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Abstract: This study investigates change in the intensification of agricultural activities and its effect
on the greenhouse gas (GHG) emissions of the 27 European Union (EU) Member States over a
ten-year period from 2009 to 2019. Both multivariate and non-parametric convergence analyses were
employed, using 27 indicators extrapolated from the FAO dataset. The results provide a reasonable
assessment of the differences between countries in relation to their farming production methods and
show that the levels of convergence/divergence depend on changes in agricultural activities over
the past decade. Indeed, differences in land use, the application of organic fertilizers and pesticides,
the raising of livestock, and GHG emissions allow “homogenous” groups of Member States with
common features to be identified. It is important to understand the dynamics of different agriculture
systems and production activities because, beneath management practices, there may be differences
between systems. In particular, in the context of the Common Agricultural Policy 2023–2027, the
results of grouping can act as the basis for a diversified policy for reducing GHG emissions in relation
to specific clusters of EU countries.

Keywords: farm systems trends; greenhouse gas emissions; land use trends; multivariate analysis;
non-parametric convergence

1. Introduction

The principal aim of this paper is to assess the convergence of the 27 European
Union (EU) intensive farming systems (IFSs) towards a reduction of greenhouse gas (GHG)
emissions. According to the Kyoto Protocol, adopted in the context of the United Nations
Framework Convention on Climate Change (UNFCCC) in 1997 and brought into force in
2005, GHG emissions include seven gases: CO2, methane (CH4), nitrous oxide (N2O), and
four fluorinated gases (F-gases). As is well known, these GHG emissions are influenced
by land utilization and can vary depending on the types of crops sown, the level of
intensification of the agricultural activities and the amount and type of livestock raised [1].

In order to limit global warming, it is necessary to limit anthropogenic net emissions
of GHG [2,3]. Agriculture is a sector that accounts for a third of global GHG emissions [4],
mainly because since the beginning of their activities (approximately 10,000 years ago),
humans have converted a great deal of forests and grasslands into farmland.

Anthropogenic changes in the use of soils have been due, above all, to the intensifica-
tion of agricultural activities. Indeed, many studies observed that the environmental impact
of IFSs is caused by the excessive utilization of pollutants such as chemical fertilizers [5–7]
or pesticides [8,9]. Others have used proxy indicators of agricultural intensity, such as yield
or profitability [10–12] or the relative number of arable fields [12,13]. In some regional
studies, instead, agricultural intensification is defined as the amount of output per unit
area and per unit time [14].

Furthermore, in dynamic terms, an explicit definition of an IFS is the resulting process
of land use changes over time or the changes in yields and land productivity [15]. Recently,
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all approaches have been spatially explicit and based on the analysis of the changes in
land uses [14]. The principal results of these studies have confirmed that most land
use changes in the EU have occurred along gradients of management intensity [16–22].
However, in order to provide detailed knowledge of the intensity of agricultural land use
and management practices, some studies [23,24] have used the most common indicators
such as nitrogen fertilizers and the measurement of crop yields (kg/ha).

While the ecological causes and consequences of land-use changes are described
elsewhere [25,26], this paper provides context by summarizing trends based on several
recently created data sets. From these data sets, 27 indicators, related to the change in
the application of fertilizers and pesticides, in land use, in livestock raising, and in GHG
emissions were extrapolated. In particular, as pointed out in some recent studies [27,28],
abundant use of these chemical fertilizers and pesticides in some EU countries has created
considerable negative environmental side effects, whereas, in other countries, under-use
of external inputs has created environmental problems of another nature, such as erosion.
Therefore, a better understanding of IFSs, especially with respect to management intensity,
is an essential component in achieving the EU’s environmental and climate objectives. One
of the most relevant environmental challenges of today is the development of policies that
can help to control climate change. In the strategy “Europe 2020”, the target was a 20%
reduction of GHG emissions from 1990 levels by 2020, envisaging a further reduction of
80% by 2050. European Union countries have reduced their GHG emissions since 1990, but
the target of 20% has yet to be reached.

Within this scenario, it is important to analyse the level of differentiation between the
EU countries in terms of their emissions of GHGs and to classify them into “homogeneous”
groups. The resulting division of EU countries into clusters allows the criteria to be specified,
directing special attention to the groups of countries constituting the greatest threat to the
environment. In addition, the result of grouping can act as the basis for diversified policies
for reducing GHG emissions in relation to particular clusters of EU countries. A further
step may be to look for characteristic features of the countries included in any one group.
For these reasons, the main objectives of this study are: (i) to evaluate which indicators
are better able to measure the impact of agriculture on GHG emissions; (ii) to assess the
process of convergences of the EU countries towards an acceptable level of GHG emissions;
(iii) to identify uncertainties and knowledge gaps from the existing literature; and (iv) to
suggest directions for the future and to monitor progress in reducing emissions intensity
related to agricultural land use and management practices.

