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Abstract: The study aims to explore the sources of competitiveness of dairy producers before and
after the abolition of milk quotas in selected EU member states. The investigation is based on the
stochastic frontier modelling of an input distance function in the specification of the four-error-
component model. The model is estimated with a multistep procedure employing the generalized
method of moments estimator, addressing the potential endogeneity of netputs, and panel data
gained from the FADN database. The results revealed that total factor productivity experienced an
increasing trend in the majority of the analysed countries. Since the main driver of productivity
growth was found to be the scale effect, our findings support the hypothesis that abolishing milk
quotas has a positive effect.

Keywords: stochastic frontier analysis; technical efficiency; productivity; milk production; abolishing
milk quotas

1. Introduction

The dairy sector, which is one of the major contributors to the agricultural economy in
the European Union (EU), was strongly affected for 30 years by milk production quotas.
This iconic instrument of the Common Agricultural Policy (CAP) was implemented in
1984 in the face of milk overproduction resulting from milk price support. The milk
quota regime restricted the amount of milk to be produced by each member state and,
consequently, by individual dairy farms based on reference volumes from 1983, with the
aim of stabilizing milk prices and producer incomes and reducing the European budget
for market support [1]. Since its introduction, the milk quota has become a scarce factor
that allows for profitable dairy producer prices and maintaining dairy production for less
competitive regions and farmers [2]. This instrument was designed to deal with internal
problems and did not have any impact on international trade [3].

The non-tradable quota has been criticised not just for its negative welfare effect due to
price distortion but also because it leads to a lower average productivity level [4]. Therefore,
the deregulation of the milk quota allocation would lead to increasing dairy farm efficiency
over time [5]; however, Bouamra-Mechemache et al. [6] pointed out that this would be
possible only with substantial liberalization of trade.

The CAP development resulting from pressure from the World Trade Organisation to
liberalize the dairy market, as well as from the maintenance of inefficient dairy producers,
led to the Luxembourg reform of 2003, which introduced gradual increases in milk quotas
until 2013 [1,7]. The liberalization of the dairy market was completed by the revision of the
2003 reform framework (“Health Check”) in 2008, which endorsed the abolition of milk
quotas by April 2015 after a “soft landing”, i.e., a 1% annual increase in milk quotas [8].

The gradual liberalization of the dairy sector, along with the price volatility during
the first two decades of the 21st century, changed the whole dairy sector significantly. A
government response has therefore been expected in many countries since the abolition
of milk quotas. Thorsøe et al. [9] found differences in government responses, with regard
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to value chain organization, production factors and market orientation, to address the
problem of price volatility at the national level. Fotis and Polemis [10] argue that the
government (Greek) must provide incentives to attract more milk producers to increase the
number of competitors within the industry.

The European dairy sector is quite heterogeneous regarding size and industrial struc-
ture and very often is located in disadvantaged regions [11]. The profitability and income
levels of specialized dairy farms differ significantly, not just between member states but
also within them. Poczta et al. [12] identified five types of dairy farms with regard to
their size, production scale, manufacturing intensity, and profitability. They consider large-
and medium-size farms with intensive production to be the most important for European
milk production. The European Commission [13] explains the differences in income level
of these farms using productivity, farm size, herd size, and milk production levels. This
explanation omits the impact of technological changes that influence the productivity and
profitability of the farms. As stated by Philippidis and Waschik [11], technological change
is connected with structural change and has an effect on both the agricultural milk pro-
duction sector and the dairy processing sector, in perfect competition as well as imperfect
competition. Sobczyński et al. [14] consider the use of advanced technology to be a key
factor in achieving a higher yield per cow in a chosen region of Poland, and, according to
Žáková Kroupová et al. [15], it influences the total factor productivity change.

According to Eurostat [16], the development of the European dairy sector can be
characterized by a considerable decrease in the number of agricultural holdings and an
increase in the dairy sector, as well as a decrease in dairy cows under the period of the
quota regime. Figure 1 illustrates the decreasing number of dairy cows in the European
Union. It is evident that during the last two decades, the number of dairy cows has been
gradually decreasing. This situation does not have an effect on the production of raw milk,
which has witnessed the opposite trend.
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Figure 1. Development of the total production of raw milk and number of dairy cows in the EU. Source: Eurostat. Note:
Non-available data was replaced by means of valid surrounding values.

Within this timeframe, the EU-10 member states, in particular, showed a reduction
of 81% in the number of farms with dairy cows and of 38% in the number of dairy cows.
However, a decrease can be observed in the whole EU-28. Despite this considerable
decrease in the dairy cow herd, the level of milk production was quite stable in the first
two decades and has increased in recent decades. The same patterns can be observed in
Figures 2 and 3 for countries selected for our empirical analysis. These figures suggest that
the abolition of milk quotas might have a positive effect on milk yield. However, milk yield
is only a partial measure of productivity and does not consider other production factors, as
is the case for total factor productivity.
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Figure 2. Development of dairy cows (thousand heads) in selected countries. Source: Eurostat.
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Figure 3. Development of raw milk production (1000 t) in selected countries. Source: Eurostat.

Philippidis and Waschik [11] expect another expansion of milk production under the
quota abolition, either on perfectly competitive models or imperfect competition model
variants, especially in Belgium and the Netherlands. Klootwijk et al. [17] add that quota
abolition led to an increase in the number of cows, and in farm intensity in terms of milk
per hectare, by about 4% on Dutch farms. Oudendag et al. [18] expect a small increase
in large dairy farms in the Netherlands. The limiting factor for future increases is the
phosphate quota, which is comparable to the dairy quota [4,17,19].

The removal of milk quotas significantly changed the dairy business environment.
Dairy farmers have started to face considerable milk price volatility, which affects their
production and investment decisions [1,20–22]. New business strategies have also changed
the dairy sector structure (i.e., the number of farms and farm size distribution) [23]. The
strategy of expanding and benefiting from economies of scale, predicted by Groeneveld
et al. [20] and proved by Klopčič et al. [22], moved the structure towards large dairy
farms with greater economic efficiencies and investment possibilities in animals and also
brought technological improvements [20,23]. These changes in context also modified the
competitiveness of dairy farms and of the dairy production of member states as a whole.

