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Abstract

Tomato production is a strategic horticultural sector in Europe, yet it is increasingly ex-
posed to climate variability, input-price volatility, and structural heterogeneity among
national production models. This study provides a macro-level, cross-country assessment
to benchmark structural performance and derive country typologies of tomato systems
in 15 European countries over 2015-2024 using harmonized public statistics on cultivated
area, production, and derived yields. A Tool for Agroecology Performance Evaluation
(TAPE)—informed interpretive lens is used to frame yield level and interannual yield
variability as transition-relevant performance signals, while acknowledging that farm-
and territory-level TAPE scoring cannot be replicated with aggregated national data. The
analysis combines descriptive benchmarking, trend-adjusted yield stability metrics, area—
production relationship diagnostics, and multivariate classification (principal component
analysis and Ward hierarchical clustering) to identify coherent national performance pro-
files. Results show pronounced cross-country contrasts and three recurring macro-patterns:
(i) high-yield, low-dispersion systems with stable trajectories; (ii) transitional systems
with lower yields and broader distributions; and (iii) high-dispersion systems indicating
structural or climatic instability. The resulting typology supports differentiated policy
discussion on adaptation, modernization priorities, and transition enabling conditions, and
highlights the need to link macro-statistics with comparable agroecological indicators at
farm and regional scale for stronger inference on transition pathways.

Keywords: agroecological transition; TAPE; tomato production; Europe; yield stability;
cross-country benchmarking; typologies; policy relevance

1. Introduction

Tomato (Solanum lycopersicum L.) production systems are among the most widespread
and economically relevant horticultural sectors in Europe and neighbouring regions, sup-
plying fresh and processed commodities to domestic and export markets and supporting
regional and national economies, employment and regional value chains [1-3]. In addition
to their economic relevance, tomatoes are among Europe’s most important vegetable crops
in terms of harvested area and production volume; according to Eurostat, annual tomato
production is on the order of 16.8 million tonnes on 208.43 thousand ha, in recent years [4].
Across Europe, tomato cultivation and production contexts are heterogeneous, spanning
open-field systems, unheated protected structures, climate-controlled greenhouses, and

Agriculture 2026, 16, 263

https:/ /doi.org/10.3390/agriculture16020263


https://crossmark.crossref.org/dialog?doi=10.3390/agriculture16020263&domain=pdf&date_stamp=2026-01-21
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0001-6525-5619
https://orcid.org/0000-0003-2322-2557
https://orcid.org/0000-0002-0054-0889
https://doi.org/10.3390/agriculture16020263

Agriculture 2026, 16, 263

2 of 25

soilless/hydroponic systems, each characterized by distinct microclimate management,
nutrient regimes, planting densities, input profiles, and risk exposure, which collectively
shape yield levels, stability outcomes, and cost structures [5-7]. Beyond production volume,
tomatoes have high relevance for food systems through their nutritional and market value,
which further increases the need for continuity of supply and stability of production under
climate stress and market volatility. These considerations are especially important when
linking production performance to sustainable food systems objectives and transition-
oriented policy discussions [8-11]. This diversity also implies that simple yield rankings
can mask structurally different production models; therefore, performance assessment
should be interpreted alongside indicators of yield variability and structural coupling
between area and output [12]. The contrast between technologically intensive protected
systems (e.g., greenhouse-dominant profiles in Western Europe) and more open-field or
transitional profiles (e.g., parts of Eastern and Southeastern Europe, including Romania) is
especially relevant for cross-country interpretation and policy design [13].

Climate variability and intensifying extreme events, e.g., heat stress, water scarcity,
irregular precipitation, heavy rain, extreme hail events, etc., increasingly challenge tomato
productivity and yield stability, particularly in water-limited regions and in systems with
high dependence on microclimate control. This motivates cross-country evidence on not
only average yields but also interannual dispersion as an early warning signal of instability
at national scale [14-20]. Because tomatoes contribute substantially to the continuity of
fresh supply and processing chains, increased yield instability can translate into price
volatility, supply disruptions, and higher dependence on imports, outcomes that directly
affect food-system resilience and affordability [21]. At the same time, conventional in-
tensification, often relying on synthetic fertilizers, pesticide-dependent protection, and
energy-intensive climate control, raises concerns regarding environmental impact and long-
term sustainability, especially under climate stress and volatile input prices. This creates a
policy-relevant tension between short-term productivity goals and longer-term sustainabil-
ity objectives in horticultural value chains [22-27]. If yield growth stagnates while demand
remains stable or increases, maintaining supply would require either expanding cultivated
area (often constrained by land and water availability) or increasing external sourcing, both
of which can amplify environmental pressures and economic vulnerability.

Agroecology has emerged as a scientific, practical, and policy framework for redesign-
ing agricultural systems to enhance resilience, resource-use efficiency, biodiversity and
ecosystem services, and social well-being while maintaining viable production. In Europe,
agroecological transition is also increasingly framed as a governance and policy challenge,
not only a technical one [28-31]. FAO frames agroecology through the “10 Elements of
Agroecology” as a structured entry point for guiding and assessing transition trajectories,
while the High-Level Panel of Experts on Food Security and Nutrition (HLPE-FSN) em-
phasizes agroecological approaches as pathways to sustainable food systems that integrate
biophysical and socio-economic dimensions. The framing is relevant for horticultural value
chains because resilience and input-use efficiency must be addressed alongside market
continuity and environmental performance [32]. This framing is especially relevant for
tomatoes, where pest and disease pressures, input intensity, and climate sensitivity make
transition options strongly context-dependent [33—41]. To support evidence-informed tran-
sition pathways, FAO developed the Tool for Agroecology Performance Evaluation (TAPE),
a framework intended to characterize agroecological transitions and assess performance in
a multidimensional way across production, environment, social, and economic dimensions.
Even if TAPE cannot be applied in full to country-level datasets, it provides a useful way to
interpret performance patterns by considering the broader production context.
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In this study, we apply a TAPE-informed lens at national scale: we do not compute a
standardized TAPE score, but interpret yield level, interannual yield variability (as a partial
stability /resilience proxy), and structural typologies as macro performance signals that can
guide hypotheses about transition-relevant configurations and policy needs, while explicitly
avoiding causal claims based on ecological (country-level) data [42—45]. This approach
is designed to improve interpretability beyond simple yield rankings, by distinguishing
between high performance associated with structurally different production configurations
and by flagging instability as a potential risk signal, including for transitional contexts
such as Romania. On the European scale, tomato systems are heterogeneous, and cross-
country comparisons often remain limited to descriptive rankings without a transition-
oriented interpretation. Conversely, many agroecology assessments focus on local practice
measurement and participatory processes with limited comparability across countries. This
creates a gap for EU-scale evidence that is both comparable and interpretable through a
transition framework, with direct relevance for differentiated policy targeting and rural
development instruments [46-52].