2. Materials and Methods
2.1. Data Descriptions and Key Variables

Figure 1 shows the methodology adopted to reach each objective reported in the
introduction as well as the results obtained.
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Figure 1. Objectives and methodology. Figure 1. Objectives and methodology.

Agricultural land-use change was characterized by a data set collected from the latest
statistical data available between 2009 and 2019 by the Food and Agriculture Organization
of the United Nations (FAO) data sources [29,30]. All data for the initial year 2009 and
the final year 2019 were considered. More details are presented in Table 1. Given the fact
that IFSs are responsible for GHG emissions, this empirical study assesses the relationship
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between the use of pesticides, fertilizers, livestock raising, and changes in land use and
GHG emissions. As is well known, CO2 emissions are generated by the utilization of
pollutants. However, as Aryal et al. [31] have argued, significant fertilizer use increases,
above all, crop production. In this study, fertilizer consumption, expressed in kilograms
per hectare (kg/ha) of arable land, indicates the quantity of plant nutrients utilized per
unit of arable land. Fertilizer products include potash (K20) and nitrogenous (N) and
phosphate (P205) fertilizers. As pointed out by Sharma et al. [32], the use of pesticides per
area of cropland (kg/ha) is one of the essential measures of modern agricultural practices
in protecting crops from different pests. Therefore, pesticide use in EU countries has
led to a range of problems for agriculture, the environment, and human health [33,34].
Instead, the analysis of land cover changes from 2009 to 2019 is essential to highlight
the dynamics of agricultural activities. For this purpose, nine indicators (from 5 to 13,
Table 1) were selected related to the share for different purposes vis-a-vis the total land
area. Furthermore, livestock influences the climate through land use change for feed
production, animal production, and manure. Feed production and manure emit CO2, N2O,
and CH4, which consequently affects climate change [35]. Animal production increases
CH4 emissions. Several authors pointed out that the livestock sector is often associated
with negative environmental impacts such as land degradation, air and water pollution,
and biodiversity destruction [36–39]. Furthermore, enteric fermentation is the largest
contributor to emissions from the sector.

Table 1. List of starting variables employed in the multivariate and non-parametric analyses.

N. Item Indicator Element Unit

1 Nutrient nitrogen N (total) N Use per area of cropland kg/ha
2 Nutrient phosphate P2O5 (total) P2O5 Use per area of cropland kg/ha
3 Nutrient potash K2O (total) K2O Use per area of cropland kg/ha
4 Pesticides Pesticides Use per area of cropland kg/ha

5 Agricultural land Agr.Land Share in Land area %
6 Arable land Ar.Land Share in Agricultural land %
7 Land under permanent crops LandUPC Share in Agricultural land %
8 Cropland Cropland Share in Land area %

9 Land under perm. meadows and
pastures LandUPMP Share in Land area %

10 Forest land F.Land Share in Land area %
11 Planted Forest PlantedF. Share in Forest land %
12 Naturally regenerating forest NRF Share in Forest land %

13 Agriculture area under organic
agriculture Agr.AUOA Share in Agricultural land %

14 Cattle Cattle Livestock units per agricultural
land area LSU/ha

15 Chickens Chickens Share in total livestock LSU/ha

16 Pigs Pigs Livestock units per agricultural
land area LSU/ha

17 Sheep Sheep Livestock units per agricultural
land area LSU/ha

18 Cropland organic soils CCO2 Emissions (C CO2) kilotonnes
19 Cropland organic soils CN2O Emissions (CN2O) kilotonnes
20 Grassland organic soils GCO2 Emissions G(CO2) kilotonnes
21 Grassland organic soils GN2O Emissions (GN2O) kilotonnes
22 Enteric Fermentation EFCH4 Emissions (EFCH4) kilotonnes
23 Forest fires FFCH4 Emissions (FFCH4) kilotonnes
24 Forest fires FFN2O Emissions FF(N2O) kilotonnes
25 Forestland FLCO2 Emissions (FL CO2) kilotonnes
26 Manure Management MMCH4 Emissions (MMCH4) kilotonnes
27 Manure Management MMN2O Emissions (MMN2O) kilotonnes

Source: author elaboration of data from FAO, 2009 and 2019.
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2.2. Statistical Analysis

Multivariate and non-parametric convergence analyses were implemented to carry
out quantitative measurements of the similarity levels and the degree of affinity among
countries. According to the characteristics of 27 indicators related to the environmental
aspects of growing and to the use of pesticides and fertilizers, especially in terms of their
impact on GHG emissions, comparisons were made and various clusters were differentiated
(Table 1). The results of numerical analysis can be clearly expressed by a dendrogram
acquired from the hierarchical cluster analysis (HCA). These results were quite helpful for
the objective analysis and provided a reasonable evaluation of the gaps between countries
in relation to their agricultural production methods.