Market deregulation is generally viewed as an important external driver of productiv-
ity growth [24]. Well-functioning free markets ensure that firms that are lagging behind
their competitors lose market share or are even forced to cease their market participation,
freeing the resources bound by their production activity and making them available for
production by more productive firms. This process contributes to more efficient production
at the sector level. Market regulation, however, hinders this resource reallocation by keep-
ing firms with low efficiency and productivity in the market [25]. This suspicion can also be
applied to the case of the quota system, which affects the efficiency of firms and markets by
reducing the output of farms. Technological and structural changes would be constrained,
especially under a fixed-quota system, where a trading quota is not permitted [26].
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Specifically, in the European dairy sector, Huettel and Jongeneel [27] revealed that
the exit mobility of Dutch and German dairy farms decreased under the quota regime,
indicating that possibly less efficient farms were kept in the dairy sector. As Colman [28]
and Areal et al. [26] proved, this negative effect is reduced under a more flexible quota
system. The tradability of quotas allows efficient firms to expand their business at the
expense of inefficient firms. Gillespie et al. [29] compared Irish dairy productivity before
and after milk quota restrictions using stochastic frontier analysis (SFA) on 1979–2012 data
and found that milk quotas negatively affected total factor productivity. Zeng et al. [30]
also evaluated the impact of eliminating EU milk quotas on the total factor productivity
of Irish dairy farms. Based on 2007–2015 data, they confirmed the results of Gillespie
et al. [29] and, furthermore, highlighted the heterogeneous responses of dairy farmers
depending on specialization, represented by the ratio of revenue from dairy production to
total farm revenue. Farmers with a relatively high revenue ratio in dairy production are
thought to experience a more positive impact from milk quota elimination. Interestingly,
large dairy farms that have an advantage in productivity do not benefit more from milk
quota deregulation, according to the results of Zeng et al. [30]. Frick and Sauer [25]
estimated the impacts of market deregulation on German dairy sector productivity during
the phase-out of the milk quota based on Bavarian farm data from 2000–2014, applying
linear programming and stochastic frontier approaches. According to their results, the
reallocation of resources towards more productive farms increased gradually during the
phase-out of the EU milk quota due to its direct as well as indirect effects. Breustedt
et al. [31] also examined the effect of abolishing milk quotas on a sample of Bavarian dairy
farms. Utilizing data for the financial year 2004/2005 and data envelopment analysis,
they predicted that organic dairy farms would lose their competitive advantage with the
deregulation of the EU’s milk market regime in 2015. Finally, Areal et al. [26], applying a
Bayesian stochastic frontier analysis on English and Welsh farm data from 2000 to 2005 to
investigate the relationship between milk quotas and technical efficiency, supported the
idea that abolishing the milk quota leads to a more competitive market for milk, which
forces the least-efficient farms to leave milk production. The abolition of a milk quota
brought a high expectation for farmers [32]. Its elimination has had an effect on the whole
dairy sector [33,34].

Even before the cancelation dairy quota abolishment had attracted the attention of
many studies, many of them were focused just on the situations in one or two countries. It
can be said that some authors predicted an increase in milk supply together with decreasing
prices for producers [18,35] as well as increasing competitiveness both within states [14]
and globally [36]. The dairy sector was expected to be more dynamic than before the
quota elimination [37], with a strong increase in intensity for the largest farms [1,20] with
ultimately a slightly positive welfare effect [38].

The majority of previous studies predicted the possible impacts of quota deregulation
using data prior to the policy implementation. This study seeks to fill the gap in the
literature by providing a deep insight into the sources of competitiveness of milk producers
before and after the abolition of milk quotas. The aim of this study is to explore how
dairy farms in selected EU member states have been adapting to the new circumstances by
employing new advances in productivity and efficiency analysis.

In particular, this study provides a robust estimate of the stochastic frontier models in
the form of input distance function by employing the method which controls for the poten-
tial endogeneity of netputs in the four-step estimation procedure. The main contribution
of this study is the empirical application of the recently developed approaches to robust
efficiency and productivity analysis of milk producers in selected countries. Moreover,
it complements the literature by the prediction of the impacts of milk quotas abolition
using data prior and after the market deregulation. The study finds the support for the
hypothesis of the positive effects of milk quotas abolition on productivity growth through
the improvements in scale efficiency, i.e., the scale of operations.
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The rest of the paper is organized as follows: The next section provides an overview
of our empirical model, introduces data, and describes the empirical strategy. Then, the
results and discussion are presented. Our conclusions are contained in the last section of
the paper.

2. Materials and Methods
2.1. Methodology Used in the Study

Productivity is commonly defined as the ratio of a volume measure of output to a
volume measure of inputs used [39]. Productivity can be measured at different levels,
as partial measures (e.g., labour productivity) or as a multifactor measure. The most
comprehensive measure is total factor productivity (TFP), which is a ratio of aggregated
outputs and inputs. This analysis measures microlevel TFP dynamics employing the
Törnqvist–Theil index (TTI), which is defined as the ratio of the revenue-share-weighted
geometric mean of individual outputs to the cost-share-weighted geometric mean of
individual inputs [40]. According to Bokusheva and Čechura [41], the logarithmic form of
TTI is given by:

ln

(
TFPit

TFPi(t−1)

)
=

1
2

M

∑
m=1

(
Rit,m + Ri(t−1),m

)(
ln yit,m − ln yi(t−1),m

)
− 1

2

J

∑
j=1

(
Sit,j + Si(t−1),j

)(
ln xit,j − ln xi(t−1),j

)
, (1)

where Rm = pmym

∑M
m=1 pmym

are output revenue shares and Sj =
wjxj

∑J
j=1 wjxj

are input cost shares.

