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Abstract

The size of a farm is one of the factors that influence its productivity, in an ambiguous relationship that is often discussed in the industrial
economy. In Portugal, the Demarcated Douro Region (DDR) is characterized by very small farms. Usually, this trend is considered a limitating
factor in the profitability of the wine farms. In order to assess the correctness of this sentence, the variation of wine productivity per land size,
from 2010 to 2016, was studied in the DDR, considering its three distinctive areas: Baixo Corgo, Cima Corgo and Douro Superior. The farms
were categorized in nine different size ranges; as these variables outnumber the available seven observations, the Generalized Maximum Entropy
(GME) estimator was used, since it suits the need to solve an ill-conditioned problem. GME was applied with the MATLAB (MATrix
LABoratory) software along with the Bootstrap technique. According to the simulations, larger farms (with an area greater than 20 ha) on Douro
Superior and Cima Corgo reveal higher marginal productivity given the current state of the region. On the other hand, Baixo Corgo's results
suggest that medium-sized farms (with area ranges between 2 and 5 ha) display higher marginal increments to the region wine productivity.
& 2018 UniCeSV, University of Florence. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Companies' size may influence their economic performance
(Baumol, 1967) and it can also be a competitive advantage. In
the agriculture sector, the farm size affects the performance or
productivity of the farm, but this relationship is somewhat
controversial (Townsend et al., 1998).

The vineyard activity has a strategic importance for the
Portuguese and the European agriculture sector. According to
2016 data, Portugal is the 11th world wine producer, the 9th
world exporter in value and the 5th largest European producer
regarding production volume (OIV, 2017).

In Portugal, wine production has a great tradition, particu-
larly in the Demarcated Douro Region (DDR), the first
viticulture region to be delimited and regulated worldwide,
in 1756. The DDR is located in the Northeast Portugal, in the
Douro river basin, surrounded by mountains. Due to the
heterogeneity of climatic, topographic and soil characteristics,
this region produces superior quality wines, most of them with
Protected Denomination of Origin (PDO), including the unique
and worldwide famous fortified Port wine. The DDR is divided
into three sub-regions: Baixo Corgo, Cima Corgo and Douro
Superior (Magalhaes, 1998), with approximately 250,000 ha of
total area, 45,000 ha of which are occupied by continuous
vineyards. The harvest of 2016/17, constituted 22% of the
Portuguese total wine production (1,336,612 hl), being the
most representative wine region of the country (IVV, 2017a).
The portuguese viticulture sector, including the three sub-

regions of the DDR, is embodied mostly by farms with less
than 5 ha (see Fig. 1). In Portugal, around 63% of the farms
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have less than 0.5 ha, although they represent only 9% of the
total area. Comparatively to the country, the DDR has fewer
farms with less than 0.5 ha: 48% of farms, representing 6% of
its total area. On the other hand, the farms with more than
20 ha constitute only 1% of the total number of farms, in
Portugal and in the DDR, corresponding to 32% and 24% of
their total area, respectively. Analysing the sub-regions of the
DDR, the Baixo Corgo has the highest percentage of farms
with an area between 0.5 and 5 ha, both in number and in total
area, while the Douro Superior presents the lowest. Addition-
ally, from 1989 to 2015, the total vineyard area of the DDR
suffered a slight decrease (IVV, 2017b). This could be due to
shrinking profit margins and to European Union (EU) regula-
tions, which supported the farmers for uprooting their vine-
yards and imposed a limit on new plantations (Meloni and
Swinnen, 2013).

This work aims to analyse the influence of farm size on wine
production in the three sub-regions of the DDR (Baixo Corgo,
Cima Corgo and Douro Superior), considering the land
productivity. To attain this, we explore some Generalized
Maximum Entropy (GME) estimators, using nine classes of
size area for the referred sub-regions. The article is divided in
four sections. The first section presents an overview of the
DDR and a brief literature review regarding the influence of
farm size on productivity. Section 2 introduces the available
data and describes the chosen methodology, supported by
relevant references and mathematical formulations. In the two
subsequent Sections 3 and 4, the GME results are presented
and analysed. Finally, Section 5 summarizes the main conclu-
sions and makes suggestions for further improvement.