There are numerous kinds of clustering methods. In this study, the STATA programmer
(Stata 12.32, software package created in 1985 by Stata Corp, College Station, TX, USA)
was used. It utilizes two principal methods: one is the K-Means Cluster method and
the other is the hierarchical Cluster (HC) method [40]. A comparative analysis of the
dynamics and structure of the 27 Member States with different levels of intensification of
agricultural productions was carried out with Ward’s method [41] of measuring squared
Euclidean distance.

Data processing was performed in two successive phases: a core principal component
analysis (PCA) and an HCA.

Firstly, to understand common patterns among countries, PCs were extracted. Prior
communality estimates were set to one and components with an eigenvalue of less than one
were dropped from the analysis. A varimax variable rotation was used to arrive at the PCs
presented in Section 3. Significant loadings onto a PC were defined as those with a loading
greater than 0.30 in absolute value. Once the analysis of “similarity” with the “mapping”
of EU countries was carried out, the convergence hypothesis was tested utilizing variance
testing in the 2009 and 2019 scenarios. The convergence process of utilized performance
variables towards a more sustainable agricultural production was tested. With reference to
the 27 Member States, based on two indicators, the standard deviation α and a synthetic
index β were used [42–44]. The approach to the analysis of convergence presented in this
paper is based on the conditioning scheme originally proposed by Quah [43].

The α was calculated as the difference between the average squared deviation in the
levels of all indicators in the initial year (2009) and the final year (2019). If the value of
the indicator increases over the ten-year period between 2009 and 2019, it undergoes a
convergence process. Conversely, if it decreases, there is a divergence process.

In contrast, the synthetic indicator β, constructed as a ratio between the final value of
the standard deviation and the initial value can assume higher, equal, or lower values than
1, depending on whether a divergence, stationary, or convergence process is in progress
in relation to utilized performance variables. The discrepancy between divergence and
convergence will then be based on the values read at the synthetic indicator β. The values
assumed by the indices α and β can be accepted as weak convergence (or divergence)
indices, as this is a convergence/divergence process conditioned by country choice and
sustainability of agricultural production systems.

3. Results and Discussion
3.1. Changes in FSs Intensification between 2009 and 2019

Table 2 provides descriptive statistics of the 27 indicators used in the analysis.
The average utilization of fertilizers from 2009 to 2019 increased. This may be due, in

accordance with Chen et al. [5], to the fact that many farmers have applied excessive N
fertilizers to realize high crop yields. As is well known, increased use of nutrient fertilizers
such as N, P205, K20 and pesticides can increase nutrient contents in surface and ground-
water; in surface water, this can lead to eutrophication from algal growth. Furthermore,
the use of N fertilizers is an important driver of energy use and GHG emissions in EU
countries [45].
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Table 2. Descriptive statistics of EU countries.

Variable
2009 2019

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

N 83.46 48.72 30.97 211.34 0.58 95.72 43.86 48.62 217.19 0.46
P2O5 15.89 10.73 0.65 46.39 0.68 21.85 8.61 10.09 42.51 0.39
K2O 15.88 15.17 1.16 67.63 0.95 28.10 18.36 8.53 79.31 0.65
Pesticides 2.82 2.52 0.00 9.04 0.89 3.12 2.59 0.00 9.98 0.83
Agr.Land 42.07 16.96 7.53 66.68 0.40 41.22 15.86 7.38 65.67 0.38
Ar.Land 62.08 20.37 10.07 98.34 0.33 62.45 20.89 9.79 98.72 0.33
LandUPC 5.79 7.62 0.07 28.53 1.32 5.72 7.36 0.02 21.86 1.29
Cropland 27.24 13.34 6.46 60.92 0.49 26.98 13.01 6.25 60.48 0.48
LandUPMP 14.83 12.04 0.00 59.93 0.81 14.24 11.51 0.00 59.22 0.81
F.Land 34.29 17.23 1.09 73.26 0.50 34.85 17.16 1.44 73.73 0.49
PlantedF. 36.15 30.17 0.00 96.85 0.83 36.66 29.04 3.56 95.02 0.79
NRF 63.93 30.08 3.15 100.00 0.47 63.32 29.07 4.98 96.44 0.46
Agr.AUOA 5.22 4.27 0.24 18.56 0.82 9.33 6.27 0.29 25.34 0.67
Cattle 0.51 0.51 0.07 1.86 1.00 0.50 0.48 0.06 1.84 0.96
Chickens 0.12 0.23 0.01 1.16 1.96 7.30 8.45 0.00 25.67 1.16
Pigs 0.35 0.45 0.03 1.59 1.30 0.30 0.41 0.02 1.64 1.34
Sheep 0.04 0.05 0.00 0.24 1.26 0.03 0.04 0.00 0.14 1.13
CCO2 2229.70 3180.77 0.00 12,672.99 1.43 2253.62 3189.41 0.00 12,550.61 1.42
CN2O 1.35 2.13 0.00 8.69 1.58 1.37 2.14 0.00 8.61 1.57
GCO2 118.49 179.20 0.00 690.34 1.51 120.34 180.01 0.00 687.57 1.50
G N2O 1.08 1.99 0.00 7.46 1.84 1.11 2.01 0.00 7.59 1.81
EFCH4 251.67 345.33 1.60 1455.48 1.37 237.88 322.33 1.35 1333.70 1.36
FFCH4 0.06 0.11 0.00 0.51 2.08 0.09 0.21 0.00 0.94 2.33
FFN2O 0.00 0.01 0.00 0.05 2.52 0.01 0.02 0.00 0.09 2.30
FLCO2 −16,427.12 22,866.58 −84,614.57 −0.45 −1.39 −12,237.69 18,604.49 −67,236.84 0.00 −1.52
MMCH4 69.33 93.59 1.30 320.95 1.35 66.51 92.73 0.80 308.81 1.39
MMN2O 2.50 3.31 0.02 12.99 1.32 2.35 3.14 0.01 12.09 1.33