As was shown by Diewert [42], the TTI exactly determines changes in production that
result from input adjustments when the underlying production technology is described
using the translog functional form. TTI can be derived as the sum of three components:
scale effect (SE = ln ιit), technical efficiency effect (TEC = ln υit), and technological change
(TC = ln τit) effect:

ln TFPit = ln ιit + ln υit + ln τit. (2)

These components can be derived from the transformation function. In this study, we
assume that the transformation process of dairy farms can be well approximated by an
input-distance function (IDF) [43] in translogarithmical functional form, that is, in the case
of M-outputs (y), J-inputs (x), and time (t), and being defined as:

ln DI
it = α0 +

M
∑

m=1
αm ln ym,it +

1
2

M
∑

m=1

N
∑

n=1
αmn ln ym,it ln yni,t +

M
∑

m=1

J
∑

j=1
γmj ln ym,it ln xj,it+

J
∑

j=1
β j ln xj,it +

1
2

J
∑

j=1

K
∑

k=1
β jk ln xj,it ln xk,it + δtt + 1

2 δttt2 +
M
∑

m=1
δmt ln ym,itt +

J
∑

j=1
δjt ln xj,itt,

(3)

where subscripts i, with I = 1, 2, . . . , N, and t, with t = 1, . . . , T, refer to a certain producer
and time (year), respectively. α, β, γ, and δ are vectors of the parameters to be estimated.

The IDF exhibits several interesting properties [44]: symmetry, monotonicity, linear
homogeneity, and concavity in inputs and quasiconcavity in outputs. The symmetry
restrictions imply that β jk = βkj and αmn = αnm. The linear homogeneity of degree 1 in

inputs requires: ∑J
j=1 β j = 1; ∑J

j=1 β jk = 0; ∑J
j=1 γmj = 0; ∑J

j=1 δjt = 0 and is imposed by
normalising all the inputs by one input [45], which allows us to rewrite the IDF as:

ln DI
it − lnx1it = α0 + ∑M

m=1 αm ln ym,it +
1
2 ∑M

m=1 ∑N
n=1 αmn ln ym,it ln yni,t + ∑M

m=1 ∑J
j=2 γmj ln ym,it ln x̃j,it+

∑J
j=2 β j ln x̃j,it +

1
2 ∑J

j=2 ∑K
k=2 β jk ln x̃j,it ln x̃k,it + δtt + 1

2 δttt2 + ∑M
m=1 δmt ln ym,itt + ∑J

j=2 δjt ln x̃j,itt,
(4)

where ln x̃j,it = ln xj,it − ln x1,it.
Furthermore, the time trend included in the IDF allows for the capture of the joint

effects of embedded knowledge, technology improvements, and learning-by-doing as
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well as input quality improvements [46]. Here, δt and δtt capture the global effect of
technological change on the IDF, while δmt and δjt measure the bias of technological change.

For interpretation of the empirical estimates, the duality between the cost and input
distance functions is another important property. That is, the derivative of the input
distance function with respect to a particular input is equal to the cost-deflated shadow
price of that input [47], and the elasticity of the IDF with respect to the mth output is equal
to the negative of the cost elasticity of that output, and, as such, it provides information
about the importance of the mth output in terms of cost [48].

Moreover, the IDF provides a measure of technical efficiency since its reciprocal is
equal to the Farrell [49] input-based technical efficiency: TEI = 1

DI(y,x,t) . The technical
efficiency can be introduced in (4), incorporating the latest approach to technical efficiency
investigation proposed by Kumbhakar et al. [50] and Colombi et al. [51]. These authors
emphasize the importance of considering latent heterogeneity (µi), to generate an unbiased
estimate of time-invariant technical inefficiency (ηi), as well as the possibility of efficiency
improvement represented by transient technical efficiency (uit). Replacing ln DI

it with both
inefficiency terms, that is ηi + uit = ln DI

it, and introducing a statistical error term (vit) and
latent heterogeneity (µi), the IDF takes the form of a generalized true random effect model
(GTRE, see [52]):

− lnx1it = α0 + ∑M
m=1 αm ln ym,it +

1
2 ∑M

m=1 ∑N
n=1 αmn ln ym,it ln yni,t + ∑M

m=1 ∑J
j=2 γmj ln ym,it ln x̃j,it + ∑J

j=2 β j ln x̃j,it+

1
2 ∑J

j=2 ∑K
k=2 β jk ln x̃j,it ln x̃k,it + δtt + 1

2 δttt2 + ∑M
m=1 δmt ln ym,itt + ∑J

j=2 δjt ln x̃j,itt − ηi − uit + µi + vit,
(5)

where vit ∼ N
(
0, σ2

v
)
, uit ∼ N+

(
0, σ2

u
)
, ηi ∼ N+

(
0, σ2

η

)
, and µi ∼ N

(
0, σ2

µ

)
.

Based on the IDF (5) estimates, the components of TTI (2) can be easily derived.
According to Bokusheva and Čechura [41], the scale effect, which captures the contribution
of economies of scale, is measured as the difference between two indices: the first one
is measured assuming constant returns to scale and the other is calculated under the
assumption of varying returns to scale. After accounting for deviations from the sample
means, this results in:

ln ιit =
1
2

M

∑
m=1

[(
ζit,m + ζm

)(
ln yit,m − ln xm

)
+ ζmln ym − ζit,m ln yit,m

]
, (6)

where ζit,m =
(
1 − RTS−1) ∂ ln DI(x∗it ,yit ,t)

∂ ln yit,m
and RTS−1 = ∑M

m=1 −
∂ ln DI(x∗it ,yit ,t)

∂ ln yit,m
.

The technical efficiency effect, which is associated with movements towards (away
from) the frontier technology, is measured as a derivation from the sample mean:

ln υit = ln TEit − ln TEit, (7)

where TEit = exp(−ûit).
Similarly, the technological change component, capturing the shift of frontier, is

measured as a derivation from the sample mean:

ln υit = ϕit − ϕit, (8)

where ϕit = − ∂ ln DI(x∗it ,yit ,t)
∂ ln t .