2. Theory and calculation

Sellers and Alampi-Sottini (2016) analysed the influence of
farm size on the economic performance of Italian wineries,
using profit, productivity and efficiency measures on a sample
of 723 wineries for the year of 2013. The results showed that
the size of the farm is positively correlated with all indicators
of performance and the company may achieve the optimum

size and higher efficiency, with increasing returns to scale,
when the unitary costs are minimized (Sellers and Alampi-
Sottini, 2016).
Other authors argue that the positive relationship between

size and productivity is explained by the increasing returns to
scale, which means that when a farm increases its size (input),
the production (output) increases proportionally more (Diewert
and Fox, 2010; Sheng et al., 2015).
In the agricultural sector, economies of scale are more

commonly associated with mechanization, especially when
linked to high-performance (Gleyses, 2007). The technological
progress and the access to improvements can also explain why
big farms are more productive, since they often have more
capital available than small farms to invest in new technolo-
gies, which allow them to reach higher productivity levels
(Hooper et al., 2002).
Another theory is that small farms may have more difficul-

ties to conquer new emergent opportunities in the international
market: when larger volumes of goods are required and the
market competition increases, their low production capacity
restrains a possible adjustment to these challenges
(Commission, 2005; Sheng et al., 2015).
The positive relationship between the size and the perfor-

mance or productivity of a company is not always confirmed.
As observed by Marcus (1969) and by Capon et al. (1990),
only some industries display that type of results. In addition,
an inverse correlation between farm size and productivity has
been detected (Berry and Cline, 1979), mainly concerning
developing countries (Ghose, 1979; Chand et al., 2011; Chen
et al., 2011). However, Ghose (1979) argues that the advances
in technology are the main factor for the vanishing of this
inverse correlation, while Townsend et al. (1998) showed that
this relationship was weak and inconsistent.
The authors considered that the main mechanism contribut-

ing to the positive farm size and productivity relationship is the
advantage of larger farms in obtaining financial and other non-
labour inputs. In the viticulture sector, farm size increase may
be a consequence of the elimination of small-scale producers
(Kroll, 1987) or an effect of the growth of some farm holdings

Fig. 1. Farm size in the viticulture sector of Portugal and DDR, in 2013, by classes of area. (a) Proportion of number of farms; (b) Proportion of farm area (Data
from INE (2013) and IVDP (2010-2016a)).
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by planting new vineyards (Delord et al., 2015). Choi et al.
(2016) studied the production efficiency of emerging vineyards
in the 14 Northern U.S. States and concluded that, even though
there is a positive relation between productivity and farm size,
a negative relationship was also found, which was more
marked for the youngest vineyards. This trend is explained
by the accumulated experience of vineyards with longer
histories, which improves their production efficiency.

However, the productivity does not depend only on farm
size but also on other yield enhancing inputs, such as
fertilizers, crop choices, seed selection and access to irrigation
and technology (Chand et al., 2011). Due to the unfeasibility
of including all these inputs, land productivity is an indicator
often used in studies (Ghose, 1979; Hossain and Hussain,
1977), as a partial measure of productivity, because it relates
the output to a single input. Coelli et al. (2005) and Townsend
et al. (1998) include all inputs by using the total factor
productivity.

The GME estimator (which will be explained with more
detail on Section 2.1) has a spectrum of applicability that
resembles the scope of more classical methods, such as the
Ordinary Least Squares (OLS) and Maximum Likelihood
Estimation. Macedo et al. (2014) compared the performance
of GME estimators against those classical methods, using the
well-established theory of state-contingent production. They
found that the maximum entropy based estimators may be
powerful tools, since the GME estimated mean of technical
efficiency presented very small mean squared losses and small
differences between the real data and the simulation. Moreno
et al. (2014) applied the GME methodology with success, to
quantify the impact of fuel costs on electricity prices for
Spanish industrial consumers. Besides the GME, Fraser (2000)
also used the Generalized Cross Entropy (GCE) estimator in a
study on meat demand in the United Kingdom, in order to
overcome the high collinearity among the explanatory vari-
ables. Sriboonchitta et al. (2015) used a latent variable model
on a consumer willingness-to-pay case study; as this model is
usually associated with several difficulties in the error dis-
tribution specification, the GME was used to solve that
problem. Similarly to these last two studies, our reasons to
use GME involve surpassing an inherent model problem: more
variables than observations. Our study tries to highlight the
usefulness of such a methodological approach in a problem
with a limited dataset. Even though the DDR assumes itself as
an important wine production region, the limited amount of
available data hinders the application of models to provide
useful recommendations. This study tries to validate GME as a
suitable way to work with such small datasets.

