

for random effects panel data where the random shocks vit are assumed to have zero- mean and 
constant variance (Lien et al., 2018; Musau et al., 2021) as follows:

The term � = E
(
�i
)
 is assumed to be iid, while g

(
Zit

)
= E

(
uit
(
Zit

))
≥ 0 is the expected mean 

of the transient inefficiency term, and �′x̃jit includes 
∑J

j=2
� j X̂ jit and �tt from Equation (4). For 

simplicity, we rewrite Equation (5) as:

where h
(
Zit

)
=
[
�0 − � − g

(
Zit

)]
, �i = bi −

(
�i − �

)
 and �it = vit −

[
uit
(
Zit

)
− g

(
Zit

)]
. Therefore, 

E
(
�i
)
= 0 and E

(
�it
)
= 0. We estimate the parametric component �′x̃jit as in Robinson  (1988), 

 3Some advantages of assuming farmers maximise return to outlay are: the assumption of maximising return to outlay aligns with 
the profit incentive, which is a fundamental concept in economic theory. By focusing on return to outlay, models can implicitly 
incorporate risk considerations without explicitly adding complex risk preferences (e.g., Lien et al., 2006; Loughrey et al., 2015). 
Moreover, in the short run, farmers may have fixed inputs or limited flexibility in adjusting their operations which is relevant to 
the estimation of transient inefficiency determinants. Under these circumstances, maximising return to outlay may be a more 
realistic assumption than maximising long- term profits, which would require adjustments to multiple input where farmers may not 
have complete information about market conditions, costs, or demand elasticity (Mas- Colell et al., 1995).

(3)ỹit = ��
0
+

J∑

j=2

��
j
x̃jit + ��

t
t + bi − �i + vit − uit

(4)ỹit = ��
0
+

J∑

j=2

��
j
x̃jit + ��

t
t + bi − �i + vit − uit

(
Zit

)

(5)ỹit =
[
��
0
− � − g

(
Zit

)]
+ ��x̃jit +

[
bi −

(
�i − �

)]
+
[
vit −

(
uit
(
Zit

)
− g

(
Zit

))]

(6)ỹit = h
(
Zit

)
+ ��x̃jit + �i + �it
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    | 445HIRED LABOUR AND TECHNICAL EFFICIENCY ON DAIRY

Lien et  al.  (2018), and Musau et  al.  (2021) taking the conditional expectation on each side of 
Equation (6) subject to Zit:

Since E
(
�i|Zit

)
= 0 and E

(
�it|Zit

)
= 0, then:

Consequently, we subtract (7) from (5) to obtain:

where y∗
it
= ỹit − E

(
%ỹit|Zit

)
 and x∗

jit
= x̃jit − E

(
%x̃jit|Zit

)
. To obtain the conditional means (i.e., 

E
(
%ỹit|Zit

)
 and E

(
%x̃jit|Zit

)
) as a function of vector Zit, we estimate Equation  (8) by means 

of a nonparametric local kernel regression using the npregress command included in Stata®16. 
Therefore, Equation (8) allows for determinants of transient inefficiency while dealing with the 
problem of endogeneity in inputs (Lien et al., 2018). Furthermore, the Lien et al. (2018) approach 
provides consistent estimates of �′ regardless of the distribution of error components �i and �it 
which we use in the following steps to estimate persistent and transient inefficiency (Baltagi, 2008; 
Lien et al., 2018). Therefore, the two- step semiparametric approach proposed by Lien et al. (2018) 
can be seen as a non- parametric 2SLS method that addresses the endogeneity between using in-
puts as efficiency drivers in the GTRE model.

4.2 | Estimates of inefficiency and TE

4.2.1 | Persistent inefficiency and persistent TE

Due to data limitations regarding time invariant observable determinants in our panel data 
set, we keep the homoscedastic distributional assumptions of the persistent technical inef-
ficiency term. We use the predicted values of �i assuming that the latent heterogeneity of 

farms 
(
bi
)
is iid N

(
0, �2

b

)
 and the persistent inefficiency term 

(
�i
)
is iid N+

(
0, �2

�

)
 (Colombi 

et al., 2014; Filippini & Greene, 2016; Kumbhakar et al., 2014). Then, we estimate:

Using the standard SF model for pooled data and the maximum likelihood procedure pro-
posed by Jondrow et al. (1982), we obtain the predicted values of persistent technical ineffi-
ciency. Therefore, we can estimate persistent TE (PTE) as PTE = exp

(
− �i

)
.