Romania is relevant in this context as a representative transitional profile within the
European tomato sector, where competitiveness and profitability in tomato cultivation
depend strongly on structural conditions, support schemes, and modernization constraints
that interact with both transition opportunities and vulnerabilities. Importantly, such
transitional contexts contrast with more technologically stabilized systems, where protected
cultivation and integrated value chains can buffer climatic and market shocks, and with
highly specialized open-field systems where scale, irrigation infrastructure, and market
integration shape performance and stability [53]. Therefore, Romania provides a useful
reference point for interpreting transitional profiles within the EU macro typology [53-58].

Accordingly, the objective of this study is to provide a TAPE-informed, cross-country
assessment of European tomato production systems over 2015-2024, focusing on (i) culti-
vated area and production dynamics, (ii) mean yield performance and yield distribution
structure, (iii) interannual yield variability as a stability signal, (iv) the coupling between
cultivated area and production as a structural proxy, and (v) multivariate typologies sum-
marizing coherent performance profiles. By combining these dimensions, the study moves
beyond descriptive rankings to support a transition-oriented interpretation of macro perfor-
mance signals, while remaining within the limits of country-level data and avoiding causal
inference. The contribution is policy-relevant in the context of differentiated support needs:
systems characterized by stable high yields may require transition instruments oriented
toward resource efficiency and sustainability, while systems with high variability may
require targeted adaptation, risk management, and transition-enabling measures [22,24].

2. Materials and Methods
2.1. Study Design and TAPE-Informed Analytical Lens

This study conducts a macro-level, cross-country assessment of European tomato
production systems over 2015-2024, combining productivity and stability metrics with
contextual descriptors of farming-system orientation. We use FAO's agroecology frame-
work and TAPE to help interpret country-level trends in yield and yield variability. We
do not calculate full TAPE scores because we work with national statistics rather than
farm-level data. Therefore, no standardized farm-level TAPE scoring was performed; in-
stead, transition-relevant descriptors (where available) are treated as contextual proxies to
support interpretation. Accordingly, the analysis is explicitly descriptive and comparative,
and the reported associations are not interpreted causally at the country level.
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2.2. Data Sources, Country Coverage, and Variable Construction

The dataset covers 15 countries (Albania, Belgium, Denmark, France, Germany, Greece,
Ireland, Italy, the Netherlands, Poland, Portugal, Romania, Serbia, Spain, and Tiirkiye,
Figure 1) for the period between 2015 and 2024. Annual tomato cultivated area (ha) and
production (tonnes) were extracted primarily from Eurostat and complemented, where
necessary, with FAOSTAT and national statistical reports to address missing values or
reporting gaps [59]. The period 2015-2024 was selected to maximize cross-country com-
pleteness within a consistent post-2015 reporting window while capturing recent variability
under increasing climatic and market pressures. The country set reflects the intersection
of (i) data availability for the full period and (ii) representation of contrasting production
orientations, including open-field and protected cultivation profiles across Europe and
neighboring countries (Table 1).

Country coverage map 7 - - Q
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Figure 1. Spatial distribution of countries included in the agroecology cross-country analysis (2015-2024).

Tomato yield was computed as production per unit area (Y = P/A), using consistent
units across countries and years. When national reporting used kg/m? as measuring units,
values were harmonized to t/ha for comparability (conversion details are provided in Sup-
plementary Materials S1). All calculations were performed on annual national aggregates;
therefore, within-country heterogeneity (e.g., open-field versus protected cultivation shares)
is not directly observed in the core yield series and is addressed only through contextual
descriptors where available.

To support the TAPE-informed interpretation, additional descriptors were compiled
where consistently available (e.g., irrigation coverage, protected cultivation indicators, and
transition-related descriptors such as organic area share or documented IPM/rotation/soil-
health measures). Because these descriptors are not uniformly reported across all countries
and years, they are treated explicitly as contextual variables and not interpreted to gen-
eralize conclusions. Where descriptors were unavailable or not comparable, they were
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not imputed, and interpretation remains anchored in the harmonized area—production—

yield series.

Table 1. Data sources and variables included in the analysis.

Variable Unit Description Data Source Countries Covered
. Total annual tomato Eurostat, FAOSTAT, 15 European
Cultivated area ha . . .
cultivated area national reports countries
Production tonnes Total annual.tomato Eurostat, FAOSTAT 15 countries
production
Yield t/ha or kg/ m?2 Derived as P/A Computed indicator 15 countries
A logy- — Rotation, IPM, , .
BIOCCOTOBY qualitative otation, IPM, compost National reports Country-dependent
related descriptors organic area
o Temperature, FAO, national
. .. C, mm, s .
Climate indicators precipitation, extreme meteorological Country-dependent
events/year )
events agencies
Technological % area, Irrigation %, greenhouse National agricultural
L . N o Country-dependent
indicators infrastructure %, fertigation reports
2.3. Analytical Workflow and Alignment with Research Questions
The analytical workflow follows five steps: (i) descriptive cross-country profiling
of area, production, and yield; (ii) yield distribution, dispersion, and stability assess-
ment; (iii) association between cultivated area and production (area—output coupling);
(iv) multivariate classification of structural performance models (PCA and clustering); and
(v) exploratory analysis of yield-related correlates using available techno-environmental
proxies. The correspondence between research objectives and analytical methods is summa-
rized in Table 2. To improve transparency, step (ii) includes both conventional dispersion
metrics and trend-adjusted instability indices, and step (iii) includes both parametric and
non-parametric correlation together with formal specification checks.
Table 2. Research objectives and corresponding analytical methods.
Objective Description Method Applied Statistical Outputs

Area and production

Descriptive statistics;

Comparative series analysis . . - . .. mean, SD, CI
evolution time-series visualization
Yield dlst.rlb.u'tlon and D1str1but10n., yanablhty, Histograms, CV%, normality CV%, histogram shape
variability stability checks
Classification Grouping countries by PCA; Ward hllerarchlcal eigenvalues, loadings,
performance clustering dendrogram

Temporal trends

Trend evolution and structural
stability

Linear/polynomial regression

slope, p-value, R?

Exploratory modelling of
yield determinants

Associations between yield
and agroecology-related,
climatic, and technological
proxies (macro-level)

Multiple regression (OLS),
exploratory; collinearity
diagnostics (VIF)

standardized coefficients,
p-values, adjusted R?, VIF,
residual diagnostics

Area—production coupling
robustness

Testing
linearity /monotonicity and
model form

Pearson and Spearman
correlations; linear vs.
quadratic regression; Ramsey
RESET; AIC/BIC comparison

Note. ** Statistical significance at p < 0.01.
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The workflow is designed for cross-country comparability while acknowledging the
constraints of ecological (country-level) inference and heterogeneous production contexts.

2.4. Statistical Environment and Reporting Conventions

Analyses were conducted in IBM SPSS Statistics (v29.0) and Microsoft Excel 365.
Summary statistics and visualizations are reported to support descriptive comparison
across countries and years. Where p-values are reported (e.g., correlations, regressions), they
are interpreted as supportive statistical evidence rather than strict hypothesis testing, given
the country-level design, potential unobserved confounding, and heterogeneous production
models. Where alternative specifications were compared (e.g., linear vs. quadratic), model
selection was guided by formal specification testing (RESET) and information criteria
(AIC/BIC), reported to support transparency rather than model “truth” claims.