2.1. Data and methodology

To achieve the purpose of this work, we used the available data
from the Port and Douro Wines Institute (IVDP - Instituto dos
Vinhos do Douro e Porto) (IVDP, 2010–2016a, 2010–2016b),
between 2010 and 2016. The data categorizes the farm size within
the three sub-regions of Douro (Baixo Corgo, Cima Corgo and
Douro Superior) in nine different groups. Summarily, we have

seven observations (yearly data from 2010 until 2016) from each
Douro's sub-region, 21 in total, and nine variables referring to farm
sizes intervals, in hectare: [0,0.1]; ]0.1,0.5]; ]0.5,1]; ]1,2]; ]2,5]; ]
5,8]; ]8,10]; ]10,20] and higher than 20.
From the OLS methodology point of view, our featured

problem is underdetermined. This situation can be surpassed
using the Maximum Entropy (ME) methodology, namely the
GME estimator, widely used in problems where the number of
unknown parameters exceeds the number of observations, and
in models with small samples sizes. Some examples of
applications of the ME principle can be found in Dionísio et
al. (2008), Golan and Dose (2001), Miller and Horn (1998).
Taking the concept of entropy developed by Shannon

(1948), Jaynes (1957a, 1957b) proposed the ME approach,
which seeks information within the data without imposing
arbitrary restrictions. Taking that in consideration, Golan et al.
(1996) developed the GME and the Generalized Cross Entropy
(GCE). Golan and Perloff (2002) suggested the Generalized
Maximum Entropy-(α) (GME-(α), where α accounts for an
higher order GME) to replace the (Shannon, 1948) formulation
of entropy for Rényi (1970) and Tsallis (1988). Since those
estimators managed to overcome the lack of data problem, they
became a viable alternative for the classical approach OLS.
Excessive variables regarding the high polynomial extension

may be avoided by other methods, such as the different types
of Neural Networks (NN) (see Gurney, 1997 for further
information), which have been extensively used in real-world
applications. Nonetheless, since our main goal is to achieve a
straightforward interpretation of the estimated coefficients,
instead of producing an input-output forecast, we found
GME to be more suitable that NN to formulate our problem.
Due to the great adaptability of GME (and the other previously
mentioned ME estimators), the years that followed his creation
showed a legitimate spectrum of applications in the economics
field, as stated on the previous section.

2.2. Generalized maximum entropy estimator

In this subsection we will briefly overview the ME and
GME estimator features. According to the ME principle
developed by Shannon (1948) and Jaynes (1957a, 1957b), X
is a variable with possible outcome values xk, with k going
from 1 until K. Associated to those possible outcomes, there
are pk probabilities where ∑K

k ¼ 1pk ¼ 1. We also define p as a
K-dimensional vector with the chosen probabilities pk . There-
fore, being y the average value of X, y¼ EðXÞ, and given the
ME principle, we can present the following objective function:

max HðpÞ ¼ −pT log p ð1Þ
Subject to the following data consistency and additivity

constrains:

y ¼ −XTp ð2Þ

1 ¼ −pT1 ð3Þ
where X, p and 1 are K-dimensional vectors, being 1 a vector of
ones. The maximization problem can be solved analytically with
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the Lagrangian Method (see Sokolnikoff and Redheffer, 1966).
There is also a popular ME application called the “die problem”,
which can be found extensively in the literature, although we
refer Wu (2009) as a proper suggestion for its understanding.
GME presents a generalized ME solution to the inverse problem
of the regression framework. Regarding the following Eq. (4), y is
a T-dimentional vector, X is a T � K design matrix, both of them
observed, β is a K-dimentional vector of unknowns, and finally e
is a T-dimentional vector of disturbances, also unknown.

y¼ Xβ þ e ð4Þ
It should be noticed that e compiles one or more sources

of noise in the observed system. GME reparameterizes βk
as expectations of random variables with compact supports
and M possible outcomes, where 2rMo∞. Therefore,
zk ¼ ½zk1;‥; zkM �T is the mentioned support vector, with zk1
and zkM representing the extreme values (lower and
upper bounds). βk can be expressed as a convex combina-
tion, βk ¼∑M

i ¼ 1pkizki, with the positive coefficients
pk ¼ ½pk1;‥; pkM �T corresponding to the probabilities, whose
values add up to one. The reparameterization is given by
Eq. (5), where Z is an K � KM matrix and p is an
KM-dimensional vector of probabilities.