4.2.2 | Estimates of transient technical inefficiency, transient TE, overall 
TE and marginal effects

To estimate the transient technical inefficiency (uit
(
Zit

)
) in Equation (4) we use the predicted 

values of �it obtained from (8):

E
(
%ỹit|Zit

)
= E

((
h
(
Zit

)
+ ��x̃jit + �i + �it

)
|Zit

)

(7)E
(
%ỹit|Zit

)
= h

(
Zit

)
+ ��E

(
%x̃jit|Zit

)

(8)y∗
it
= ��x∗

jit
+ �tt + �i + �it

(9)�i = � + bi − �i

(10)�it = g
(
Zit

)
+ vit − uit

(
Zit

)
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446 |   GARCIA- COVARRUBIAS et al.

We assume vit is iid N
(
0, �2

v

)
, and uit

(
Zit

)
∼ N+

(
0, �2

u

(
Zit

))
 which means 

E
(
uit
(
Zit

))
=
√

2

��u

(
Zit

)
≡ g

(
Zit

)
. We estimate Equation  (10) by the SFA technique (Jondrow 

et al., 1982; Kumbhakar, 1990; Kumbhakar et al., 2014) treating �it as the dependent variable 
and g

(
Zit

)
 as regressors. Since g

(
Zit

)
 has no new parameters other than those in the variance of 

uit, we need to make sure that the exact relationship between g
(
Zit

)
 and the variance of uit

(
Zit

)
 

is maintained in estimating the model (Lien et al., 2018). To do so, and to make it non- negative, 
�2
u

(
Zit

)
 is parameterized as exp

(
w′
uit
Zit

)
. The term w′ is a vector parameter to be estimated (Lien 

et al., 2018). Therefore, we obtain the estimates for transient technical inefficiency and we com-
pute the transient TE (TTE) as TTE = exp

(
− uit

(
Zit

))
. Finally, we obtain the overall TE (OTE) 

from the product of PTE and TTE, i.e., OTE = PTE∗TTE.

Given the half- normal distribution of the transient inefficiency term 
(i.e., u

it

(
Z
it

)
∼ N

+
(
0, �2

u

(
Z
it

))
) and the parameterization of its variance (i.e., �2

u

(
Z
it

)
= exp

(
w
u
Z
it

�
)
), 

we compute the marginal effect of the kth variable of Zit on E
(
uit
(
Zit

))
 as:

where � and Φ are the probability density and cumulative distribution functions of a standard 
normal variable, respectively. The term �(0) is approximately 0.3989 (Kumbhakar et al., 2015; 
p. 72), and wu

[
k
]
 is the estimated coefficient of the kth variable of Zit. Therefore, the assumptions 

of Lien et al. (2018) for the transient technical inefficiency term create similar marginal effects to 
the Caudill and Ford (1993); Caudill et al. (1995); Hadri (1999) (i.e., CFCFGH) model. Consequently, 
Lien et al. (2018) and the CFCFGH model assume monotonic marginal effects of the variables 
determining the inefficiency term (Kumbhakar et al., 2015).4 We use the sfpredict command in-
cluded in Wang (2005) for Stata®16 to estimate the marginal effects of Zit in the transient techni-
cal inefficiency term.

5 |  DATA A N D EM PIRICA L MODELS

We use an unbalanced panel data set from a representative sample of Irish dairy farms (939 
farms and 7420 observations). The data spans from 2000 to 2018 and comes from the Teagasc 
National Farm Survey (NFS), collected as part of the EU Farm Accountancy Data Network 
(FADN).

The NFS is published on an annual basis since 1972. Approximately 900 farms are surveyed by 
a professional data collection team annually, representing a farming population of about 92,000 
farms. This analysis restricts the data to specialised dairy farms, which results in approximately 
390 observations per year. Beyond standard farm accountancy measures, the Teagasc NFS also 
captures farm labour through self- reported hours and work units, calculated on an annual basis. 
Farm labour is divided into paid, i.e., any hired labour, and unpaid, i.e., family labour.

5.1 | Hired labour hours

The role of hired labour on farms' TE is of main interest in this analysis. Data on labour 
refers to both seasonal and permanent hired labour reported on an annual basis by the farmer. 
Table 1 illustrates the development of hired labour on Irish dairy farms from 2000 to 2018.