2.5. Descriptive Profiling and Yield Distribution Analysis

Descriptive statistics were used to summarize cultivated area, production, and yield
by country and year (means, ranges, standard deviations, and confidence intervals). Yield
distributions were examined using histograms to characterize dispersion patterns, identify
extreme values, and support later interpretation of structural typologies (e.g., compact
vs. highly dispersed yield regimes). Distribution diagnostics were interpreted descrip-
tively; the primary stability assessment is reported through complementary variability and
instability indices (Section 2.6).

2.6. Yield Variability and Stability Indicators

To evaluate yield variability and stability, we first computed the coefficient of variation
(CV%) as a descriptive measure of relative dispersion in annual yields. Because CV% does
not separate random variability from long-term deterministic trends, we complemented
it with two agricultural time-series instability metrics: the Cuddy-Della Valle (CDV)
index (trend-adjusted instability) and the Coppock Instability Index (CII) (year-to-year
volatility based on logarithmic changes). Together, CV%, CDV, and CII provide a more
robust characterization of yield stability than CV% alone, supporting interpretation of
structural instability and short-term shocks under national aggregation. Full definitions
and mathematical expressions are provided in Supplementary Materials S1. In the TAPE-
informed interpretation, lower yield dispersion and more stable trajectories are treated as
transition-relevant performance signals (as partial proxies for resilience), acknowledging
that resilience is multidimensional and not fully captured by yield statistics alone. The
CV%, CDV and CII definitions are provided in Supplementary Materials S1.

2.7. Area—Production Association (Area—Output Coupling)

To provide a comprehensive assessment of the relationship between total tomato pro-
duction and total cultivated area, the analysis was extended through a stepwise framework
combining parametric and non-parametric association measures, together with formal
model-specification testing and information-criterion comparisons across alternative model
forms. In a first step, Pearson (r) and Spearman (p) correlation coefficients were computed
for each country using the 2015-2024 time series. Whereas Pearson’s r assumes a linear re-
lationship and approximately normal distributions, Spearman’s rank correlation coefficient
(p) was implemented as a non-parametric measure of monotonic association, computed on
ranked values (with tied observations assigned average ranks), thereby reducing sensitivity
to non-normality and to departures from strict linearity; the formal definition and computa-
tion details are provided in Supplementary Materials S1. The absolute difference between
the two coefficients (It — p|) was used as a preliminary indicator of the stability of the
linearity assumption. Where time series were constant or exhibited insufficient temporal
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variation, correlation estimates, and formal specification tests were not computed and are
reported as not applicable (NA).

In a second step, for countries with sufficient temporal variation, linear regression
models of production as a function of area were estimated and subjected to the Ramsey
RESET (Regression Specification Error Test). This test evaluates the null hypothesis of
correct functional specification; rejection suggests potential nonlinearities and/or omitted
variables. In parallel, to complement the specification tests, alternative nonlinear (quadratic)
models were estimated, and their performance was compared against the linear models
using the Akaike Information Criterion (AIC) and the Bayesian Information Criterion (BIC).
A nonlinear specification was considered preferable when it yielded lower AIC/BIC values
and/or when the RESET test rejected the linear specification.

Overall, this combined approach provides a formal verification of the linearity as-
sumption and supports a differentiated interpretation of functional form according to the
empirical structure of the data for each analyzed country. Because the dataset is a short
country-level time series (n = 10 years per country), the Pearson-Spearman comparison,
RESET, and AIC/BIC are used as robustness-oriented diagnostics rather than as a basis
for estimating country-specific nonlinear production functions. The linear specification is
retained as the common reference for cross-country comparability, while potential nonlin-
earities are discussed qualitatively and reflected in the typology and instability metrics.

In addition, a simple pooled OLS regression model (production ~ area) was fitted
as a transparent descriptive scaling model to contextualize cross-country differences and
highlight outliers (e.g., high output with limited area in protected-cultivation contexts). Full
mathematical expressions and model specification notes are provided in Supplementary
Materials S1.

2.8. Exploratory Analysis of Yield-Related Correlations

An exploratory multiple regression (OLS) was used to examine associations be-
tween yield outcomes and a limited set of macro-level explanatory proxies selected for
agronomic relevance and data feasibility, including climatic descriptors (e.g., tempera-
ture/precipitation summaries or anomaly proxies where available), irrigation/protected
cultivation indicators, and available transition-related descriptors (e.g., organic area share or
reported IPM/rotation indicators). Given the small country sample (n = 15) and the risk of
collinearity among national structural variables, the model is treated as exploratory, empha-
sizing coefficient direction, relative magnitude (standardized coefficients), and diagnostics
(e.g., VIF) rather than causal attribution. Because the data are country-level aggregates,
results are interpreted as ecological associations; robustness is limited by potential unob-
served confounding and by the inability to control for within-country production-structure
heterogeneity (e.g., open-field vs. protected cultivation shares). Regression equations and
diagnostic definitions are provided in Supplementary Materials S1.

2.9. Multivariate Classification of Structural Performance Patterns

To identify structural patterns in tomato yields and to classify countries according to
agricultural performance, technological stability, and climatic exposure, the study applied
a combined framework based on Principal Component Analysis (PCA) and hierarchical
clustering, complemented by standard statistical validation metrics. The combined PCA-
clustering workflow was supported by standard adequacy and validation metrics to assess
(i) dataset suitability for dimensionality reduction and (ii) the stability and structural
relevance of the resulting groupings. The PCA was preceded and supported by statistical
adequacy tests, which confirm the presence of meaningful correlations among variables
and the appropriateness of dimensionality reduction:
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(a) Kaiser-Meyer—Olkin (KMO) index evaluates the proportion of common variance
among variables relative to total variance.

(b) Bartlett’s test of sphericity tests the null hypothesis that the correlation matrix is an
identity matrix. Dataset suitability for factor-type multivariate analysis was evaluated
in accordance with standard methodological recommendations for agri-economic
applications. Interpretation thresholds followed common guidelines (KMO > 0.60
indicates adequacy; p < 0.05 indicates statistical significance).

(c) Cumulative explained variance was used to determine the proportion of overall yield
variability captured by the first principal components. PCA results are reported
through eigenvalues, component loadings, and cumulative explained variance for
retained components, enabling interpretation of the latent axes and their contribution
to cross-country yield differences.

For clustering, validation focused on internal coherence and separability of the groups.
To classify countries into homogeneous groups in terms of agricultural performance, hi-
erarchical clustering was applied using Ward’s method and squared Euclidean distance,
which minimizes the increase in total within-cluster variance at each agglomeration step.
The optimal number of clusters was determined by dendrogram inspection and by identi-
fying critical thresholds in the agglomeration distance. Cluster validity was additionally
assessed through consistency with the PCA score-space configuration (countries close in
PCA space belonging to the same cluster) and through inspection of cluster separability in
the reduced-dimensional representation.