Source: author elaboration of data from FAO, 2009 and 2019.

From 2009 to 2019, the consumption of all chemical fertilizers per unit area of land
(kg/ha) increased, and in particular, there was a rise in the utilization of N (Table 2). The
range of pesticides between the minimum and the maximum values was the largest, and its
coefficient of variation (CV), equal to 0.83 for 2009 and 0.89 for 2019, was also the highest of
the four agrichemicals utilized in the analysis. This suggests that a number of EU countries
are seeing major changes in their pesticide use and that FSs in these countries, in accordance
with Tudi et al. [34], have become more intensive over the past ten years because of the
urgency to improve food production. Indeed, as suggested by other authors [46], the
increase in the use of pesticides is correlated to population growth and to climate change.

The CVs for the other three pollutants were between 89 and 124%. This means that
human activities have a significant impact on the concentrations of most metal pollution in
soils throughout the EU. The use of these agrochemicals may have resulted in undesirable
concentrations of metals in the environment [32].

Another important indicator is land use change that can simultaneously cause both
beneficial and harmful effects. Indeed, any change in land use has important consequences
for many biological, chemical, and physical processes in soils and, consequently, the
environment [47]. If, for instance, in accordance with Wang [48], arable land is converted to
grass or forestry for sequestering purposes, this may require more intensive cultivation in
other areas to compensate for yield losses (with possible GHG consequences) or else it may
trigger land clearance in order to grow food elsewhere.

Nine types of land uses (agricultural land, arable land, land under permanent crops,
cropland, land under permanent meadows and pastures, forestland, planted forest, natu-
rally regenerating and agriculture areas under organic agriculture) were considered for this
study of the EU. The mean concerning variation in the use of agricultural land indicates
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that in the period 2009–2019, there was a decrease in these indicators. Agriculture lands
cover about 38.5% of the global total land area, which consists of 28.4% of arable land and
68.4% of permanent meadows and pasture.

The increasing demand for livestock products has significantly changed the natural
landscape. The GHG emissions from animal husbandry and agricultural soils are the
highest in countries with high animal densities, such as the Netherlands and Belgium [49].
Indeed, according to the national inventory of the Netherlands [20], agricultural activities
emitted 506 Gg CH4 and 22 Gg N2O in the reference year 1990.

Pigs and poultry require even less land and produce fewer emissions than ruminants
since their feed conversion efficiency is greater and CH4 is less of an issue. Recent years have
seen rapid growth in the production and consumption of pig and poultry products. This
trend is anticipated to continue and is considered positive from a GHG perspective [29,50].

Intensive rearing systems are also associated with other environmental problems
including soil and water pollution [51]. An EU country’s off-site problem is the production
of GHG gases by IFS, including the conversion of forest to farmland.

The use of N fertilizers induces CO2 emissions by process and by combustion from the
production of ammonia, CO2 emissions by combustion from the synthesis of N fertilizers
from ammonia, and N2O emissions from denitrification of nitrogen inputs. This is a result
of reducing the amount of N applied per hectare, which has a significant effect on N2O
emissions and reducing the number of dairy cattle and sheep, which have an impact
on CH4 emissions. However, higher emissions from enteric fermentation varied across
countries [52].