(11)
�E

(
uit
(
Zit

))

�Z
[
k
] = wu

[
k
]�u

(
Zit

)

2

[
�(0)

Φ(0)

]
= wu

[
k
]
�u
(
Zit

)
�(0)

 4Monotonicity of marginal effects means that the sign (i.e., positive or negative) of the marginal effect remains the same for all the 
observations in the dataset (Wang & Schmidt, 2002).
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    | 447HIRED LABOUR AND TECHNICAL EFFICIENCY ON DAIRY

The data indicates that Irish dairy farms utilise on average 520 hours of hired labour per year 
across the time period examined (i.e., Column 3). The average has increased during the post- 
quota period (2015–2018), particularly during 2017 and 2018. During the quota years and soft- 
landing phase, hired labour hours remained stable, with few exceptions: 2002, 2005, 2006 and 
2009 where the proportion of hired labour was low. This is a likely consequence of the milk quota, 
and, in 2009, low milk prices caused a drop in milk supply (Dillon et al., 2019). Across all years 
examined, farms that hire labour have an average of just 0.43 AWU (i.e., Column 4). All of the 
above indicates that despite a significant increase, the proportion of farms utilising hired labour 
remains relatively low. Column (4) also demonstrates the increase in labour required i.e., hired 
labour expressed in AWUs have increased to 55% AWU in 2018 compared to the 41% figure in 
2015. This increase is understandable given the strong growth in milk production experienced 
post- quota (CSO, 2020). However, Column (5) shows that a non- trivial percentage of farms do not 
hire labour in the period (i.e., 38% on an annual average). Also, 2005, 2006 (i.e., milk quota) and 
2009 (i.e., soft- landing and economic recession) showed the highest percentage of farms with no 
hired labour (see Column 5). In Column (6), we can see that hired labour represents 11% of the 
total labour hours over the period, emphasising the prevalence of family farming (reflected in the 
unpaid family labour component) in an Irish context. However, we observe an increase in the ratio 
of hired labour to 13% and 14% in 2017 and 2018.

TA B L E  1  Hired labour hours on Irish dairy farms 2000–2018.

(1) (2) (3) (4) (5) (6)

Year Farms
Hired labour hours 
(farms that hire labour).

Hired labour in average 
working units (AWU)

% of farms with 
no hired labour

Hired 
labour share

2000 486 512 (806.96) 0.42 35.18% 10.96%

2001 535 475.57 (786.22) 0.39 37.94% 9.92%

2002 490 457.94 (758.95) 0.38 36.53% 10.25%

2003 501 474.76 (778.01) 0.39 36.92% 10.41%

2004 465 499.84 (837.9) 0.42 41.29% 9.91%

2005 440 467.49 (787.12) 0.42 43.41% 9.99%

2006 408 459.65 (730.1) 0.40 41.42% 10.44%

2007 377 501.47 (739.06) 0.42 38.72% 11.16%

2008 362 534.85 (794.3) 0.44 38.39% 11.44%

2009 345 457.66 (746.34) 0.42 42.02% 10.16%

2010 335 518.16 (829.93) 0.44 39.71% 10.87%

2011 347 579.65 (783.54) 0.48 39.48% 12.3%

2012 342 506.21 (710.24) 0.45 39.18% 11.82%

2013 342 548.57 (806.73) 0.45 37.42% 11.67%

2014 342 503.81 (728.47) 0.41 32.74% 11.78%

2015 335 511.09 (756.42) 0.41 34.62% 11.47%

2016 328 572.55 (810.82) 0.46 34.75% 12.27%

2017 315 666.15 (912.68) 0.51 33.01% 13.23%

2018 325 738.91 (979.52) 0.55 36.00% 14.10%

All years 390 520.5 (796.21) 0.43 37.93% 11.13%

Source: Teagasc NFS data. (3) Mean and standard deviations in parentheses. (4) An AWU represents 1800 hours a year, and 
one AWU is capped at 1800 hours even if a person works more than 1800 hours. People under 18 years of age are allocated the 
following labour- unit equivalents: 16 to 18 years = 0.75 AWU and 14 to 16 years = 0.50 AWU. Labour variables weighted by a dairy 
specialisation factor.
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448 |   GARCIA- COVARRUBIAS et al.