3. Results
3.1. Descriptive Overview of European Tomato Production Systems (2015-2024)

Across 2015-2024, cultivated tomato area shows pronounced cross-country hetero-
geneity among the 15 analyzed countries. The largest cultivated areas are observed in
Mediterranean producers, particularly Tiirkiye, Italy, and Spain, consistent with a struc-
turally land-extensive contribution to national tomato sectors. In contrast, several Northern
and Western countries (e.g., the Netherlands, Belgium, Denmark) operate with very small,
cultivated areas in national statistics, indicating production profiles where national output
is not driven by land expansion and where protected cultivation and higher technological
intensity likely play a larger role under national aggregation. An intermediate group (e.g.,
Romania, Portugal, Greece, Poland) shows moderate cultivated areas with mixed national
profiles. For countries with extremely small and nearly constant cultivated areas (notably
Denmark and Ireland), the limited time-series variability constrains the interpretability of
distribution- and correlation-based diagnostics at national scale. Total production broadly
follows a comparable gradient, with Tiirkiye and Italy remaining the largest producers
and Spain also contributing substantially. The Netherlands achieves comparatively high
national output relative to cultivated area, indicating a high-output structural configuration
under country-level aggregation. These contrasts underline that cross-country comparisons
reflect structurally different production orientations (open-field vs. protected systems) and
should be interpreted accordingly. Overall, the descriptive patterns indicate a polarized Eu-
ropean tomato sector, with marked differences in structural scale and interannual behavior
across countries.

3.2. Comparative Yield Analysis (2015-2024): Mean Performance, Variability, and
Area—Production Coupling

Mean yield (2015-2024), variability (standard deviation), 95% confidence intervals,
and ranking across the 15 countries were calculated (Table 3). the Netherlands and Belgium
present the highest mean yields, while Romania and Serbia show the lowest values. Ireland
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and Denmark also appear high in the ranking; however, because their cultivated areas
are extremely small and nearly constant at national scale, yield ratios and dispersion
diagnostics should be interpreted cautiously for cross-country comparisons and should not
be treated as structurally comparable to larger-scale national sectors.

Table 3. Mean tomato yields (t/ha), variability, confidence intervals and ranking (2015-2024).

Country Mean Yield (t/ha) Std. Dev. CI95-Lower  CI95-Upper  Ranking

Netherlands 480.24 35.75 454.67 505.81 1
Belgium 476.24 22.43 460.19 492.28 2
Ireland 383.90 23.12 367.36 400.43 3
Denmark 375.87 19.42 361.97 389.76 4
Germany 263.10 10.76 255.40 270.79 5
France 124.36 11.95 115.82 13291 6
Portugal 89.81 8.45 83.77 95.85 7
Poland 88.10 22.95 71.68 104.51 8
Spain 82.95 2.98 80.81 85.09 9
Ttirkiye 75.27 4.99 71.69 78.84 10
Greece 62.19 11.95 53.64 70.74 11
Italy 61.01 2.11 59.49 62.52 12
Albania 45.38 2.34 43.71 47.06 13
Romania 19.73 4.80 16.30 23.16 14
Serbia 16.65 2.83 14.62 18.68 15

To assess yield stability, we first used the coefficient of variation (CV%). However,
CV% does not account for deterministic time trends; therefore, the analysis was extended by
incorporating the Cuddy-Della Valle (CDV) index and the Coppock interannual instability
index. These indices are widely used in agricultural economics to capture trend-adjusted
instability and year-to-year volatility, respectively, both of which are relevant for character-
izing agricultural risk.

It can be observed that for Albania, Belgium, and Ttirkiye, the CV% values are rela-
tively moderate, but the CDV values are substantially lower, indicating that a substantial
part of the observed variability is explained by structural trends rather than by “true”
instability. Among countries with high structural instability, Romania, Poland, Greece,
and Serbia—show high CDV and Coppock values, indicating yields that are sensitive to
climatic and technological shocks and characterized by persistent instability. In contrast,
countries with comparatively stable yields include Italy, Spain, Germany, and Albania,
where low values of both indicators are consistent with more mature production systems
and higher technological stabilization.

The cross-country differences in mean tomato yield (t/ha) over 2015-2024 (Figure 2)
highlight the steep gradient between the highest- and lowest-performing national profiles.
The distribution of mean yields is strongly heterogeneous, with a small number of countries
positioned at very high values and the majority clustered at moderate-to-low values.
The strong contrast between very high-yield profiles and low-yield profiles across the
mentioned period supports a clear stratification of national yield levels in the dataset,
while also showing that some countries display large uncertainty ranges (wide confidence
intervals) relative to others.
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Figure 2. Mean tomato yield (t/ha) by country over 2015-2024 (n = 10 years), based on annual
yields computed from national production and cultivated area statistics. Countries are ordered by
mean yield.

In the context of agricultural time series, production dynamics are often influenced by
climatic, technological, and structural factors that may generate nonlinear or monotonic
relationships rather than strictly linear ones. To address this methodological limitation and
to test the robustness of the results, the analysis calculated both Pearson and Spearman
correlation coefficients. This enabled an assessment of the nature of the relationship
between variables by using the absolute difference between the two coefficients, Ir — p |1,
as a preliminary indicator of the stability of the linearity assumption. When Pearson
and Spearman coefficients are close in both magnitude and sign, the relationship between
variables can be considered predominantly linear or, at minimum, monotonic without major
structural deviations. In such cases, the use of linear regression is justified statistically and
economically, providing a coherent and transparent interpretative framework. Conversely,
when substantial differences between Pearson and Spearman coefficients are observed,
this is interpreted as evidence of nonlinear components in the relationship under analysis.
For these cases, the methodological approach requires exploring nonlinear regression
models (e.g., logarithmic, polynomial, or other functional forms), selected according to
the degree and shape of the identified nonlinearity. Accordingly, regression specifications
are adjusted to better reflect the empirical structure of the data and the underlying agro-
economic mechanisms.

To evaluate whether the relationship between cultivated area and production is ade-
quately described by a linear model, or whether it includes significant nonlinear compo-
nents, the analysis was further extended by applying formal model specification tests and
information criteria to compare alternative model forms.