β¼ Zp¼

zT1 0 … 0

0 zT2 … 0

⋮ ⋮ ⋱ ⋮
0 0 … zTK

2
66664

3
77775

p1
p2
⋮
pK

2
66664

3
77775

ð5Þ

The reparameterization of the previously mentioned error
term e is somehow analogous to the β representation in
probability and compact supports,

et ¼ vTt wt; ð6Þ
where vt ¼ ½vt1;‥; vtJ �T is a finite support for et, with J
representing the possible outcomes 2rJo∞ of et as a finite
and discrete variable, and wt ¼ ½wt1;‥;wtJ �T is a J-dimensional
vector of positive weights that add up to one (analogous to pk).
The nuclear intention is to choose a set of error bounds, vt1 and
vtJ , such that, for each et, the value p¼ Pðvt1oetovtJÞ may
be very close to one. Following the previous statement, we can
also represent the matrix form, Eq. (7), for the error component
(T unknown disturbances). V is a T � TJ matrix and w is a
strictly positive TJ-dimensional vector.

e¼ Vw¼

vT1 0 … 0

0 vT2 … 0

⋮ ⋮ ⋱ ⋮
0 0 … vTT

2
66664

3
77775

w1

w2

⋮
wT

2
6664

3
7775 ð7Þ

Now, we can rewrite our initial model, Eq. (4), as:

y¼ Xβ þ e¼XZpþ Vw ð8Þ
Then, the GME estimator is defined by the following

optimization model with an objective function based on
Shannon (1948) concept of Entropy and constrains.

max Hðp;wÞ ¼ −pT log p−wT log w ð9Þ

subject to:

y ¼ XZpþ Vw ð10Þ

1K ¼ ðIk⊗1TMÞp ð11Þ

1T ¼ ðIt⊗1TJ Þw ð12Þ
The set of restrictions comprises a model constraints (Eq. (10))

and two additivity constraints (Eqs. (11) and (12)), where ⊗
denotes the Kronecker product. This optimization problem can be
solved once more using the Lagrangian method (Sokolnikoff and
Redheffer, 1966). After solving the optimization problem, and
remembering that we intend to study the partial land productivity,
we collect the coefficient values alongside each variable (specified
on Table 2) that indicate how much each farm size (within 9 size
intervals) contributed to the final production. Apart from the
inherent questionable sample size, we attempt to measure partial
land productivity assuming that the external factors remained
unchanged during the time period considered. Therefore, each
solution (coefficient value) measures how much a specific farm
size range contributed to the total production. The single-handed
interpretation of each coefficient may refer to “how much” does the
productivity increases upon the percentage addition of more farms
to the given range. Although narrowing the scope of this work, we
are interested in collecting comparative information between farm
sizes, instead of forcing numerically affirmative results in such
limited data.

3. Results

In this section, computational results are presented and
discussed. We applied the GME with the MATLAB software,
separately for each Douro region, according to Macedo (2013).
Each simulation compiles T ¼ 7 observations, which corre-
sponds to the seven years, and K ¼ 9 independent variables,
which correspond to the nine different farm size considered
from INE (2013) (see Table 1).
The X matrix (7� 9) of explanatory variables compiles on each

entry the total area value for each correspondent size. The
7-dimensional vector of noisy observations Y assembles the wine
production (litres). Our experiment overviews three different
support intervals, z1, z2 and z3, with zk ¼ ½zk1;‥; zkM �T where
M ¼ 5, as suggested commonly on previous bibliography (Macedo
et al., 2014; Moreno et al., 2014). The similarity between the

Table 1
Area variables considered in our simulation of model.