Table 2 presents descriptive statistics for several variables relevant to Irish dairy production 
in the sample from 2000 to 2018.

In Table 2, milk output describes total milk produced by the average dairy farm in hun-
dreds of euros. Capital comprises machinery, buildings, and livestock as follows: the aggre-
gated value of machinery and buildings and the value of the dairy herd, calculated according 
to the end of year valuation based on a replacement cost methodology. This approach ac-
knowledges the capital input as both a flow of income and a stock (Ros, 2013). In this way, 
we obtain unbiased output elasticities for the capital input (Martinez- Cillero et  al.,  2019). 
Labour accounts for total labour input on the entire farm, including unpaid and paid labour. 
Miscellaneous inputs are direct costs incurred in dairy production, such as concentrates, 
fertiliser, purchased seeds, building repairs, livestock expenses, veterinary and artificial in-
semination expenses, farm insurance, advisory fees, among others. Land is based on dairy 
forage area in hectares.

Herd size is the average number of cows in the dairy herd over a 12- month period. Herd ex-
pansion is the average annual growth rate of herd size in the period. Farms with herd expansion 
is the average percentage of farms with a positive herd growth rate per annum. Detailed yearly 
statistics of the variables in Table 2 are included in Table S1 in the Appendix S1. Finally, all 
monetary values are deflated using Irish national price indices (with the base year 2015) taken 
from the Irish Central Statistics Office (CSO, 2020). In addition, we weight farms' inputs (i.e., 
capital and labour) by a specialisation factor (i.e., gross dairy output as a proportion of gross 
farm output) (Kelly et al., 2013), as dairy farms can use inputs to produce other outputs (e.g., 
crops, sheep, livestock, calves) and the data does not provide enterprise specific breakdowns for 
capital and labour.

TA B L E  2  Relevant descriptive statistics Irish dairy farms 2000–2018.

Variable Description Mean Min Max

Milk output Total milk output in hundreds of euros 1576.28 6.70 6963.77

(836.42)

Capital Machinery, buildings, and livestock in hundreds 
of euros

1650.82 21.06 12,214

(1281.98)

Labour Paid and unpaid self- reported annual hours on the 
farm

1956.19 13.98 8685.18

(950.11)

Miscellaneous inputs Direct costs incurred in dairy production in euros 522.93 1.96 4272.25

(398.11)

Land Dairy forage area in hectares 61.24 3.70 281.40

(34.26)

Herd size Average annual herd size by farm 61.15 1 318.42

(38.15)

Herd expansion Average annual growth rate of herd size in the 
period

2.11% −97% 154%

(12.8%)

Farms in herd 
expansion

Percentage of farms with herd growth rate above 
zero

65.16% 55.48% 80.3%

Source: Teagasc NFS data from 2000 to 2018. All monetary variables deflated by agricultural price indices (CSO, 2020; base 
year 2015). Standard deviations in parentheses. The output value can indeed be measured in Euros (Dillon et al., 2019) and 
subsequently subjected to logarithmic application, similar to other variables in the model (e.g., Lien et al., 2018). In 2018, the EUR 
to AUD exchange rate stood at 1.61 AUD, while the EUR to USD rate was 1.14 USD. The exchange rate from AUD to USD was 
0.70 USD (Available online at www. xe. com, last accessed December 2023).
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    | 449HIRED LABOUR AND TECHNICAL EFFICIENCY ON DAIRY

5.2 | Empirical specification

We apply the heteroscedastic GTRE model by Lien et al. (2018) described in Section 4. For the 
dependent variable specified in Equations (2) to (8) of Section 4 (i.e., ỹit; y

∗
it
), we use the natural 

logarithm of milk output measured in constant euros. The vector of inputs (i.e., x̃jit; x
∗
jit

) used 
in these equations includes capital, labour, miscellaneous inputs, and land. The GTRE model 
by Lien et al. (2018) allows to any input in the production function to be used as the numeraire. 
As specified in Equation (2) in Section 4, we use land as the numeraire input 

(
x1
)
 and applied 

natural logarithms to all the inputs included in vectors x̃jit and x∗
jit

.
Using the estimated parameters in Equation (8) we compute the following output elasticities 

(Equation 12), and technical change (i.e., Equation 13) as follows:

5.3 | Determinants of transient technical inefficiency

For the empirical specification of technical inefficiency determinants (Zit) in Equations (4–8), 
we use the annual hired labour hours, the herd size and the interaction term of hired labour 
and herd size. We applied the log- transformation suggested by Cameron and Trivedi (2010) to 
Zit to avoid losing information due to the number of farms that do not hire labour annually. 
The log- transformation consists in approximating a gamma constant to the zero values in the 
sample to keep the logistic distribution of the variables. To obtain the marginal inefficiency ef-
fects by Wang and Schmidt (2002) described in Section 4.1, we use the Stata® code introduced 
by Wang (2005).