2.2. Estimation Strategy

The estimation strategy involves new advances in productivity and efficiency analysis.
We introduced the GTRE model, and since the endogeneity problem usually frustrates
researchers in productivity analysis and leads to inconsistent estimates, we used methods
which control for the potential endogeneity. In particular, we address two potential sources
of endogeneity (due to the heterogeneity as well as the simultaneity of inputs with technical
efficiency) by using the system generalized method of moments (GMM) estimator.
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The estimation of the GTRE model is undertaken as a multistep procedure. We follow
Kumbhakar et al. [43] and rewrite the model in (5) as:

− lnx1it = α∗0 + ∑M
m=1 αms ln ym,it +

1
2 ∑M

m=1 ∑N
n=1 αmn ln ym,it ln yni,t + ∑M

m=1 ∑J
j=1 γmj ln ym,it ln x̃j,it+

∑J
j=1 β js ln x̃j,it +

1
2 ∑J

j=1 ∑K
k=1 β jk ln x̃j,it ln x̃k,it + δtst + 1

2 δttt2 + ∑M
m=1 δmt ln ym,itt + ∑J

j=1 δjt ln x̃j,itt + αi + εit,
(9)

where α∗0 = α0 − E(ηi)− E(uit), αi = µi − (ηi − E(ηi)) and εit = vit − (uit − E(uit)).
This specification ensures that αi and εit have zero mean and constant variance. The

multistep procedure consists of four steps [41]: In step 1, the two-step system GMM
estimator [53,54] is used to obtain consistent estimates of the IDF parameters. The Arellano
and Bover/Blundell and Bond [53,54] approach builds a system of two equations—the
original equation (in levels) and the transformed one (in differences)—and employs two
types of instruments: the level instruments for the differenced equations and the lagged
differences for the equations in levels [55]. The validity of these instruments is tested by the
Hansen J-test [56], which analyses the joint validity of the instruments, and the Arellano-
Bond [57] test is used to analyse the autocorrelation in the idiosyncratic disturbance term
(vit), which could render some lags invalid as instruments. In step 2, residuals are used
from the system-GMM-level equation to estimate a random effects panel model employing
the generalized least squares (GLS) estimator, with the aim of obtaining the theoretical
values of αi and εit, denoted by α̂i and ˆεit. In step 3, the transient technical inefficiency,
uit, is estimated using ˆεit and the standard stochastic frontier technique with assumptions:
vit ∼ N

(
0, σ2

v
)
, uit ∼ N+

(
0, σ2

u
)
. In step 4, the persistent technical inefficiency, ηi, is

estimated using α̂i and the stochastic frontier model with the following assumptions:
µi ∼ N

(
0, σ2

µ

)
, ηi ∼ N+

(
0, σ2

η

)
. The overall technical efficiency (OTE) is quantified based

on Kumbhakar et al. [52]: OTEit = exp(−η̂i) ∗ exp(−ûit). All these estimates are conducted
using the STATA 14.0 software.

2.3. Data Used in the Study

The analysis uses a panel data set drawn from the Farm Accountancy Data Network
(FADN) database provided by the European Commission’s Directorate-General for Agri-
culture and Rural Development (DG AGRI) in the framework of the VALUMICS project.
The database contains information on approximately 80,000 agricultural holdings across
the European Union and provides harmonised microeconomic data (physical as well as
financial data). Our dataset involves twelve countries (the country selection corresponds to
the countries in the VALUMICS project consortium): (i) top producers—Germany, France,
the United Kingdom, and Italy (according to Eurostat, cow’s milk production in these three
countries represents 52% of European milk production in the analysed period); (ii) middle
producers—Spain, Ireland, Romania, Belgium, and Austria (with a 16% share of the total
EU production); and (iii) low producers—Czechia, Sweden, and Finland (with a 5% share of
the total EU production), and covers the period from 2004 to 2017. These country samples
of farms consist of specialised COP (cereals, oilseeds, and protein crops), field crops, milk,
cattle, mixed crops, mixed livestock, and mixed crop and livestock farms, according to
the FADN farm typology. Since not all farms in the database have complete information,
observations of those farms with negative and zero values of the variables of interest are
excluded from the data set. Moreover, the data set is generated by keeping in the sample
only farms with at least five (three in the case of Belgium and four in the case of Ireland)
consecutive years of observations. This procedure decreases the problem associated with
the entry and exit of producers from the database and allows the use of the GMM estimator
with a sufficient number of lagged instruments. Five consecutive observations provide
more flexibility for the selection of the valid set of instruments. However, in the case of
Belgium and Ireland, we have to compromise between the number of observations and the
minimum requirements of the GMM estimator. The final sample size is presented in Table 1.
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Table 1. Structure of the data set. Source: FADN database and authors’ own calculations.

Country Austria Belgium Czechia Finland France East
Germany

West
Germany Ireland Italy Romania Spain Sweden United

Kingdom

I 1086 405 500 385 2025 492 1946 363 1055 425 655 380 415
N 11,651 3903 4671 3913 18,225 3988 15,193 3375 7939 2603 5515 3078 3553

Note: I is the total number of firms and N is the total number of observations.
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For the estimation of the IDF, the following vectors of outputs and inputs are defined:
milk output (yM), represented by the value of milk production; other livestock production
(yAOL), measured as the difference between the value of livestock output minus milk
output; and other farm output (yAOO), calculated as the difference between the value of
farm total output and the value of total livestock output. The vector of inputs consists of:
capital (K), represented by the sum of contract work and capital depreciation; land (L),
expressed in hectares of Utilised Agricultural Area (UAA); labour (W), measured in annual
working units (AWU); and materials, defined as total intermediate consumption (the sum
of a farm’s total crop and livestock production-specific costs and total farming overheads
without contract work). Material is used to normalize the three other input variables.

Monetary variables are deflated using the price indices from the EUROSTAT database
(2010 = 100). The price indices for milk output and agricultural goods output (Eurostat,
2019) are used to deflate the output variables. The price index for machinery and other
equipment is used to adjust the capital input, and the price index for goods and services
currently consumed in agriculture is employed to deflate materials. The sample descriptive
statistics of the variables of interest are provided in Table 2.
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Table 2. Descriptive statistics. Source: FADN database and own calculation.

Variable Milk Other Animal
Production Plant Production Land Labour Capital Material

Country Mean Std. D. Mean Std. D. Mean Std. D. Mean Std. D. Mean Std. D. Mean Std. D. Mean Std. D.