With respect to other agricultural land uses, grassland is one of the dominant forms of
land use, covering 34% of the EU’s agricultural area [53], and requires careful management
attention [54] because any change in grasslands’ ability to deliver ecosystem services will
have significant societal impacts. However, the effect of indicators on grasslands and
farms [55] is different, and in some cases, as in Italy, this has resulted in less intensive levels
than arable systems [56].

3.2. Discussion of Results from Multivariate Analysis

As mentioned above, a multivariate analysis was performed in two successive phases:
the PCA and the HCA.

The analysis of the main PCs highlighted the differences in the variables of the agricul-
tural system in the 27 countries of the EU and led to the identification of 8 main PCs for
both 2009 and 2019. Overall, these 8 main PCs accounted for 91% of the total variability
for 2009 and 90% for 2019 with a very low information loss of 9% and 10% respectively
(Table 3).

Table 3. Variance explained by the main components.

PCs
2009 2019

Proportion Cumulative Proportion Cumulative

PC1 0.24 0.24 0.24 0.24
PC2 0.18 0.42 0.18 0.42
PC3 0.15 0.57 0.16 0.58
PC4 0.10 0.67 0.10 0.67
PC5 0.09 0.76 0.08 0.75
PC6 0.06 0.82 0.06 0.81
PC7 0.05 0.87 0.05 0.86
PC8 0.04 0.91 0.04 0.90

Source: author elaboration of data from FAO, 2009 and 2019.

PC1 explained 24% of the variance in the data while both PCs 1 and 2 explain 42% of
the variance.
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Both for 2009 and for 2019, agricultural system variables that most influence the first
major PCs—that alone account for 42% of variance—can be characterized as follows:

PC1: indicates the countries both for 2009 and for 2019 (Germany, France, Ireland,
Poland, Netherlands) with a high intensity of GHG emissions from grassland, enteric
fermentation and manure management;

PC2: explains two different phenomena for 2009 and for 2019. The first year considered
indicates the countries (Netherlands, Ireland, Belgium, Cyprus, Malta, Luxembourg) with
intensity in cattle livestock, and for 2019, countries (France, Poland, Germany, Sweden,
Finland) with a high emission of CCO2 from croplands.

Table 4 illustrates the main phenomena synthesized by the two PCs.

Table 4. FSs variables characterising the first two main components.

Variables 2009 Variables 2019

With Negative Sign With Positive Sign With Negative Sign With Positive Sign

PC1 PC1

P2O5 −0.01 N 0.16 Agr.Land −0.12 N 0.14
Ar.Land −0.07 K2O 0.15 LandUPC −0.04 P2O5 0.06
LandUPC −0.09 Pesticides 0.13 F.Land −0.19 K2O 0.22
F.Land −0.13 Agr.Land 0.23 PlantedF. 0.20 Pesticides 0.19
NRF −0.18 Cropland 0.13 NRF −0.20 Agr.Land 0.24
Agr.AUOA −0.10 LandUPMP 0.18 Agr.AUOA −0.17 Cropland 0.10
Chickens −0.04 PlantedF. 0.18 Chickens −0.10 LandUPMP 0.22
Sheep −0.07 Cattle 0.15 FLCO2 −0.17 Cattle 0.21
FLCO2 −0.19 Pigs 0.03 Pigs 0.13

CCO2 0.21 Sheep 0.04
CN2O 0.19 CCO2 0.14
GCO2 0.32 CN2O 0.12
GN2O 0.28 GCO2 0.31
EFCH4 0.34 GN2O 0.27
FFCH4 0.17 EFCH4 0.31
FFN2O 0.17 FFCH4 0.13
MMCH4 0.32 FFN2O 0.13

MMCH4 0.29
MMN2O 0.32

With negative sign With positive sign With negative sign With positive sign

PC2 PC2

Ar.Land −0.20 N 0.24 N −0.21 Ar.Land 0.20
Cropland −0.02 P2O5 0.10 P2O5 −0.04 F.Land 0.22
F.Land −0.29 K2O 0.21 K2O −0.19 NRF 0.14
NRF −0.16 Pesticides 0.27 Pesticides −0.22 Agr.AUOA 0.12
Agr.AUOA −0.16 Agr.Land 0.13 Agr.Land −0.09 Chickens 0.15
CCO2 −0.25 LandUPC 0.10 LandUPC −0.07 CCO2 0.32
CN2O −0.24 LandUPMP 0.20 LandUPMP −0.20 CN2O 0.29
GN2O −0.02 PlantedF. 0.16 PlantedF. −0.14 GCO2 0.11
EFCH4 −0.11 Cattle 0.32 Cattle −0.29 GN2O 0.08
FFCH4 −0.16 Chickens 0.20 Pigs −0.23 EFCH4 0.21
FFN2O −0.15 Pigs 0.28 Sheep −0.13 FFCH4 0.17
MMCH4 −0.09 Sheep 0.19 FFN2O −0.34 FFN2O 0.17
MMN2O −0.11 GCO2 0.00 FLCO2 0.17

FFN2O 0.30 MMCH4 0.21
MMN2O

Source: author elaboration of data from FAO, 2009 and 2019.