Variables Farm Size ðhaÞ

logðx1tÞ Area o 0,1
logðx2tÞ 0.1 o Area ≤ 0.5
logðx3tÞ 0.5 o Area ≤ 1
logðx4tÞ 1 o Area ≤ 2
logðx5tÞ 2 o Area ≤ 5
logðx6tÞ 5 o Area ≤ 8
logðx7tÞ 8 o Area ≤ 10
logðx8tÞ 10 o Area ≤ 20
logðx9tÞ 4 20 Area
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previously mentioned bibliography and our empirical work is
extended to the error term reparameterization, since we also settle
the number of points (J) equal to three and we apply the 3-sigma
rule to settle the vt ¼ ½vt1; ‥; vtJ �T interval, due to the lack of
information regarding the error term.

To statistically validate our estimated coefficients, we applied
the Bootstrap method (for further information see Efron and
Tibshirani (1993) and Rizzo (2008)). The chosen support vector
assembles three different values for each zonal simulation:

z1 ¼ ½−0:5;−0:25; 0; 0:25; 0:5�T , z2 ¼ ½−1;−0:5; 0; 0:5; 1�T
and z3 ¼ ½−2;−1; 0; 1; 2�T . It should be emphasized that the
support vector is the same for each variable. Both dependent
(wine production in litres) and independent variables (total
area from each pre-defined interval) are logarithmic. The error
support vector is settled to vt ¼ ½−1; 0; 1�T according to the
3-sigma rule (Pukelsheim, 1994).

We have used three different zk values but we only show the
results for z2 ¼ ½−1;−0:5; 0; 0:5; 1�T , presented on Table 2,
since the other results are quite similar. z1 and z3 simulation
results are presented in Table A1 of Appendix A.

4. Discussion

Regarding the simulation results, there is a similar behaviour
among the three Douro regions. The coefficients present a nominal
growing trend when the farms’ size increase (from β1 to β5),
corroborating increasing returns to scale as the size of the farm
increases. However, from β6 to β9 the area contribution gets less
volatile with a decreasing slope until β7 and increasing afterwards,
which indicates a hybrid return to scale configuration for medium
to large size farms. It is also worth to notice the negative coefficient
on β1 (farms with less than 0.1 ha) for the Douro Superior region.
A possible explanation for this is that small farms on Douro
Superior reveal such light-productivity that actually harm the

overall wine production of the region. Both Cima Corgo and
Douro Superior sub-regions present the highest coefficient for their
larger farms (β9, with more than 20 ha), as opposed to Baixo
Corgo, for which the highest coefficient corresponds to the
medium-sized farms (β5, between 2 and 5 ha). The straightforward
interpretation of these results indicates that both Cima Corgo and
Douro Superior may benefit from larger farms to increase their
overall marginal land productivity, whereas Baixo Corgo region
current state seems to ask for more medium-sized farms.
It is important to refer that many variables and con-

tingencies were excluded from this study, and that each
region has a different status quo and productivity back-
ground (Table 3). In fact, the productivity can vary across
regions, because of the resource quality (e.g. land quality),
the climate and the enterprise mix (Productivity
Commission, 2005). Despite the geographical proximity
of the three sub-regions of the DDR, they are different in
resource quality, orography and edaphoclimatic conditions,
which explains the differences of productivity among them
(IVDP, 2010–2016a, 2010–2016b). The previously men-
tioned mild inverse relationship may also be related to an
important remark by Sen (1966), where he states that wage
market distortions may benefit peasant or smaller farms. In
fact, the labour productivity may be lower but it can
actually favour land productivity scores (which is the
scope of our study). Another possible explanation for the
inverse productivity relationship can also be traced to
problems of measurement, as stated by Desiere and
Joliffe (2017): the inference of the inverse relationship
findings may be attributed to the systematic overreporting
of production by farmers on small plots, and the under-
reporting on larger plots. Nonetheless, since we cannot
identify an incisive inverse relationship, we prefer to
consider that result as an indication of the presence of
possible unacquainted noise in the model formulation.