6 |  RESU LTS A N D DISCUSSION

6.1 | Production function

We begin our results with the output elasticities, technical change and returns to scale reported 
in Table 3.

First, all the output elasticities are positively and significantly correlated with output. Due 
to the transformation of the variables to control for endogeneity between inputs and the com-
posed error term (see Section 4), we can interpret the output elasticities of capital, labour, and 
miscellaneous inputs in terms of percentage changes per hectare per farm. Also, the modelling 
approach specified in Equations (3–9) that included hired labour as a determinant of transient 
inefficiency implies that the output elasticity for labour is a proxy for unpaid labour, i.e., family 
labour. At 1.4% per year on average, the estimate of technical change is also statistically sig-
nificant and positive. These findings are similar to previous output elasticities for Irish dairy 
farms and technical change estimates reported by Gillespie (2015) and Bradfield et al. (2021). 
Therefore, we can confirm that technical change is an important element for productivity im-
provements on Irish dairy farms.

(12)
�y∗
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j
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450 |   GARCIA- COVARRUBIAS et al.

6.2 | Overall, transient and persistent TE scores

Table 4 includes the estimates of average overall, transient, and persistent TE scores for the 
years 2000 to 2018. We also report the TE scores from the homoscedastic GTRE (Kumbhakar 
et al., 2014) as a robustness analysis.

The results confirm that not addressing endogeneity in a GTRE model may lead to an 
underestimation of TE scores, which is in line with findings by Lai and Kumbhakar  (2018) 
and Lien et al. (2018). Table 4 shows that in our analysis, this underestimation is around 3.5% 
of farms' overall TE from 2000 to 2018 (see Columns 1 and 2). In Column 2, overall TE is 
0.79, which suggests that Irish dairy farms are highly efficient. As such, our results are consis-
tent with the findings of Geary et al. (2012), Kelly et al. (2013), Gillespie (2015) and Bradfield 
et al. (2021) who all report average TE of Irish dairy farms above 70%. Additionally, average 
transient and persistent TE scores are very similar for Irish dairy farms (i.e., 88.4% and 88%, 
respectively). This result suggests that, on average, Irish dairy farm production is highly effi-
cient in the short (i.e., transient) and long run (i.e., persistent).

In Figure 1, we show the development of transient, persistent, and overall TE over the ob-
servation period.

During the milk quota period (2000–2008), we observe an increasing trend of transient 
TE that remains close to its persistent trend (i.e., persistent TE). In 2008, the EU initiated the 
soft- landing period (2008–2014) in preparation for a deregulated market in 2015 (Läpple & 
Hennessy, 2012). Figure 1 displays that transient TE shows greater variation in the soft- landing 
period. This may be caused by the high volatility in dairy markets due to the international 
recession during this time (i.e., 2008–2011), and dairy farmers' adaptation processes towards 
the milk quota abolition. There is a considerable dip in transient TE in 2013 that recovers in 

TA B L E  3  Output elasticities, technical change and returns to scale.

(1)

Milk output Coefficients

Capital 0.201***

(0.009)

Labour 0.111***

(0.008)

Miscellaneous inputs 0.603***

(0.009)

Land (calc.) 0.085

Technical change 0.014***

(0.001)

Regiona 0.107
(0.301)

Returns to scale 1.00

Constant −0.146***

(0.007)

Observations 7420

Number of farms 939

Note: *** p < 0.01.
aNone of the regional dummies are statistically significant. Standard errors in parentheses.
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    | 451HIRED LABOUR AND TECHNICAL EFFICIENCY ON DAIRY

the following year. This may partly be due to the uptake of new technologies by farmers since, 
in 2013 and 2014, significant investments have been made in the Irish dairy sector initiated 
by private sector and government grants (Promar- International, 2018; Donnellan et al., 2020; 
Kelly et al., 2020).