In particular, EU countries present negative values for the incidence of agricultural
land use vis-a-vis the land area, for the presence of the forestland and, for the incidence of
chickens and sheep per hectare in relation to the total for livestock. Whereas there were
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positive values, above all, for GHG emissions. The analysis of the key factors demonstrated
a high level of “heterogeneity” among EU countries, which is in line with Pawlak et al. [57].

Furthermore, the statistical analysis carried out on the main PCs of the 2009 and 2019
agricultural systems allowed the 27 Member States to be grouped into 6 significant clusters
or “homogeneous” groups.

For 2009, the division into clusters (Figures 2 and 3), using the complete linkage
method, is as follows:
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Figure 2. Dendrogram from Ward’s method, 2009. Source: Author elaboration of data from FAO,
2009 and 2019.

Cluster 1 includes 13 countries (which represent 48% of the total), located in northern
and central Europe. The main characteristic of this first and largest group is the high
reduction in the emission of CO2 from forestland. Slovenia and Slovakia show the highest
reduction, −11,895.5 and −8863.15 kilotonnes, respectively.

Cluster 2 consists of four countries, showing a dynamic in the use of pollutants. On
average, the countries of this group, especially Finland and Sweden, highlight a high
emission of CCO2 from croplands. On average, the countries of this group, especially
Finland and Sweden, highlight a high emission of CCO2 from croplands.

Cluster 3 includes the countries that show the highest average use per area of cropland
(kg/ha) of all pollutants and pesticides, especially the use of K2O. On average, the countries
of this group, in particular Ireland, show a high share of land under permanent crops
in relation to the total land area. Furthermore, the countries of this group show a high
incidence of cattle units per agricultural land area (LSU/ha). As is well documented, the
latter are the main source of CH4 emissions compared to other ruminants, such as sheep.

In Cluster 4, there are only two countries: Cyprus and Malta. For this group, almost all
the variables considered have below EU average values. Thus, this group is characterized
by an absence of emissions from crops and from grasslands.

Cluster 5 groups together three countries (France, Italy and Spain) and is characterized,
with respect to other clusters, by the low use of pollutants, especially N, and for high
emissions of manure, measured in kilotonnes.

Cluster 6 consists, like Group 4, of only two countries (Germany and Poland) that, on
average, in respect to the other five clusters, highlight the lowest use of pesticides per area
of cropland (236 kg for ha).

The 2019 cluster analysis conducted on the main PCs also generated six “homoge-
neous” groups of countries (Figures 3 and 4).

Cluster 1 includes five countries (Austria, Estonia, Finland, Latvia, and Sweden) that,
on average, show the highest incidence of forest land in the land area (60% vs. circa 35% of
the global mean) and the highest incidence of organic agriculture in an agricultural area
(19.27% vs. 9.33 of the global mean).

Cluster 2 is the largest, with nine countries (33% of the total EU countries), that, on
average, present the highest share of agricultural land, arable land, and cropland in relation
to the total land area.
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Figure 3. The “homogenous” European FSs: 2009 vs. 2019. Source: Author elaboration of data from
FAO, 2009 and 2019.
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Figure 4. Dendrogram from Ward’s method, 2019. Source: Author elaboration of data from FAO,
2009 and 2019.

Cluster 3 includes three countries, and is characterized by a high incidence of both the
use of nutrient phosphate per area of cropland (38.48 kg/ha vs. 21.85 of the global mean)
and of naturally regenerating forest on forest land (91.26 vs. 63.32 of the global mean).

Cluster 4 contains four EU countries with the highest presence of land under per-
manent meadows and pastures in relation to the total land area (19.22% vs. 5.72 of the
global mean). Furthermore, this area has the highest share of sheep in relation to the
total livestock area, suggesting a transition of these countries towards an intensification of
agricultural activities.

Cluster 5 includes three EU countries with a strong presence of intensive agricul-
tural activities, especially in terms of the use of both N per area of cropland (kg/ha) and
pesticides, and in the presence of cattle.

Cluster 6, like Cluster 5, has only three EU countries that are the most responsible for
crop, grassland, and livestock emissions with respect to the other five groups.