5. Conclusion

This empirical work studied the variation of wine
productivity per land size (within 9 different farm size
ranges) in the DDR, considering its three distinctive areas
(Baixo Corgo, Cima Corgo and Douro Superior), from
2010 until 2016. Given the limited data and the fact that we
were facing an ill-posed problem, with more variables than
observations, we chose the GME approach to estimate how
different farm sizes affect the productivity on each one of
the three Douro sub-regions. Even though the study is
minimalistic, since there are many other features on the
wine industry that determines the output, we present results
that suggest increasing returns to scale roughly until two
hectare farms; surpassing this farm size, the returns to scale
show an hybrid back and forth innuendo.
According to the GME simulations, farms with an area greater

than 20 ha, on Douro Superior and Cima Corgo, reveal higher
marginal productivity given the current state of the region,
differently to Baixo Corgo, where our results suggest that
medium-sized farms (with an area between one and eight ha),

Table 2
Simulation results (coefficients) with support vector z2 ¼ ½−1;−0:5; 0; 0:5; 1�T ,
(*)-Statistically significant results for a 5% level of significance.

Param: Area ðhaÞ B: Corgo C: Corgo D: Superior

β1 o 0.1 Area 0.041044 �0.049453 �0.072642*
β2 0.1 o Area ≤ 0.5 0.24175* 0.17772* 0.21848*
β3 0.5 o Area ≤ 1 0.27487* 0.23004* 0.28309*
β4 1 o Area ≤ 2 0.30244* 0.27588* 0.32916*
β5 2 o Area ≤ 5 0.3289* 0.30461* 0.3655*
β6 5 o Area ≤ 8 0.30007* 0.30276* 0.34303*
β7 8 o Area ≤ 10 0.2934* 0.26856* 0.29587*
β8 10 o Area ≤ 20 0.3179* 0.30797* 0.36679*
β9 4 20 Area 0.31886* 0.33004* 0.40286*

Table 3
Land productivity for each Douro's region, between 2010 and 2016:
approximate wine production per hectare (in litres).

Region=Year 2010 2011 2012 2013 2014 2015 2016

Baixo Corgo 4236 3059 3739 3959 3569 4501 3428
Cima Corgo 3807 3386 3048 3625 3360 3712 3273
Douro Superior 2229 1720 1656 2296 2320 2410 2083
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may provide higher marginal increments to the region wine
productivity. The statement that farms with small areas display
weaker marginal productivity might be correct and self-explainable,
since those farms (with an area of less than two ha) have been
disappearing or expanding.

Further studies should be performed in order to validate and
optimize the farm-size structure of the Douro region, since
many features and constraints were omitted on our GMES
simulation. It is also reasonable to apply other ME estimators
like GCE and an higher-order GME and compare the results
obtained. The number of explanatory variables can be
increased, and the problem would still be workable with
GMES, but it would be also interesting to have it applied in
bigger samples or in different locations.

Douro Superior sub-region, has had a limited wine-growing
expression until now, but has been the subject of major invest-
ments, notably by the creation of new farms, some of which have a
considerable size. This trend is due to the improvement of road
accessibilities and to the very favourable orographic and climatic
conditions for vine growing (Magalhães, 1998).
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β4 0.29372 0.30244 0.31288 0.27036 0.27588 0.28427 0.3258 0.32916 0.34578
(155.02) (70.605) (26.733) (130.04) (66.211) (21.111) (178.77) (85.153) (25.212)

β5 0.30852 0.3289 0.34418 0.28806 0.30461 0.31411 0.34673 0.3655 0.38128
(98.432) (42.049) (22.343) (85.394) (55.785) (37.282) (129.47) (106.42) (42.524)

β6 0.28925 0.30007 0.29148 0.27773 0.30276 0.31963 0.33335 0.34303 0.34133
(69.589) (29.032) (13.634) (41.936) (25.252) (16.227) (97.312) (81.993) (33.167)

β7 0.27498 0.2934 0.32713 0.257 0.26856 0.25451 0.30687 0.29587 0.25054
(56.091) (24.748) (13.935) (39.104) (21.204) (8.4187) (59.319) (27.371) (7.2035)

β8 0.2986 0.3179 0.32985 0.28329 0.30797 0.33111 0.34202 0.36679 0.39347
(63.13) (21.165) (7.3316) (51.839) (28.244) (13.282) (73.515) (47.836) (17.683)

β9 0.30308 0.31886 0.32987 0.2991 0.33004 0.35417 0.36588 0.40286 0.40691
(102.97) (38.231) (13.196) (55.219) (31.949) (18.55) (80.384) (65.714) (41.763)

Appendix A. Simulation results
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