During the post- quota period (2015–2018), we observe a growing trend of transient TE from 
2015 to 2017, which reverses in 2018. This dip in TE can be related to adverse weather that 

TA B L E  4  Average overall, transient and persistent TE scores.

Efficiency

(1) (2)

Homoscedastic GTRE Heteroscedastic GTRE addressing endogeneity

Overall TE 0.755 0.791

(0.091) (0.072)

Transient TE 0.876 0.884

(0.065) (0.059)

Persistent TE 0.861 0.88

(0.077) (0.061)

Observations 7420 7420

Number of farms 939 939

Note: Standard deviations in parentheses. As a robustness check, we estimated the heteroscedastic GTRE model in a balanced 
panel subsample of Irish dairy farms (Farms: 132; N: 2508). The results confirm that the high TE scores of Irish dairy farms are 
consistent with the unbalanced panel (see Table S2 in Appendix S2). The results form Table S3 also confirm that larger farms hold 
in average higher TE scores (Bradfield et al., 2021; Garcia- Covarrubias et al., 2023).

F I G U R E  1  Development of transient, persistent and overall TE on Irish dairy farms (2000–2018). Estimates 
from SF model by Lien et al. (2018) applied to Teagasc NFS panel data 2000–2018.
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452 |   GARCIA- COVARRUBIAS et al.

affected agricultural production (and costs) in 2018, with a significantly negative impact on 
Irish farm incomes (Dillon et al., 2019).

Finally, it is important to note that observed variation in persistent TE scores' is due 
to the unbalanced panel dataset. In other words, for each farm, persistent TE is constant 
and the small variation on persistent TE over time is due to a different set of observations 
each year.

6.3 | Marginal effect of hired labour on transient technical inefficiency

In the last part of our analysis, we focus on the marginal effect of hired labour on transient 
technical inefficiency, presented in Table 5.

Since the coefficients in column 2 of Table 5 do not have a direct interpretation, we report 
the marginal effects of hired labour, herd size, and the interaction term on TE in column 3. The 
result shows that, on average, a 1% increase in hired labour has a diminishing marginal effect 
of −0.0046% on transient technical inefficiency.5 To put this in context, a 1% increase in hired 
labour is 5.2 hours per year, which explains the small economic significance of our coefficient 
estimate.

Similarly, for a 1% increase in herd size, there is a decreasing marginal effect of −0.0039% 
on technical inefficiency. That is, as the farm size increases, the technical inefficiency of the 
farms decreases (Bradfield et al., 2021; Gaviglio et al., 2021; Kelly et al., 2020). The interaction 
term for hired labour and herd size has a positive sign. This result implies two things: first, as 
hired labour and herd size increase, technical inefficiency decreases, and the combined effect 
of hired labour and herd size makes the effect of hired labour on technical inefficiency stron-
ger. In other words, our results provide evidence that hiring labour and expanding the farm 
size and decreases farm inefficiency.

Second, the coefficients in Table 5 present the effect of hired labour and herd size on 
technical inefficiency; therefore, the effect on TE is the opposite. Consequently, our find-
ings suggest that hired labour has a significant yet small effect on increasing TE of Irish 
dairy farms.

In the following figures, we explore this effect in more detail. In Figure 2, we show the mar-
ginal effects of hired labour on TE (i.e., y- axis) by hired labour share (i.e., x- axis).

 5As a robustness check, we estimate the effect of the share of hired labour on TE (not reported here). The results suggest that the 
magnitude of the effect of hired labour share is similar to the effect of hired labour hours in TE (i.e., −0.0042%). The share of hired 
labour effect on TE can increase two- fold: an increase in hours of hired labour and a reduction in hours of family labour. 
Therefore, these similar results confirm that the increase in TE is due to hired labour hours.

TA B L E  5  Marginal effects of hired labour on technical inefficiency.