Austria 43,069 32,850 14,359 11,814 22,111 23,586 36 30 2 1 24,228 13,109 40,747 24,442
Belgium 106,147 71,886 56,360 62,633 45,620 52,642 69 40 2 1 42,748 25,660 114,508 68,474
Czechia 481,302 442,284 200,250 260,303 729,055 823,571 1108 924 37 33 198,178 199,892 1,148,982 1,123,097
Finland 132,894 103,088 12,344 12,150 26,739 31,007 72 45 2 1 58,128 50,825 136,274 96,237
France 122,814 73,548 40,478 43,967 48,730 62,290 121 76 2 1 63,947 39,195 127,260 80,847

East Germany 767,098 845,925 205,465 369,172 905,450 1,232,835 932 865 20 23 297,245 301,271 1,302,281 1,491,043
West Germany 107,930 91,658 32,516 34,689 33,435 38,566 71 44 2 1 36,401 25,701 109,656 74,463

Ireland 108,158 73,090 35,304 34,676 12,007 14,550 64 34 2 1 15,157 19,134 120,637 121,051
Italy 86,564 107,141 17,221 23,138 29,921 49,432 40 58 2 1 17,017 17,361 73,517 90,356

Romania 15,547 56,065 6083 22,486 34,335 181,641 57 239 3 8 6502 34,994 32,366 146,738
Spain 132,696 131,132 19,071 24,814 14,741 18,061 32 44 2 1 15,157 19,134 120,637 121,051

Sweden 153,291 155,422 23,681 29,048 69,439 78,549 109 105 2 2 47,417 48,410 179,945 171,093
United Kingdom 228,476 239,705 49,302 44,077 39,291 56,536 108 84 3 2 45,965 34,117 211,422 206,848
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3. Results and Discussion
3.1. Milk Production Technology

Table 3 provides estimated first-order parameters and technological change parameters
of the country-specific input distance functions in translog specification, together with the
Hansen’s J-test and AR(2) test statistics (full country-specific IDF estimates are available on
request from the authors). The results indicate that the majority of the first-order parameters
of the IDFs are statistically significant even at the 1% significance level for all the analysed
countries. Moreover, Hansen’s J-test statistics and the AR(2) test confirm the validity of the
GMM estimates. Equally important, the theoretical assumptions are met by the estimates
for all countries because all first-order coefficients have the expected signs (αm < 0 for all
outputs, βj > 0 for all inputs). This implies that the IDFs are non-increasing in outputs
and non-decreasing in inputs at the sample means, since all variables in logarithm are
normalized by their sample mean. These results indicate that monotonicity conditions are
fulfilled at the sample mean [48]. According to Karagiannis et al. [58], any IDF is concave
in inputs and quasiconcave in outputs if the Hessian matrix of the second-order IDF’s
parameter derivative is negative-definite with respect to outputs and positive-definite with
respect to inputs, at the point of approximation. As Čechura and Hockmann [59] noted,
this is fulfilled on the sample mean if βjj + βj

2 − βj ≤ 0 for all j. Since all these conditions
are met, the estimated input-distance functions seem to well approximate the production
behaviour of farmers in selected European countries.

As Irz and Thirtle [47] stated, the elasticity of the IDF with respect to the jth input is
equal to its cost share and captures the relative importance of that input in the production
process. In line with this notion, the estimated input shares reveal that the agricultural
holdings under investigation use highly material-intensive production technology since
material inputs play a dominant role in cost structure. This is a common feature that can
be found in all the analysed countries. The share of material evaluated on sample means is
between 32% in Austria and 59% in Sweden, and the cost-share of labour ranges from 18%
in Ireland to 37% in Belgium. The cost-share of capital for the analysed inputs is the lowest
in Czechia, Finland, Ireland, Italy, Romania, and Spain, suggesting low capital intensity in
milk production.

Furthermore, the IDF estimates indicate considerable differences in output elasticities
among the countries. Milk production (yM) is the most important output in the majority of
the analysed countries. There are two exceptions: Czechia and Romania, where the other
output (yAOO) has the highest elasticity. This reflects the fact that milk production in these
countries is mainly carried out on less specialized farms. For example, in Czechia more
than two thirds of milk production is produced by farms with mixed production (crops
and livestock) [60].

The absolute value of the sum of output elasticities is lower than 1 in all the analysed
countries. In other words, the diseconomies of scale in European milk production become
apparent, as was also found by Čechura et al. [46] by applying stochastic frontier analysis
on farm-level data from 2004–2011 and by Žáková Kroupová et al. [15] using SFA and
regional data for the period 2004–2016. Among all the countries under consideration, the
sum of the IDF elasticities with respect to outputs is the highest for Czechia and East
Germany, whereas the lowest value belongs to Austria, evaluated on country sample
means. Because the concept of economies of scale is very close to the concept of economies
to size [61], we can conclude that Czech sample agricultural holdings and especially East
German milk producers tend to be close to the optimal size. The agricultural holdings
in the rest of the countries have a substantial potential to improve their productivity by
changing scales of operations, since moving to a technically optimal size would bring cost
savings to EU dairy producers, as noted by Žáková Kroupová et al. [15].
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Table 3. First-order parameters, technological change parameters, and tests of IDFs. Source: authors’ own calculations.

Coeff. Austria Belgium Czechia Finland France East
Germany

West
Germany Ireland Italy Romania Spain Sweden United

Kingdom

α_yM −0.3037 −0.3194 −0.3328 −0.5298 −0.4922 −0.4385 −0.3985 −0.4135 −0.3715 −0.1349 −0.6928 −0.4092 −0.5249
*** *** *** *** *** *** *** *** *** *** *** *** ***

α_yAOL −0.1564 −0.2057 −0.1632 −0.0873 −0.1710 −0.1333 −0.1603 −0.2236 −0.0871 −0.1002 −0.0564 −0.0926 −0.1640
*** *** *** *** *** *** *** *** *** *** *** *** ***

α_yAOO −0.1645 −0.1585 −0.4583 −0.1447 −0.1760 −0.3804 −0.1800 −0.1309 −0.2763 −0.4258 −0.0880 −0.3078 −0.1690
*** *** *** *** *** *** *** *** *** *** *** *** ***

β_L
0.1435 0.0704 0.1184 0.0994 0.0531 0.0536 0.0827 0.2208 0.1536 0.2160 0.1155 0.0605 0.1122