The results summarized in Table 4 indicate substantial heterogeneity in the production—
area relationship across Europe, confirming that imposing a single functional specification
for all countries would be methodologically inappropriate. For countries such as Spain,
Romania, Albania, Belgium, Italy, the Netherlands, and Portugal, Pearson and Spearman
coefficients are close in both magnitude and sign, and the RESET test does not indicate
systematic specification errors; therefore, linear regression is adequate—with the additional
observation that Spain shows very high correlations and consistent Pearson-Spearman
results, without evidence of misspecification. Moreover, linear models display AIC and
BIC values that are lower than or comparable to those of the nonlinear specifications. These
findings suggest that expansions or contractions in cultivated area translate in a relatively
proportional manner into changes in production, supporting the use of linear regression.
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Table 4. Yield instability indicators for tomato production (2015-2024).
Country CV (%) CDhV Coppock
Albania 5.17 1.33 2.02
Belgium 471 2.86 4.90
Denmark 5.17 5.12 5.01
France 9.61 4.61 6.27
Germany 4.09 249 3.45
Greece 19.22 16.78 19.04
Ireland 6.02 3.86 4.08
Italy 3.47 3.44 3.76
Netherlands 7.44 5.12 6.73
Poland 26.05 9.85 13.63
Portugal 9.41 5.96 7.43
Romania 24.32 23.78 21.94
Serbia 17.03 14.81 19.37
Spain 3.60 3.31 5.58
Tiirkiye 6.63 1.79 2.00

By contrast, for Poland, Germany, France, Greece, and Tiirkiye, discrepancies between
Pearson and Spearman coefficients are more pronounced, and the RESET test and AIC/BIC
criteria indicate a superior nonlinear specification. In these cases, production does not
respond proportionally to changes in cultivated area, being influenced by factors such
as technological intensity, farm structure, the role of production in protected cultivation
systems, or climatic constraints. In particular, Poland exhibits a clearly nonlinear relation-
ship, convergently confirmed by all robustness checks, which supports the use of quadratic
(or, where relevant, logarithmic) specifications. For Denmark and Ireland, time series are
constant or lack sufficient variability, making correlation estimation and formal testing
impossible; excluding them is methodologically justified and does not affect the general
conclusions of the analysis.

The comparative graphical representation of Pearson (r) and Spearman (p) coefficients
provides a visual and analytical assessment of the robustness of the linearity assumption in
the relationship between cultivated area and tomato production (Figure 3). The positioning
of points relative to the reference diagonal r = p and to tolerance bands of £0.10 enables
identification of the dominant association type for each country. Countries located close
to the diagonal and within the £0.10 bands (e.g., Spain, Italy, Romania, Belgium) show
very similar r and p values. This indicates that the dependence between production and
area is predominantly linear and stable, and that rank ordering is consistent with linear
variation. In these cases, the use of linear regression (OLS) is methodologically justified
without significant information loss.

Points located at a substantial distance from the diagonal (e.g., Poland, Greece, Tiirkiye)
signal discrepancies between linear and rank-based correlation. This configuration suggests
the presence of a monotonic but nonlinear relationship, where changes in cultivated area
do not translate proportionally into changes in production. For France, r and p are low or
negative, indicating a decoupling of production from cultivated area. This pattern is consis-
tent with agricultural restructuring and technological intensification, where cultivated area
may decline while production is maintained or optimized.
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Figure 3. Pearson vs. Spearman correlation coefficients for the production-cultivated area relationship
(2015-2024).

Overall, the plot confirms that the linearity assumption is not universally valid for all
analyzed countries. Although Pearson-Spearman comparisons and specification tests indi-
cate cross-country differences in the functional form of the production—area relationship,
using a linear regression model as a common reference specification across all countries
remains methodologically justified for the following reasons. First, linear regression pro-
vides a first-order approximation of any continuous functional relationship; even under
nonlinearity, it captures the average marginal effect of area on production, offering a clear
and comparable economic interpretation. Second, for most countries, Pearson-Spearman
differences are moderate, indicating a stable monotonic relationship; in such settings, lin-
ear regression provides consistent estimates of the direction and average magnitude of
association, even if the exact functional form varies marginally across states. Third, given
the relatively short time series available (2015-2024), fitting distinct nonlinear models for
each country would reduce degrees of freedom and increase coefficient instability, while
complicating replication and comparability. Finally, cross-country comparability is a cen-
tral objective of the analysis: using a single linear specification enables direct coefficient
comparisons, avoids fragmented interpretations, and supports benchmarking across na-
tional tomato production systems. Instead of relying on heterogeneous functional forms,
potential nonlinearities are captured indirectly through structural variables (e.g., protected
cultivation, yield levels), climatic factors, and instability indicators—thus introducing com-
plexity through explanatory content rather than through mathematical specification, while
maintaining model transparency.

Yield histograms (Figure 4) illustrate cross-country differences in distribution shape
and dispersion over 2015-2024. Several countries exhibit compact distributions (narrow
interannual dispersion), whereas others show broader and/or more asymmetric distri-
butions with longer tails, indicating higher dispersion and the presence of outlier years
in the decade. For countries with extremely small or near-constant cultivated area series,
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histogram interpretation is limited because yield ratios can be sensitive to small denom-
inator effects. These histograms provide an additional view of distribution shape and
dispersion patterns across the decade. Several countries (e.g., Belgium, Germany, Italy,
Portugal, Spain) exhibit compact distributions, indicating comparatively lower interannual
dispersion in yield. A second set (e.g., Romania, Albania, Serbia, Poland) displays broader
and less symmetric distributions, consistent with higher dispersion and/or asymmetric
variation. Wider and more irregular distributions are visible for Greece, and to a degree
the Netherlands, indicating greater dispersion and longer tails under national aggregation.
Denmark and Ireland show flat or non-informative distributions due to extremely small
and constant cultivated areas. Tiirkiye presents a relatively compact national distribution
in this dataset, noting that national aggregation may mask internal regional variability.
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Figure 4. Yield distribution (histograms) by country for 2015-2024. Each histogram represents the
distribution of annual national yields (t/ha) across the 10-year period, illustrating differences in
dispersion and distribution shape across countries.

Based on the combined descriptive evidence from mean yield levels previously de-
scribed dispersion patterns (SD/CI 95 and histogram structure), and area—production
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coupling, Table 5 summarizes a typology of structural profiles as an operational synthesis
of macro-patterns. This typology is used for subsequent transition-oriented interpretation

and does not imply causal attribution.

Table 5. Structural models of European countries in the tomato cropping system.

Typology of States Countries

Histogram Characteristics

Production System
Characteristics

° Compact, stable
distributions; high
technological control

- High-yield/low-
dispersion profile

Belgium, Germany, Italy,
Portugal, Spain

Low dispersion; near-normal
shapes; narrow confidence
intervals; stable or slightly
increasing trends.

High stability and predictable
yields; advanced
technological control; efficient
irrigation; strong integration
in value chains.

e Moderately dispersed
distributions;
transitional systems

- Moderate-

yield/moderate-
dispersion profile

Albania, Romania, Serbia

Moderate dispersion;
deviations from normality;
wider confidence intervals;
climate- and economy-driven
variability.

Partial modernization; yields
sensitive to irrigation,
fertilizers and infrastructure;
mixed farm structures with
unequal performance.

e  Wide, unstable
distributions; high
agricultural risk

- High-
dispersion/unstable
profile

Greece, Poland, Netherlands

High dispersion; long tails;
outliers; clear deviations from
normal distribution.

High climatic exposure;
heterogeneous agricultural
structures; variability linked
to energy costs and input
prices.

° Marginal sectors,
minimal statistical

Flat histograms; almost no
variability; constant yields;

Micro-production; limited
economic relevance;

relevance

- Analytical outliers

Ireland, Denmark unsuitable for robust

econometric comparison.

extremely small, cultivated
areas.

e  Extensive system with
internal regional
differences

- National stability
with regional
variability

Large-scale diverse
production; mix of open-field
and protected systems;
marked regional
heterogeneity not visible in
aggregated data.

Compact but high-value
distributions; moderate
variability; stable long-term
trends.

