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Protected areas play a central role in territorial governance and the provision of environmental public goods, yet
their performance is typically evaluated through effectiveness-based frameworks rather than through efficiency
analysis. This study provides a multidimensional assessment of 27 Italian National Parks, conceptualized as
multi-mission public organizations operating within complex territorial and institutional contexts. Four mission-
specific domains - ecological performance, tourism valorization, managerial administration, and governance
capacity - are evaluated using Data Envelopment Analysis within a non-radial framework that captures asym-
metric inefficiencies across functions. The analysis explicitly examines the role of institutional scale, dis-
tinguishing between pure technical inefficiency and structural scale effects. Results reveal differentiated
performance regimes: ecological outcomes are largely anchored in territorial endowment, whereas tourism and
managerial domains exhibit both slack-driven and scale-related inefficiencies. Governance performance appears
strongly conditioned by the configuration of institutional scales. These findings highlight the importance of scale
alignment and mission-specific benchmarking for improving the design and coordination of protected-area

governance systems.

1. Introduction

Protected areas represent one of the principal institutional in-
struments through which societies organize the provision of environ-
mental public goods. National parks, in particular, are complex multi-
mission public organizations entrusted with biodiversity conservation,
landscape preservation, ecosystem service maintenance, recreational
access, environmental education, and territorial development (Eagles
et al., 2002; Watson et al., 2014). In economic terms, they operate as
multi-mission public production units that transform financial, human,
and territorial resources into heterogeneous environmental and insti-
tutional outputs. These outputs reflect partially overlapping conserva-
tion, recreational, managerial, and governance functions.

Despite the diversity of their mandates, the performance of protected
areas is predominantly evaluated through effectiveness-based frame-
works, such as the IUCN Protected Area Management Effectiveness
(PAME) approach, which assess whether management objectives,
governance arrangements, and planning instruments are in place and
functioning. Although informative, such frameworks may underestimate
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parks operating under input constraints, as they conflate goal attain-
ment with resource adequacy. An efficiency-based perspective evaluates
instead the relative capacity of parks to transform inputs into outputs,
providing a complementary diagnostic tool that is particularly relevant
in contexts of fiscal pressure and increasing demands for accountability.

Although a growing body of work has applied frontier methods to
protected-area performance, three interrelated gaps continue to limit
the empirical literature. First, evaluation has remained largely anchored
in effectiveness-based logics, leaving the productive dimension of
protected-area governance underexplored. Second, available efficiency
studies typically aggregate heterogeneous functions into a single com-
posite production technology, masking cross-mission disparities and
obscuring the differentiated technological logics underlying ecological,
tourism, managerial, and governance outcomes. Third, scale effects,
when assessed at all, are rarely interpreted as structurally differentiated
components of territorial environmental governance, despite their
salience in multi-level institutional systems characterized by jurisdic-
tional fragmentation and heterogeneous administrative scales.
Addressing these gaps requires an empirical framework that is
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simultaneously efficiency-based, multidimensional, and explicitly scale-
aware. Such a framework is particularly relevant for informing policy
decisions on resource allocation, inter-institutional coordination, and
aligning ecological systems with administrative boundaries.

This study addresses these gaps through a multidimensional and
scale-aware assessment of 27 Italian National Parks, conceptualized as
multi-mission public production units operating within complex terri-
torial and institutional contexts. Four mission-specific production fron-
tiers - ecological performance, tourism valorization, managerial
efficiency, and governance capacity - are estimated separately to pre-
serve institutional heterogeneity. This approach contrasts with multi-
criteria evaluation frameworks (e.g., (Munda, 2005)) in that it derives
relative performance directly from observed input-output combinations
rather than imposing ex ante normative weights. The analysis adopts a
non-radial frontier approach (formalized in detail in Section 3) and
complements efficiency estimation with statistically consistent
second-stage inference to identify structural correlates of inefficiency.

The analysis addresses three interrelated questions: (i) How do
Italian national parks perform across ecological, tourism, governance,
and managerial domains within a non-radial frontier framework? (ii) To
what extent do scale effects contribute to observed inefficiency patterns?
(iii) Which structural and institutional characteristics are conditionally
associated with multidimensional inefficiency once the statistical
properties of DEA estimators are properly accounted for?

The study does not attempt to estimate socially optimal levels of
provision for environmental public goods or to derive allocative welfare
conclusions. Rather, it focuses on relative productive efficiency within
the observed institutional setting, offering a useful complement to
conventional effectiveness-based evaluations of protected areas.

The remainder of the paper is organized as follows. Section 2 reviews
the literature on protected-area effectiveness, multidimensional effi-
ciency assessment, and institutional scale heterogeneity, situating the
present study within current debates. Section 3 develops the empirical
strategy, formalizing the multidimensional production framework,
presenting the non-radial Slack-Based Measure (SBM) under variable
returns to scale, and outlining the bootstrap-truncated regression pro-
cedure for second-stage inference. Section 4 reports the empirical results
across the four mission domains. Section 5 provides robustness and
stability diagnostics. Section 6 discusses the findings in light of the
institutional and governance characteristics of Italian national parks,
with particular attention to policy implications for jurisdictional design
and resource allocation. Section 7 concludes.