(1) (2) (3)

Variable Coefficient Marginal effect of hired labour

Hired labour −0.557 (0.72) −0.0046***

Herd size −0.472 (0.03) −0.0039***

Hired labour and herd size 0.053 (0.01) 0.0004***

Wald Chi2 2126.52***

Note: Standard errors in parentheses. As a robustness check, we estimated the marginal effects of the determinants of technical 
inefficiency in a balanced subsampled panel of Irish dairy farms (Farms: 132: N: 2508). The results confirm the robustness of the 
marginal effects of hired labour and herd size in the unbalanced panel (see Table S3 in Appendix S1). The results from Table S3 
also confirm that the effect of hired labour is of less magnitude in larger farms with higher TE scores. *** p < 0.01.
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    | 453HIRED LABOUR AND TECHNICAL EFFICIENCY ON DAIRY

For ease of interpretation, we place a linear fit over the marginal effect of hired labour 
and the variable included in Figure 2 to show the marginal effects. We also tried a qua-
dratic and cubic relationship, but it does not fit the data well. Our results suggest that the 
effect of hired labour on transient technical inefficiency is negative regardless of hired 
labour share's level. However, when the hired labour share increases, the marginal effect of 
hired labour declines. For instance, if a farm's hired labour share is below 50%, the effect 
on technical inefficiency will be more extensive than at higher levels of hired labour share 
(see Figure 2). Since 95% of farms in the sample report less than 50% of hired labour share, 
most dairy farms will reduce their technical inefficiency by a larger magnitude by hiring 
extra labour.

Next, we explore how the effect of hired labour varies with herd size. The findings are shown 
in Figure 3.

The results from Figure 3 indicate that most farms cluster at a herd size of less than 80 
cows. This is the case since herd size distribution is positively skewed. For most years in the 
sample, the average herd size is below 80 cows (see Table S1 in Appendix S1). As small and 
medium- sized farms tend to have lower hired labour hours working on the farm, the mar-
ginal effect of hired labour on technical inefficiency is larger than the average figure (i.e., 
> −0.0046). In other words, marginally increasing hired labour has a more extensive effect on 
technical inefficiency when compared to larger farms with higher hired labour hours. This 
result implies that the acquisition of additional hired labour on larger farms (>80 cows) has 
a moderate lower impact in terms of reducing technical inefficiency. Therefore, the effect of 
hired labour on technical inefficiency is marginally more extensive on small and medium- 
sized farms.

F I G U R E  2  Scatter plot of marginal effects of hired labour on transient technical inefficiency. Results from 
Lien et al. (2018) marginal effects. The dash- dot line represents 50% of hired labour share.
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7 |  CONCLUSION

The EU milk quota abolition created significant opportunities and challenges for the European 
dairy sector. One such challenge relates to increased labour demand on farms that expanded 
production, particularly on farms with seasonal production—in this context, sourcing hired 
labour is an additional hurdle for dairy farmers, which becomes crucial to understanding farm 
efficiency.

This paper assessed the role of hired labour on Irish dairy farms' technical efficiency 
(TE). We used representative farm- level panel data for the years 2000 to 2018. We applied 
a GTRE model that accounts for endogeneity in inputs and decomposes TE into transient 
and persistent TE scores. We also estimated the marginal effects of hired labour on tran-
sient TE.

Consistent with the literature, we find that Irish dairy farms are technically efficient. 
Specifically, average TE of Irish dairy farms is 79%, 88% and 88% for overall, transient and 
persistent TE, respectively. The technical change estimation result confirms its importance 
for Irish dairy production (i.e., 1.4% annually). If we do not control for endogeneity, the effi-
ciency scores are biased by approximately 3%, which is consistent with findings from Lai and 
Kumbhakar (2018) and Lien et al. (2018).

In addition, our findings show that hired labour has a positive effect on Irish dairy farms' 
TE, and as such suggest that hired labour assists in increasing dairy farms' TE. However, 
the analysis indicates that relatively smaller farms (i.e., <80 cows) benefit more from hiring 
labour. We conclude that there are two main reasons for this. First, farms of smaller size have 
a lower hired labour share (i.e., 6% compared to 27% for smaller and larger farms, respec-
tively), and second, small farms generally tend to be less efficient (Bradfield et al., 2021; Carroll 
et al., 2011). Therefore, it is easier to increase TE on these farms.

F I G U R E  3  Binned scatter plots of marginal effects of hired labour on TE by herd size and herd expansion. 
Results from Lien et al. (2018) marginal effects. [Colour figure can be viewed at wileyonlinelibrary.com]
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Furthermore, most dairy farms have little hired labour (i.e., 95% of farms have less than 
a 50% share of hired labour). However, in 2018, the average herd size in the sample was 88 
cows, and TE scores for smaller and larger farms are, on average, 74% and 79% (see Table S1 
in Appendix S1). Moreover, the majority of dairy farms in the period cluster below 80 cows in 
average (see Figure 3). These figures suggest that the marginal effect of hired labour on TE is at 
its highest point for the majority of Irish dairy farms. Therefore, there is considerable potential 
for farm TE improvement based on expanding hired labour.