3.3. Discussion of Results from Non-Parametric Convergence Analysis

The values assumed by the indices α and β (Table 5) can be accepted as weak conver-
gence (or divergence) indices, as this is a convergence/divergence process conditioned by
country choice and agricultural system variables.

Table 5. Standard deviation and synthetic index.

Variables Stand Dev
2009

Stand Dev
2019 α Convergence/Divergence β Convergence/Divergence

N 83.46 43.86 −39.6 Divergence 0.53 Convergence
P2O5 15.89 8.61 −7.28 Divergence 0.54 Convergence
K2O 15.88 18.36 2.48 Convergence 1.16 Divergence

Pesticides 2.82 2.59 −0.23 Divergence 0.92 Convergence
Agr.Land 42.07 15.86 −26.21 Divergence 0.38 Convergence
Ar.Land 62.08 20.89 −41.19 Divergence 0.34 Convergence

LandUPC 5.79 7.36 1.57 Convergence 1.27 Divergence
Cropland 27.24 13.02 −14.22 Divergence 0.48 Convergence

LandUPMP 14.83 11.51 −3.32 Divergence 0.78 Convergence
F.Land 34.29 17.16 −17.13 Divergence 0.5 Convergence

PlantedF. 36.15 29.04 −7.11 Divergence 0.8 Convergence
NRF 63.93 29.07 −34.86 Divergence 0.45 Convergence
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Table 5. Cont.

Variables Stand Dev
2009

Stand Dev
2019 α Convergence/Divergence β Convergence/Divergence

Agr.AUOA 5.22 6.27 1.05 Convergence 1.2 Divergence
Cattle 0.51 0.48 −0.03 Divergence 0.94 Convergence

Chickens 0.12 8.45 8.33 Convergence 70.42 Divergence
Pigs 0.35 0.41 0.06 Convergence 1.17 Divergence

Sheep 0.04 0.04 0,00 Convergence 1,00 Convergence
CCO2 2229.7 3189.41 959.71 Convergence 1.43 Divergence
CN2O 1.35 2.14 0.79 Convergence 1.59 Divergence
GCO2 118.49 180.01 61.52 Convergence 1.52 Divergence
GN2O 1.08 2.01 0.93 Convergence 1.86 Divergence
EFCH4 251.67 322.33 70.66 Convergence 1.28 Divergence
FFCH4 0.06 0.21 0.15 Convergence 3.5 Divergence
FFN2O 0,00 0.02 0.02 Convergence 0,00 Divergence
FLCO2 −16,427.12 18,604.49 35,031.61 Convergence −1.13 Divergence

MMCH4 69.33 92.74 23.41 Convergence 1.34 Divergence
MMN2O 2.5 3.14 0.64 Convergence 1.26 Divergence

Source: Author elaboration of data from FAO, 2009 and 2019.

Table 5 also shows that the value of α 1 (α 1, 2019–α 1, 2009) decreased mainly for
the following agricultural systems variables: the share of the arable land; for the kg of
N used per area of cropland; and the naturally regenerating forest (NRF). The standard
deviation values α 1, 2009 and α 1, 2019 show an increase in the dispersion of variables
examined around the mean quadratic average values over time, with a tendency towards
divergence among countries with a high percentage of arable and agricultural land and
those characterized by high livestock intensity.

Conversely, the synthetic index β highlights a divergence process for most variables
and for all countries but shows a greater tendency for eco-friendlier countries to move away
from those that continue to have IFSs. In accordance with Giller et al. [58], this process
was also influenced by the need to reform “conventional” agriculture according to the
principles of agroecology, organic agriculture, and (increasingly) regenerative agriculture.

Table 6 shows that most EU countries have not remained in the same groups. The
percentage value that appears in the transition Markoviana matrix [43] indicates the number
of times a country that belonged to one of the initial groups in 2009 passed into the same
group in 2019. The most obvious element with reference to the transition matrix (TM) is that
many countries have moved from their original group. Indeed, in the first row of the TM, for
example, only Austria (A) of the twelve EU countries that in 2009 were in Cluster 1 remained
in the same cluster in 2019. Seventy-five percent (Bulgaria, Czech Republic, Denmark,
Hungary, Lithuania, Luxemburg, Malta, Romania and Slovakia) passed to Cluster 2, and
just two countries (Croatia and Greece) passed to Clusters 3 and 4, respectively. The second
line shows that 80% (Estonia, Finland, Latvia and Sweden) of the five countries that in 2009
belonged to Group 2 migrated to Group 1; the remaining 20% (Slovenia) moved to Group
3. The figures in the third line indicate that the three countries (Belgium, Ireland and the
Netherlands) that belonged to Group 1 in 2009 had moved to Group 3 by 2019. The fourth
line shows that the two countries (Cyprus and Malta) that in 2009 were in Cluster 4 passed
to Clusters 2 and 3, respectively. The fifth line shows that the three countries (France, Italy
and Spain) that belonged in 2009 to Group 5 had moved to Group 4 (Italy and Spain) and
6 (France), respectively. Lastly, the sixth line shows that the two countries (Germany and
Poland) that belonged to Group 6 in 2009 had remained in Group 6 by 2019. A process
of divergence has therefore occurred. The TM allowed a three-dimensional graph to be
drawn (Figure 5).
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Table 6. Transition matrix.