*** ** ** *** *** *** *** *** *** *** ** ***

β_W
0.3351 0.3691 0.3195 0.2554 0.2168 0.1827 0.2991 0.1785 0.3197 0.3259 0.2531 0.2651 0.2801

*** *** *** *** *** *** *** *** *** *** *** *** ***

β_K
0.1995 0.1707 0.0759 0.0741 0.2477 0.1808 0.0994 0.0746 0.1112 0.1031 0.0698 0.0809 0.1234

*** *** *** *** *** *** *** *** *** *** *** *** ***
δ_t −0.0009 −0.0076 0.0125 0.0132 −0.0009 −0.0487 0.0288 0.0095 0.0044 −0.0015 −0.0139 0.0017 −0.0141

*** *** *** *** *** *** ** *** ***
δ_tt 0.0018 0.0038 0.0053 0.0030 0.0020 0.0200 0.0022 0.0045 0.0005 0.0085 0.0048 0.0021 0.0076

*** *** *** *** *** *** *** ** *** ** ***
δ_yMt −0.0021 0.0022 −0.0032 0.0132 0.0023 0.0024 −0.0054 0.0036 0.0013 0.0036 −0.0080 0.0097 −0.0082

*** ** ** ** *** **
δ_yAOLt 0.0017 −0.0015 −0.0019 −0.0022 0.0030 −0.0013 −0.0019 0.0066 −0.0053 0.0072 −0.0004 0.0033 −0.0032

*** ** **
δ_yAOOt 0.0009 0.0018 0.0062 −0.0032 −0.0008 0.0014 −0.0009 −0.0052 0.0091 −0.0149 −0.0020 −0.0098 0.0098

** * ** *** * ** ***
δ_Lt −0.0129 0.0018 −0.0187 0.0093 −0.0026 −0.0076 0.0015 −0.0049 −0.0130 0.0083 −0.0076 0.0081 −0.0157

*** ** * *** ** **
δ_Wt 0.0009 −0.0043 0.0015 −0.0060 0.0017 0.0186 −0.0053 0.0106 0.0189 0.0024 −0.0243 −0.0024 −0.0008

** ** *** ***
δ_Kt 0.0110 −0.0093 −0.0008 −0.0082 0.0038 −0.0041 0.0052 0.0050 −0.0066 0.0014 −0.0091 −0.0099 0.0046

*** * * ** *** *** **
Hansen test 915.71 373.14 484.69 367.13 1573.33 353.36 959.22 370.8 1035.43 193.41 623.75 353.59 378.89

p-value 0.053 1.000 0.139 1.000 0.092 1.000 0.073 1.000 0.353 1.000 1.000 1.000 1.000
AR (2) test −1.52 −1.59 −0.02 0.91 0.55 0.720 −0.36 −0.62 −0.37 −1.59 −0.80 0.36 −1.84

p-value 0.128 0.112 0.983 0.363 0.579 0.468 0.722 0.536 0.712 0.112 0.426 0.718 0.066

Note: ***, **, * denotes significance at the 1%, 5%, and 10% levels, respectively.
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Technological change (estimated using a time trend as a proxy variable) is statisti-
cally significant at the 5% level in: Belgium, Czechia, Finland, West and East Germany,
Ireland, Italy, Spain, and the United Kingdom (see parameter δt in Table 3). In most of
these countries the results indicate technological regress (positive parameters δt). This
suggests that milk producers in these countries are characterised by a cost increase over
the analysed period, evaluated on sample means. The predominance of technological
regress was also found by Žáková Kroupová et al. [15]. Moreover, the technological regress
in Czechia, Finland, and Ireland was found to be accelerating over the analysed period
at the 5% level of significance. These results indicate that Czech, Finnish, and Irish milk
producers were falling behind in innovative activities, and they foreshadow a potential
loss of competitiveness in milk production in these three countries.

In addition, we rejected the null hypothesis about Hicks-neutral technological change
in favour of biased technological change in most of the analysed countries (at a significance
level of at least 10%). However, we cannot observe any common patterns.

Land-using biased technological change was estimated for Austria, Czechia, Italy,
Spain, and the United Kingdom. This suggests that farmers in these five countries under-
went structural changes, such as a switch to organic farming with a higher proportion
of pastoral farming or an increase in home-grown feed production. As evidenced, it can
be seen that organic milk production increased three times in Czechia in the analysed
period [62].

Labour-saving technological change is characteristic of East German, Irish, and Italian
milk production, whereas Spanish milk producers are characterised by a labour-using
biased technological change.

Finally, a capital-using biased technological change was estimated in the majority
of the analysed countries, except for Austria and France, which have a capital-saving
technological change. These findings are in line with our expectations about the increasing
role of new technologies in production with a higher added value, and with the information,
we have in the dataset and that we found in other studies. For example, Heikilä et al. [63]
provide evidence that milk producers in the majority of the analysed countries invested
in fixed assets, e.g., in new construction with a loose-housing system and an automatic
milking system.

3.2. Technical Efficiency

The overall technical efficiency was found to be high in all analysed countries (Table 4).
The only exception is the UK, with overall technical efficiency of 73%. Other countries
show overall technical efficiency higher than 80%, and half of them are even higher than
90%. This suggests that inputs are efficiently exploited, and there is only a little room
to reduce costs by increasing overall technical efficiency. Moreover, the density of the
efficiency estimate is narrow and skewed to higher values in the majority of countries. This
indicates that we cannot observe huge differences among producers in most cases and that
most producers are operating near the production frontier. The exceptions are Czechia and
the UK, with higher intrasectoral variability.

The decomposition of overall technical efficiency into transient and persistent parts
reveals that persistent technical inefficiencies contribute to a large extent to overall technical
inefficiencies. That is, transient technical efficiency has a higher mean than persistent
technical efficiency. Moreover, Figure 4 show improvements in transient technical efficiency
at the beginning of the analysed period for countries with considerably low efficiency as
compared to other countries. During that time, the transient efficiency was in most cases
around 95%, which is close to the optimal value and does not provide considerable room
for improvements. The estimates of persistent technical efficiency show that there is some
room for improvements. The cost reduction is up to 10% in the majority of cases and up to
21% in the UK. Since the persistent technological efficiency also has a narrow distribution,
we may conclude that we cannot observe considerable systematic failures in efficiency of
input use in most of the analysed countries.
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Table 4. Overall technical efficiency and its decomposition. Source: authors’ own calculations.