Turkiye

3.3. PCA and Cluster Analysis of Yield Profiles Across Countries

Multivariate analyses (pairwise yield-correlation heatmap, PCA, and hierarchical
clustering) provide a consolidated view of similarity patterns among national yield profiles
and support the differentiation suggested by descriptive outputs.

The heatmap of pairwise yield correlations (Figure 5) indicates groups of countries
with similar yield trajectories over 20152024, as well as countries with divergent temporal
behavior. Correlations were computed on annual national yields (t/ha) over the 10-year
window; therefore, similarity reflects co-movement patterns in aggregated yield dynamics
rather than within-country production-structure homogeneity.

The PCA representation (Figure 6) reduces the dimensionality of the 2015-2024 yield
panel and separates countries according to dominant gradients in yield behavior across the
decade. Countries positioned closer to one another show higher similarity in their yield
trajectories, whereas distant positions reflect contrasting profiles.
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Figure 5. Heatmap, correlation of tomato yields across countries.
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Figure 6. Principal Component Analysis (PCA). Structural similarities in yield profiles.

PCA was applied to the standardized matrix of annual mean tomato yields (t/ha)
to reduce data dimensionality and to highlight the latent factors governing structural
differences among countries. The Kaiser-Meyer-Olkin measure was KMO = 0.73, indicating
good sampling adequacy for factor-type analysis and supporting the appropriateness of
dimensionality reduction. This result suggests that cross-country yield variability is driven
by common underlying factors (technological, climatic, and structural), thereby justifying
the use of PCA.

Bartlett’s test of sphericity was statistically significant (x*> ~ 112.4; p < 0.001), con-
firming the presence of systematic correlations among tomato yields across the analyzed
countries. Accordingly, inter-country differences are not random, but reflect distinct pro-
duction structures that can be summarized through latent components.
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Based on the Kaiser criterion, PCA revealed a clear factorial structure dominated
by two principal components that together explain 78.6% of total variance, capturing the
fundamental mechanisms underlying yield differences across countries.

Principal Component 1 (PC1), explaining approximately 52.4% of total variance, is
strongly and positively associated with high and stable yield levels and reflects technologi-
cal development and agricultural intensification. Countries with high scores on this axis
are typically characterized by extensive use of protected production systems (greenhouses
and plastic tunnels), advanced irrigation infrastructure, standardized production inputs
(high-performing hybrids, controlled fertilization), integrated value chains, and a strong
commercial orientation.

Principal Component 2 (PC2), explaining approximately 26.2% of variance, is asso-
ciated with climatic variability and structural instability. High or extreme scores on this
axis are linked to pronounced interannual yield volatility, exposure to heat stress, drought,
or limiting seasonality, dependence on external climatic conditions, or fluctuating energy
costs. Countries positioned at the extremes of PC2 reflect production systems that are
vulnerable to climatic or structural shocks, even when technological levels are relatively
high. This separation confirms that agricultural performance is not determined solely
by technology, but also by the climatic resilience of the production system, and supports
the interpretation of PCA as a tool for distinguishing between mature, transitional, and
vulnerable agricultural systems.

Ward hierarchical clustering (Figure 7) groups countries based on similarity in yield
profiles and interannual dispersion and indicates a limited number of coherent clusters.

Hierarchical Clustering - Tomato Yields
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Figure 7. Hierarchical clustering. Grouping countries by agricultural performance.

The clusters identified through hierarchical classification show high internal homo-
geneity, confirming that grouped countries share similar profiles in terms of yield level
and variability. Dendrogram inspection indicates a pronounced jump in agglomeration
distance at approximately 11-14, which supports the allocation into three distinct clus-
ters. Below this threshold, clusters remain compact and homogeneous, whereas above it,
aggregations become forced and lose structural meaning. The three clusters correspond
to: high-performing and stable agricultural systems, systems undergoing technological
transition, and systems that are climatically or structurally vulnerable. The validity of this
classification is further supported by the convergence between the PCA and clustering
results. Countries positioned close to each other in the PCA space belong to the same hierar-
chical cluster, and structural outliers, as Greece, are consistently identified by both methods.
This convergent validation indicates that the resulting typologies are not statistical artefacts,
but reflect real structural differences among the analyzed agricultural systems.
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An additional validation criterion is the conceptual overlap between countries’ po-
sitioning in the PCA space and their membership in hierarchical clusters. Based on
Figures 4 and 5, high-performing Western European countries cluster compactly in the
PCA space and belong to the same hierarchical group, transitional Eastern European coun-
tries occupy intermediate positions, while Greece emerges as a structural outlier; these are
patterns that confirm the interpretative validity of the multivariate analyses.

4. Discussion
4.1. Interpreting National Yield Patterns Through a TAPE-Informed Lens

This study provides a macro-level benchmarking of European tomato production
systems (2015-2024) and interprets cross-country performance patterns using a TAPE-
informed lens. Consistent with the FAO agroecology framing (10 Elements) and TAPE's
emphasis on multidimensional performance, the results highlight that tomato systems differ
not only in mean yield levels, but also in the structure of yield distributions, interannual
dispersion, including trend-adjusted instability signals and the degree of coupling between
cultivated area and national output. These complementary signals are important because
variability may reflect both short-term shocks and longer-term structural dynamics, which
have different implications for resilience-oriented transition strategies. At national scale,
these performance signals do not constitute a full TAPE assessment; nevertheless, they
offer a structured way to interpret transition-relevant contrasts in productivity and stability
outcomes and to formulate policy-relevant hypotheses about where and why differentiated
support may be needed [24,28-30,34,37].

A key contribution of this work is the separation between (i) descriptive performance
signals observed in national statistics (yield levels, dispersion metrics, area—production
coupling), and (ii) transition-oriented interpretation grounded in agroecology. This sep-
aration is important because national aggregates are shaped by heterogeneous internal
regions and production models (open field, protected cultivation, mixed marketing chan-
nels) and because country-level data do not allow strong causal attribution to specific
practices. In addition, countries with extremely small and near-constant cultivated areas
may generate yield ratios that are sensitive to denominator effects; therefore, high rankings
based on national aggregates should be interpreted cautiously in such cases. Therefore,
the discussion below uses cautious language and frames observed differences as patterns
consistent with certain structural configurations, rather than direct evidence of specific
drivers [27,29,34,37,39].