Cluster 2019
Tot

1 2 3 4 5 6

Cluster
2009

1 A BG, CZ, DK, H, LT, L, M, RO, SK HR GR 12

2 EW, FIN, LV, S SLO 5

3 B, IRL, NL 3

4 M CY 2

5 I, E F 3

6 D, PL 2

Source: Author elaboration of data from FAO, 2009–2019.
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The main conclusion from this part of the analysis, in line with the literature on growth
and convergence [59], confirms that, from 2009 to 2019, the β convergence hypothesis inter-
ested, above all, countries with initially high levels of IFSs (Belgium, Hungary, Luxemburg,
Romania). These countries tend to differ over time from those that have recently adopted
an intensive agricultural system with high GHG emissions (Estonia, Finland, Latvia, and
Sweden). These results can be verified by simply observing the data on the trends in EU
countries’ FSs (Table 3). It is possible, in accordance with Schmalensee et al. [60], that
high-income countries have continued to reduce their CHG emissions over the 2009–2019
period. Conversely, others in the same area, such as Sweden and Finland, have increased
these emissions in the same period. Moreover, some Eastern European countries, such
as Bulgaria, Czechia, Hungary, Poland, and Slovakia, have reduced GHG emissions even
more than the richest EU countries.

4. Conclusions

In this study, some evidence concerning the magnitude, direction, and geographic
distribution of fertilizers, pesticides, land-use trends, livestock raising, and GHG emissions
are provided. For this purpose, the investigation was conducted on two different stages in
order to highlight similarities/dissimilarities among the 27 countries in the study and to
understand if they are converging towards a more sustainable agricultural system.

In the first stage, the PCA and subsequent CA have classified the Member States
into six “homogeneous” FSs, which differ considerably in terms of the the emissions of
CO2, N2O, and CH4 from cropland, grassland, forest, enteric fermentation, and manure
management. Despite these differences, there is great “homogeneity” among the same
countries regarding the share of arable land set aside for arable farming and the share of
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the land area used for agricultural land. This classification can play a fundamental role
in the implementation of a Common Agricultural Policy (CAP) because the identification
of areas with similar characteristics can be the target of specific actions. This is because
the post-2020 discussion on the CAP has increased the discretionary power of Member
States. in selecting and designing their specific agricultural measures within a common EU
framework. This new classification can also be used to identify areas for investigation in
comparative studies or field surveys, as a basis for selecting case study areas or to compare
the EU countries with similar features or needs.

Furthermore, data presented here can be used to complement the information provided
by previous classification systems [27,28,61], depending on the specific needs of the users
such as studying possible relationships between agriculture intensity and other relevant
ecological or socio-economic geospatial information.

In the second stage, the results of a non-parametric convergence analysis made it possi-
ble to give a clearer picture of the dynamics of the convergence process. In summary, these
findings are consistent with earlier studies that analysed the convergence of GHG emissions
in EU countries using approximate indicators. Indeed, as noted by some authors [19,20,62],
increased food consumption has contributed to a convergence in pollutant use and to an
increase in agricultural production across EU countries. However, the analysis shows that
during the entire study period, the convergence hypothesis has interested mainly coun-
tries with initially high levels of intensive farming (Belgium, Hungary, Luxemburg, and
Romania) that tend to differ over time from those that have recently adopted an intensive
agricultural system with high GHG emissions (Estonia, Finland, Latvia, and Sweden).

From a dynamic point of view, the results point to the existence of six convergence clusters.
The paper contributes to the existing literature in two ways:
(i) To my knowledge, this is the first study in which a broad range of indicators to

estimate the contribution of fertilizers, pesticides, land-use trends, and livestock to GHG
emissions has been considered in a comparable level of detail;

(ii) Secondly, the methodological approach that was used to measure convergence
allows the countries to be classified in a flexible way inside convergence clusters. This
approach is especially suited for environmental variables where the classical concepts of
convergence (conditional) may be too rigid to be fulfilled. Moreover, this methodology
allows the dynamics of the convergence process to be measured.

Finally, a new and more accurate classification of EU countries in “homogeneous”
territorial agricultural systems is essential to improve the comparability of countries for the
development of the environmental programmes of the CAP for the period 2023–2027.
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