Country
Overall TE Transient TE Persistent TE

Mean Std. Dev. Min. Max. Mean Std. Dev. Min. Max. Mean Std. Dev. Min. Max.

Austria 0.9187 0.0122 0.8224 0.9579 0.9601 0.0093 0.8514 0.9901 0.9568 0.0080 0.9178 0.9769
Belgium 0.8534 0.0494 0.5458 0.9533 0.9454 0.0181 0.8180 0.9870 0.9026 0.0479 0.6378 0.9758
Czechia 0.8344 0.0542 0.5618 0.9398 0.9420 0.0167 0.8136 0.9868 0.8857 0.0540 0.6096 0.9781
Finland 0.8954 0.0307 0.7539 0.9505 0.9679 0.0061 0.9144 0.9882 0.9251 0.0306 0.7889 0.9733
France 0.8681 0.0423 0.6071 0.9586 0.9506 0.0155 0.7819 0.9917 0.9131 0.0404 0.6581 0.9778

East Germany 0.8083 0.0987 0.3762 0.9804 0.8092 0.0988 0.3767 0.9816 0.9988 0.0000 0.9988 0.9988
West Germany 0.9524 0.0101 0.8966 0.9740 0.9980 0.0000 0.9979 0.9981 0.9543 0.0102 0.8984 0.9759

Ireland 0.9121 0.0422 0.7517 0.9748 0.9965 0.0001 0.9962 0.9969 0.9153 0.0423 0.7544 0.9780
Italy 0.9168 0.0221 0.7919 0.9637 0.9965 0.0000 0.9963 0.9967 0.9200 0.0221 0.7947 0.9670

Romania 0.8290 0.0372 0.5884 0.9165 0.9008 0.0346 0.6750 0.9743 0.9201 0.0174 0.7929 0.9616
Spain 0.9283 0.0216 0.8148 0.9728 0.9977 0.0000 0.9976 0.9978 0.9305 0.0216 0.8168 0.9750

Sweden 0.9143 0.0181 0.7889 0.9642 0.9491 0.0161 0.8306 0.9870 0.9632 0.0079 0.9342 0.9793
United Kingdom 0.7288 0.0764 0.3702 0.9905 0.9224 0.0330 0.6852 0.9905 0.7897 0.0745 0.4947 1.0000
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3.3. Total Factor Productivity Dynamics

Table 5 provides estimates of total factor productivity (TFP) measured as a comparison
of TFP in a particular year to a country sample TFP average. Moreover, we investigate
TFP dynamics by considering four-year averages. The results indicate an increasing trend
for TFP in most countries. The trends have a different intensity and, in addition, we can
observe different variability among the countries. The results show that in each country
there are farmers with a TFP that is considerably higher than the country’s average and
who thus have a substantial competitive advantage. On the other hand, we can observe
farmers with a low TFP who might not be able to keep pace with competitors and who are
expected to fall more and more behind.

Belgium, Czechia, Germany, and the UK are exceptions to the prevailing pattern of
TFP increase in the analysed sample. These countries experienced an overall decreasing
trend in TFP, but the dynamics in these countries seem to be idiosyncratic (see Table 5).

Table 6 presents figures on the TFP components that help us to reveal the sources of
TFP dynamics. The results suggest that the main source of TFP growth is a scale-effect
component. This is in line with the expectation that abolishing milk quotas leads to farm
size adjustments in the direction of optimal size. In other words, the farms tend to adjust
their scale of operations to increase scale efficiency, i.e., to exploit economies of scale. Then,
the technical efficiency component does not contribute significantly in the analysed period
to the TFP dynamics, which is in line with our findings in the previous chapter. Finally,
technological change predominantly reduces the positive effect of the scale component of
TFP growth. This finding does not support the expectation of moving to farms with greater
investment strength; however, the result could be that we do not analyse only specialized
milk farms.
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Table 5. Total factor productivity development (TTI). Source: own calculation.

Country
2004–2008 2009–2013 2015–2017

Mean Std. Dev. Min. Max. Mean Std. Dev. Min. Max. Mean Std. Dev. Min. Max.

Austria −0.012 0.203 −0.772 0.792 −0.007 0.239 −1.052 0.872 0.041 0.257 −1.227 0.710
Belgium 0.037 0.154 −0.663 0.441 −0.013 0.177 −0.912 0.603 −0.069 0.179 −0.509 0.562
Czechia 0.008 0.173 −0.767 0.197 −0.001 0.158 −0.917 0.511 −0.010 0.161 −0.751 1.756
Finland −0.037 0.159 −0.895 1.487 0.008 0.159 −0.883 0.385 0.063 0.144 −0.609 0.278
France −0.008 0.100 −0.518 0.197 0.002 0.098 −0.452 0.584 0.012 0.094 −0.416 0.326

East Germany −0.045 0.121 −0.750 0.399 0.058 0.092 −0.381 0.598 −0.061 0.090 −0.504 0.120
West Germany 0.007 0.152 −0.711 0.614 −0.003 0.151 −1.155 0.705 −0.009 0.139 −0.842 0.571

Ireland −0.016 0.149 −0.840 0.652 −0.005 0.151 −0.816 1.705 0.029 0.132 −0.646 0.295
Italy −0.010 0.225 −0.950 0.639 0.004 0.243 −0.962 1.513 0.019 0.242 −0.741 0.506

Romania −0.104 0.397 −0.886 1.264 0.006 0.386 −1.115 1.553 0.006 0.440 −1.417 1.406
Spain −0.012 0.138 −0.504 0.660 0.008 0.149 −0.845 0.665 0.002 0.137 −0.436 0.751

Sweden −0.033 0.165 −0.647 0.352 0.015 0.173 −1.188 2.152 0.031 0.140 −1.031 0.243
United Kingdom 0.018 0.129 −0.433 0.452 −0.001 0.121 −0.374 0.961 −0.022 0.128 −0.461 1.023
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Table 6. Decomposition of TFP. Source: own calculation.