4.2. Structural Stratification of Yield Levels and “Stability Signals”

The cross-country ranking of mean yields (Table 3) shows strong stratification, with a
small number of very high-yield national profiles and a broader group of moderate-to-low
yield profiles. In a TAPE-informed interpretation, mean yield is only one performance
dimension; interannual dispersion (SD/CV%) and distribution shape add a complemen-
tary perspective by indicating whether performance is stable or highly variable over time.
To strengthen robustness, the stability assessment also incorporates trend-adjusted and
interannual instability indices (Cuddy—-Della Valle and Coppock), which help distinguish
volatility from deterministic yield trends. Countries with compact yield distributions and
relatively narrow dispersion ranges may be interpreted as exhibiting higher stability under
national aggregation, whereas broader distributions and longer tails indicate greater inter-
annual fluctuation and higher sensitivity to episodic deviations during the decade [11,29,30].
Where CV% is moderate but CDV is substantially lower, a larger share of variability is
attributable to underlying trends rather than to “true” instability; conversely, high CDV
and Coppock values indicate persistent structural instability and elevated agricultural risk.

https:/ /doi.org/10.3390/agriculture16020263


https://doi.org/10.3390/agriculture16020263

Agriculture 2026, 16, 263

18 of 25

At macro level, these differences may reflect combinations of climate exposure, pro-
duction infrastructure, and management orientation, including access to irrigation, the
prevalence of protected cultivation and technology intensity, and the presence of transition-
supportive management and governance conditions. Importantly, because this study does
not compute farm-level TAPE indicators, these are framed as plausible structural corre-
lates rather than measured drivers. From an agroecology perspective, stability signals are
particularly relevant because resilience is a core agroecology element and a central aim of
transition pathways under climate variability [4,11,12,30].

4.3. Area—Production Coupling as a Structural Proxy (Not a Causal Indicator)

The area—production correlations (Table 4) show that countries differ substantially in
the alignment between cultivated area and national output over time. Very strong positive
correlations suggest that fluctuations in national production co-vary with cultivated area
within the decade, which is consistent with national profiles where land allocation changes
are a major observable component of output variation. Weak or negative correlations
suggest that national output changes are less aligned with area changes, pointing to struc-
tural profiles where output dynamics are more influenced by factors not captured by area
variation alone (e.g., shifting yield levels, changing shares of production contexts, or other
unobserved structural adjustments). These interpretations remain descriptive: correlations
at country level do not identify mechanisms, but they help characterize national produc-
tion “signatures” under aggregation [1,54]. In addition, where Pearson and Spearman
coefficients diverge and/or specification tests (RESET) and information criteria (AIC/BIC)
favor nonlinear forms, coupling should be interpreted as indicative of monotonic but
non-proportional relationships rather than linear scaling.

From a transition-oriented perspective, weak coupling may also be consistent with
systems where output is less dependent on extensive land allocation and more dependent
on the performance of a relatively constrained land base, which can be relevant when
interpreting intensification profiles or controlled-environment configurations. Conversely,
strong coupling may be consistent with profiles where land base dynamics are a dominant
national signal. These patterns can guide future, more granular assessments where TAPE
indicators can be measured at farm/territory level [12,15,36]. Because the analysis is
based on national aggregates and a short time series, the coupling diagnostics are used to
support structural interpretation and typology building, not to infer behavioral responses
or policy effects.

4.4. Typologies and Multivariate Groupings: Linking Performance Profiles to Transition Narratives

The PCA and hierarchical clustering results illustrated in Figures 3 and 4, support
the existence of coherent groupings among national yield profiles and dispersion patterns.
Importantly, these groupings reinforce the correlations summarized in Table 6: countries
cluster not only by mean yield level but also by the shape and stability of yield trajectories.
The multivariate validation (KMO, Bartlett, explained variance, and Ward clustering co-
herence) supports that these groupings reflect consistent structural patterns rather than
arbitrary aggregation artefacts. In a TAPE-informed narrative, these clusters can be viewed
as representing distinct “performance regimes” that may correspond to different transition
needs: for example, regimes characterized by compact distributions may prioritize resource
efficiency and environmental performance improvements without compromising stabil-
ity, whereas regimes characterized by broad distributions and low yields may prioritize
transition-enabling investments and risk-reduction measures [24,27,39].
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Table 6. Pearson vs. Spearman correlations and formal non-linearity tests.
Count Pearson (1) Spearman r— ol RESET AIC AIC BIC BIC Relationship
Y (p) P p-Value (Linear) (Quadratic)  (Linear) (Quadratic) Type
Moderate,
Albania 0.619 0.547 0.072 0.4292 223.2 224.3 223.9 225.2 approximately
linear
Strong,
Belgium 0.898 0.805 0.093 0.8756 213.9 215.9 214.6 216.8 approximately
linear
Denmark NA NA NA NA NA NA NA NA Not applicable
Negative,
France —0.521 —0.576 0.055 0.0073 244.9 243.2 245.5 244.1 approximately
linear
Germany 0.925 0.791 0.134 0.0260 193.8 188.2 194.4 189.1 Strong,
nonlinear
Greece 0.146 —0.164 0.310 0.0675 266.6 265.9 267.2 266.8 Weak, unstable
Ireland NA NA NA NA NA NA NA NA Not applicable
Italy 0.654 0.673 0.018 0.9174 276.8 278.1 277.4 279.0 Mﬁigite'
Weak-
Netherlands 0.251 0.333 0.082 0.8900 252.6 254.6 253.2 255.5
moderate
Poland 0.260 0.455 0.194 0.0001 256.1 253.7 256.7 254.6 Nonlinear
Portugal 0.649 0.576 0.073 0.3422 268.3 268.9 268.9 269.9 Moderate
Romania 0.529 0.515 0.013 0.4888 258.2 259.5 258.8 260.4 Mﬁig;‘te'
Spain 0.959 0.976 0.017 0.1920 269.1 271.1 269.7 272.0 Verﬁ’rf;:r’ng'
Tirkiye 0.110 —0.176 0.286 0.0357 299.1 301.1 299.7 302.0 We.ak,
nonlinear

Note 1. “Not applicable” indicates constant series or insufficient variation; formal tests are not defined. Note 2.
The nonlinear (quadratic) specification is considered preferable if RESET p < 0.05 and/or if AIC/BIC are lower for
the quadratic model.

However, typologies derived from national statistics should not be interpreted as
labels of “agroecological” vs. “non-agroecological” systems. Agroecological transition is
multi-dimensional and includes governance, social values, knowledge co-creation, and
circularity dimensions that are not captured by yield data alone [25-33]. Therefore, the ty-
pology is best interpreted as a macro-level starting point for differentiated policy questions
and for prioritizing where deeper farm-level TAPE application could be most informa-
tive [18,19,28-30]. This is particularly relevant for transitional contexts (e.g., Romania),
where macro profiles may reflect mixtures of production models and uneven modernization,
underscoring the need for finer-grained evidence when designing transition support.

4.5. Interpreting Romania in the Macro Typology

Romania appears among the lowest mean yield profiles (Table 3) and shows broader
dispersion relative to compact high-performing profiles. In addition, Romania’s instability
indicators (CDV and Coppock) are comparatively high, reinforcing the interpretation of
persistent structural instability and elevated year-to-year volatility under national aggrega-
tion. In the macro-level framework adopted here, this positioning can be interpreted as a
transitional profile where production outcomes are more sensitive to interannual variability
under national aggregation and where stability signals are comparatively weaker. This
does not imply that Romanian tomato farming is uniformly low-performing; rather, it
indicates that at national scale the sector may contain heterogeneous sub-systems, and
that constraints such as infrastructure, investment capacity, and market conditions may
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influence aggregated performance. Accordingly, policy interpretation should focus on en-
abling conditions (e.g., irrigation reliability, protected-cultivation access where appropriate,
risk-management tools, and knowledge/innovation support) rather than on yield levels
alone. The results therefore support Romania’s relevance as a case for targeted transition
strategies and for future disaggregated studies linking performance to specific management
and territorial contexts [26,40,47,49,53].