Our findings also suggest that the marginal effect of hired labour increases to a small 
degree as herd size expands (see Table 5). Intuitively, as herd size expands, so too does the 
total labour input, increasing the reliance on hired labour and thus total labour costs (Kelly 
et al., 2020; Kimhi, 2009). Therefore, it is generally accepted that in order to manage the 
increasing workload on expanding farms, additional hired labour will be required as it is 
not sustainable in the long term for the farmer or family labour to absorb it. In relation to 
the recommendation by Anderson (2020) and Kelly et al. (2020) that larger and expanding 
farms should utilise hired labour where available, our findings confirm this suggestion—
although, our analysis suggests that the positive effects of hired labour on TE are more 
evident on smaller farms.

The findings from our study have important practical and policy implications. The sugges-
tion that small and medium- sized farms should increase their share of hired labour may be 
surprising as farmers generally aim to minimise labour costs, especially those involved in a 
smaller, family- run operation.6 However, as Anderson (2020) and Kelly et al. (2020), we con-
sider it a good general practice to treat labour costs as a standard running cost for the farm, 
similar to fertiliser or feed. Therefore, our findings suggest that policy should expand pro-
grams that facilitate access and communicate the benefits of hired labour to all farms.

This suggestion is important as many dairy farmers may still be reluctant to hire additional 
labour due to concerns that it may reduce farm efficiency. This reluctance may be mitigated by 
circulating information regarding the relationship between hired labour and farm efficiency 
through extension agents such as Teagasc, the Farm Relief Services (FRS), the Macra Land 
Mobility Service (MLMS) programmes, and through Teagasc's social media strategy. In this 
way, our findings should give farmers the confidence that hired labour is suitable for increas-
ing the TE on their farm while easing the workload.

This paper is one of the first that directly assesses the effect of hired labour on farms TE. We 
find a positive and significant effect of hired labour on farms' TE—yet the effect is small in eco-
nomic terms. However, whether or not this TE increase will be enough to offset the increase in 
labour cost requires an input- oriented analysis is worth further investigation. Our finding of the 
positive impact of hired labour on TE is likely to also apply to other farms in developed countries, 
as many farms also heavily rely on family labour. However, it is important to keep in mind that 
our study is based on spring calving dairy production with a very seasonal labour demand.

One limitation inherent in self- reported hours, as utilised in FADN data, is the potential 
for measurement inaccuracies, especially concerning farm labour (Charmes,  2020; Fall & 
Magnac, 2004). Family labour is challenging to quantify precisely due to its unpaid nature, 
informal contributions and varying definitions of work (Almeida & Bravo- Ureta, 2019; Kelly 
et al., 2020). Similarly, the accuracy of reporting hired labour can be compromised, as seen in 
some EU countries where seasonal labour may be under- reported to evade taxes, which might 
not be a significant source of concern in Ireland because Teagasc NFS accounts for casual 
hired labour (Dell'Anno & Davidescu, 2019; Dillon et al., 2022; Kelly et al., 2020). However, 
potentially biased reporting in total labour hours can introduce inaccuracies in the analysis 
(Fall & Magnac, 2004; Loughrey & Hennessy, 2014).

 6The labour cost is also variable due to factors other than farm size, e.g., the farm's location, as it may be more challenging to 
obtain such labour in some regions (Loughrey & Hennessy, 2016).
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In this sense, this paper recognises the need for a more detailed task- specific data collection 
of farm labour to consider the potential impact of measurement errors on the reported economic 
significance of hired labour. Although most agricultural studies that explore labour input on 
farms are also based on aggregated numbers (e.g., Blanc et al., 2008; Bradfield et al., 2021; Kostov 
et al., 2018), the potential for systematic biased reporting of on- farm labour hours could be coun-
tered using the time- use methodology. Using such a methodology for future research may aid in 
informing more specific best practices on the farm and providing precise evidence- based recom-
mendations to contribute to policy changes (Charmes, 2020; Tocco et al., 2012).
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