Country Austria Belgium Czechia Finland France East
Germany

West
Germany Ireland Italy Romania Spain Sweden United

Kingdom

2004–2008

SE
Mean −0.019 0.024 −0.011 −0.049 −0.015 0.001 −0.001 −0.033 −0.011 −0.093 −0.025 −0.042 −0.007
Std.D. 0.202 0.159 0.004 0.160 0.100 0.060 0.154 0.154 0.224 0.394 0.117 0.162 0.107

TEC
Mean 0.000 0.002 −0.003 0.000 −0.002 −0.110 0.000 0.000 0.000 −0.046 0.000 0.000 −0.015
Std.D. 0.009 0.000 0.001 0.007 0.017 0.120 0.000 0.000 0.000 0.061 0.000 0.017 0.051

TC
Mean 0.008 0.011 0.022 0.012 0.009 0.065 0.008 0.017 0.002 0.035 0.013 0.010 0.040
Std.D. 0.007 0.000 0.001 0.007 0.005 0.031 0.005 0.011 0.014 0.014 0.025 0.009 0.020

2009–2014

SE
Mean −0.006 −0.007 0.001 0.012 0.003 0.001 0.000 −0.005 0.004 −0.001 0.010 0.019 −0.001
Std.D. 0.237 0.181 0.003 0.161 0.099 0.068 0.153 0.158 0.243 0.387 0.123 0.169 0.111

TEC
Mean 0.000 −0.001 0.001 0.000 0.001 0.090 0.000 0.000 0.000 0.002 0.000 −0.001 0.006
Std.D. 0.009 0.000 0.000 0.006 0.015 0.048 0.000 0.000 0.000 0.037 0.000 0.017 0.027

TC
Mean −0.002 −0.005 −0.004 −0.004 −0.002 −0.033 −0.003 0.001 0.000 0.005 −0.002 −0.003 −0.006
Std.D. 0.008 0.000 0.001 0.007 0.006 0.035 0.006 0.012 0.014 0.019 0.031 0.009 0.016

2015–2017

SE
Mean 0.052 −0.052 0.016 0.080 0.023 −0.007 0.004 0.050 0.024 0.033 0.023 0.041 0.012
Std.D. 0.254 0.182 0.005 0.146 0.093 0.075 0.141 0.139 0.242 0.436 0.111 0.135 0.115

TEC
Mean 0.000 0.006 0.001 0.001 0.000 0.072 0.000 0.000 0.000 0.005 0.000 0.002 0.006
Std.D. 0.011 0.001 0.001 0.005 0.018 0.055 0.000 0.000 0.000 0.035 0.000 0.017 0.030

TC
Mean −0.011 −0.023 −0.027 −0.018 −0.012 −0.126 −0.013 −0.021 −0.005 −0.032 −0.021 −0.012 −0.040
Std.D. 0.006 0.000 0.001 0.006 0.005 0.021 0.005 0.009 0.014 0.015 0.031 0.008 0.011
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4. Conclusions

This study provides the insights into the sources of competitiveness of milk producers
before and after the abolition of milk quotas. We explored dairy farms in selected EU
member states and focused on the productivity dynamics. Our aim was to study the effects
of the abolishing of milk quotas. The investigation was based on the stochastic frontier
analysis. We employed the input distance function in the specification of the generalized
true random effect model. Moreover, to provide a robust estimate of this model, we
employed the method which controls for the potential endogeneity of netputs in the four-
step estimation procedure. The main contribution of this paper is the empirical application
of the recently developed approaches to robust efficiency and productivity analysis of
milk producers. Furthermore, we attempt to complement the literature that predicted the
possible impacts of quota deregulation using data prior to the policy implementation by
new findings using the data that includes the years after the abolishing of milk quotas. In
particular, the deregulation of the milk quota allocation was expected to increase dairy
farm efficiency and productivity over time [5].

Our results revealed considerable heterogeneity in production structure and pro-
duction technology. Moreover, the average milk producer is characterized by increasing
returns to scale in all analysed countries. However, the degree of diseconomies of scale
differs among the countries substantially. These findings are in line with Čechura et al. [46]
and Žáková Kroupová et al. [15]. The technological change was found to be negative in
most of the countries. Moreover, we rejected the Hick’s neutral technological change. The
estimated biased technological change is country specific, and we cannot observe any
common patterns. The exception is capital input. We estimated a capital-using biased
technological change in the majority of analysed countries. These results find again the
support in Čechura et al. [46] and are in line with the observations of Klopčič et al. [22].

Similar to the results of Bokusheva and Čechura [41], we found high overall technical
efficiency in all analysed countries except for the UK. Since the density of the efficiency
estimate is narrow and skewed to higher values in the majority of countries, we may con-
clude that most producers are operating near the production frontier. The decomposition
of overall technical efficiency into transient and persistent parts reveals that the persistent
technical efficiency shows lower mean values as compared to transient technical efficiency.
However, the room for improvement is small, up to 10% in the majority of cases. With
respect to the distribution, which is also narrow and skewed to higher values, we may
conclude that we cannot observe considerable systematic failures in the efficiency of input
use in most of the analysed countries.

Furthermore, the results indicate an increasing trend for TFP in most countries, with
different intensity and variability among the countries. The TFP decomposition shows
two main sources of TFP dynamics. Whereas the technological change component was
predominantly negative, the scale component was found as the main source of TFP growth.
That is, the farms adjusted their scale of operations to increase scale efficiency, i.e., to exploit
economies of scale. These results are fully in line with the expectation that milk quota
abolishment leads to farm size adjustments in the direction of optimal size. That is, we
found the support for the hypothesis of positive effects of the abolition of milk quotas on
productivity that were predicted and/or observed by other studies, e.g., [11,27,29].

The future research will focus on the effects of the market deregulation or the abolition
of milk quotas, respectively, on the group of specialized milk producers. In particular,
we aim to investigate whether the observed scale effects are stronger for specialized milk
producers and different size groups and what are the investments patterns with respect to
the expected positive technological change.
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