4.6. Data Artefacts and Analytical Outliers

Denmark and Ireland present near-constant cultivated area series and very small
national values, limiting the reliability of correlation and distribution diagnostics. In such
cases, yield ratios can be highly sensitive to minor changes in the denominator and may
produce inflated or unstable comparative indicators. These countries were therefore treated
as analytical outliers in interpretation, and conclusions about performance regimes are
drawn primarily from countries with sufficiently variable time series for robust comparison.
Where reported, “not applicable (NA)” values reflect this insufficient variability, and these
cases are excluded from formal correlation/specification testing.

4.7. Implications for Agroecological Transition and Policy Targeting

While this study does not quantify farm-level agroecological practices, the observed
macro performance regimes are relevant for transition-oriented policy discussion. In TAPE
terms, performance evaluation should integrate productivity with environmental and
socio-economic dimensions; therefore, countries with stable high yields should not be
assumed to be “sustainable” without complementary evidence on resource use, exter-
nalities, and social outcomes. Conversely, low-yield /high-dispersion profiles may face
compounded vulnerabilities under climate variability and market shocks and may benefit
from integrated transition support that combines risk reduction, enabling infrastructure,
and knowledge systems, elements consistent with FAO’s agroecology framing (resilience,
efficiency, recycling, responsible governance, co-creation of knowledge) [19,28-30,34,37].

At EU level, these findings support differentiated approaches rather than uniform
prescriptions. Macro typologies can help frame questions about where support mechanisms
should prioritize stability and risk management, where they should prioritize efficiency
and environmental performance, and where deeper territorial /farm-level TAPE application
could be strategically deployed to monitor transition progress. Importantly, the results
should be read as comparative signals, not as evidence of the effectiveness of specific
interventions [27,35,39].

4.8. Limitations

This study is based on aggregated national statistics (cultivated area, production,
and derived yields), which enables harmonized cross-country benchmarking but imposes
important limitations on inference. First, country-level indicators mask heterogeneity
within-country in production systems (e.g., open-field vs. protected cultivation, heated
vs. unheated structures, regional climatic gradients, and heterogeneous farm structures).
As a result, observed differences in yield levels, dispersion, and area—production coupling
should be interpreted as macro-level performance signatures rather than as evidence of
homogeneous national “performance” or of specific farm-level practices.

Second, the use of ratio-based indicators (yield = production/area) can be sensitive to
very small denominators. For countries with extremely small or near-constant cultivated
areas in official statistics, small fluctuations in reported area may translate into dispropor-
tionately large changes in computed yields and related diagnostics. We therefore treat
such cases as analytical outliers in interpretation and avoid drawing strong comparative
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conclusions from distribution- or correlation-based metrics when time-series variation
is insufficient.

Third, the available time series (2015-2024; n = 10 observations per country) supports
descriptive comparisons and robustness-oriented diagnostics, but limits the stability and
power of more complex econometric specifications. In particular, regression-based outputs
are interpreted as exploratory/descriptive rather than causal, and reported significance
levels are treated as supportive evidence only. Where functional-form concerns arise,
the Pearson-Spearman comparison and specification-oriented diagnostics provide useful
indications, but they do not substitute for structural estimation using richer data.

Finally, while the analysis is framed through a TAPE-informed lens, full TAPE assess-
ment cannot be implemented with national aggregates because TAPE requires farm- and
territory-level measurement of multidimensional indicators (environmental, social, and
governance components). Consequently, the present results should be viewed as a macro-
level screening and typology-building step that can guide where and how future research
could apply TAPE more directly using comparable microdata at farm or regional scale.

5. Conclusions

This study provides a TAPE-informed, macro-level benchmarking of European tomato
production systems across 15 European countries (EU Member States and neighboring
countries) over 2015-2024, combining yield level, yield distribution structure, interannual
dispersion, area—production coupling, and multivariate typologies. The results confirm
pronounced cross-country heterogeneity in both average performance and stability signals
under national aggregation, indicating that European tomato sectors operate within distinct
structural regimes rather than a single continuum.

Mean yield rankings identify a small group of very high-yield national profiles and
a broader set of moderate-to-low yield profiles. Yield histograms and dispersion metrics
further differentiate countries by distribution compactness versus broad or asymmetric
dispersion, highlighting that stability-related signals vary substantially across the decade.
Trend-adjusted instability and interannual volatility indices complement CV% and help
distinguish deterministic trends from persistent instability relevant to agricultural risk.
Area—production correlations provide an additional structural descriptor, showing that
some countries exhibit strong coupling between cultivated area and output over time,
whereas others show weaker alignment, consistent with different national production
signatures and, in some cases, non-proportional (nonlinear) coupling patterns.

PCA and hierarchical clustering reinforce these contrasts by grouping countries with
similar yield trajectories and dispersion patterns and by highlighting outlier behavior.
Denmark and Ireland also present near-constant, very small cultivated-area series that limit
the interpretability of correlation and distribution diagnostics.

From an agroecological transition perspective, these macro-level performance regimes
can be used as comparative signals to support differentiated policy questions and to
prioritize where deeper, farm- or territory-level TAPE assessment could be most informative.
Countries characterized by compact yield distributions may warrant transition instruments
that emphasize resource efficiency and environmental performance monitoring, while
countries with broader distributions and low yield profiles may benefit from transition-
enabling measures that strengthen stability and adaptive capacity. Overall, the study
supports the value of combining cross-country statistical benchmarking with a TAPE-
informed interpretation to frame agroecological transition narratives at EU scale, while
maintaining caution about causal attribution from aggregated national data.

These findings support a differentiated policy interpretation, relevant to the Common
Agricultural Policy (CAP): where the area—production relationship is stable and approxi-
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mately linear, area-linked instruments are more likely to translate into proportional output
changes under national aggregation; where coupling is weak or nonlinear, improving
performance is more likely to depend on targeted modernization (e.g., irrigation reliabil-
ity, protected-cultivation infrastructure where appropriate, technological upgrading, and
innovation support) rather than area expansion alone.

Multivariate results (PCA and Ward clustering) provide a coherent structural synthesis
of national yield profiles, supporting the interpretation of recurring performance regimes
and associated transition narratives.

In practical terms, systems positioned toward high technological performance may
benefit most from instruments focused on sustainability, input-use efficiency, and energy
efficiency (particularly in controlled-environment contexts), while systems characterized by
higher climatic/structural vulnerability require targeted interventions in irrigation, climate-
risk management, and transition-enabling support (infrastructure, advisory/knowledge
systems, and risk reduction).

Future work should link national macro-statistics with farm- and regional-scale
datasets enabling TAPE measurement (including environmental and socio-economic di-
mensions) and should explicitly disaggregate open-field versus protected cultivation shares
to strengthen inference on transition pathways and policy levers.
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