2. Literature review
2.1. From effectiveness to efficiency in protected-area evaluation

The evaluation of protected-area performance has traditionally been
dominated by effectiveness-based frameworks. Building on the
approach developed by Hockings (Hockings, 2006) and operationalized
through the Protected Area Management Effectiveness (PAME) frame-
work and the Global Database on Protected Area Management Effec-
tiveness (Coad et al., 2015), these methods assess whether management
objectives, governance arrangements, and planning instruments are in
place and functioning. Large-scale empirical applications have further
linked management effectiveness indicators to ecological outcomes
(Geldmann et al., 2018; Schulze et al., 2018), contributing to global
conservation policy debates and monitoring efforts within the
post—2020 Global Biodiversity Framework.

By construction, however, effectiveness frameworks focus on goal
attainment and institutional compliance, rather than on the productive
use of resources. As a result, they may systematically favor protected
areas with greater financial, human, or infrastructural endowments,
without explicitly considering whether such inputs are used efficiently.
In contexts with heterogeneous resource availability, this may introduce
bias in performance assessment, particularly when comparing parks
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operating under different budgetary or institutional constraints.

Efficiency analysis provides a complementary perspective. Following
the seminal contribution of (Farrell, 1957) and the subsequent consoli-
dation of frontier methods (Fried et al., 2008), efficiency is defined as
the relative capacity of organizations to transform inputs into outputs.
From this perspective, a protected area may achieve conservation tar-
gets while using more resources than comparable units or, conversely,
perform relatively well despite limited inputs. Effectiveness and effi-
ciency are therefore analytically distinct but jointly relevant, especially
in policy contexts where accountability, resource allocation, and per-
formance benchmarking are central concerns.

2.2. Efficiency analysis and multidimensional performance in protected
areas

Data Envelopment Analysis (DEA), introduced by Charnes et al.
(1978), provides a nonparametric framework for measuring relative
technical efficiency by constructing an empirical best-practice frontier
from observed input-output combinations. Its ability to accommodate
multiple inputs and outputs without requiring price information has
made it particularly suitable for public-sector and environmental ap-
plications (Dyckhoff and Allen, 2001; Worthington, 2000), including
tourism systems (Cracolici et al., 2007; Liu et al., 2017) and regional
ecological performance analysis (Bianchi et al., 2020).

Within the protected-area literature, DEA has been widely used to
conceptualize parks as public production units transforming financial
and human resources into environmental and recreational outcomes
(Bosetti and Locatelli, 2006; Ma et al., 2009; Rusielik and Zbaraszewski,
2014). Subsequent contributions have broadened this approach across
different institutional and geographical contexts. For example,
Valdivieso et al. (2015) developed a DEA-based framework to assess
tourism management capacity in protected areas, which was later
extended to a cross-country analysis examining how policy decisions
influence efficiency across 29 protected areas in five countries
(Valdivieso et al., 2023). Other studies have investigated eco-efficiency
and its determinants in national parks (Peng et al., 2017; Zhao et al.,
2022), while applications in data-constrained environments (Jacob
et al., 2018) and related domains such as urban green infrastructure
(Sun et al., 2021) highlight the flexibility of frontier methods.

Despite this growing body of work, most empirical applications rely
on a single aggregated production technology, implicitly assuming that
protected areas pursue a unified objective function. This assumption is
difficult to reconcile with the inherently multi-mission nature of these
institutions. National parks simultaneously perform ecological, recrea-
tional, managerial, and governance functions, each characterized by
distinct yet partially overlapping technological and institutional logics
(Eagles et al., 2002; Lockwood, 2010). Aggregating these heterogeneous
outputs into a single efficiency score risks masking cross-dimensional
disparities and limiting the interpretability of results for policy pur-
poses. Alternative evaluation frameworks, such as multi-criteria deci-
sion analysis (Munda, 2005), explicitly incorporate normative
weighting schemes across dimensions, with applications ranging from
sustainability indices for managed marine protected areas (Avelino
et al., 2019) to multi-objective fishery management (Pascoe et al.,
2023).

A second limitation concerns the treatment of inefficiency. Much of
the literature relies on radial models, which assume proportional
adjustment across outputs. In multi-objective public organizations,
however, performance gaps are often unevenly distributed across di-
mensions. The non-radial Slack-Based Measure (SBM) proposed by Tone
(2001) directly incorporates input excesses and output shortfalls into the
efficiency score, thereby offering a more comprehensive representation
of performance gaps in settings where different outputs reflect distinct
policy goals. Pascoe et al. (2023) further argue that frontier methods
provide a flexible alternative to multi-criteria approaches, as they
generate “benefit-of-the-doubt” weights endogenously rather than



G. Signorello et al.

imposing them ex ante.

More broadly, the outputs generated by protected areas are intrin-
sically heterogeneous, spanning ecological outcomes, tourism services,
and institutional achievements. This diversity reinforces the need for
multidimensional performance frameworks that avoid ex ante aggre-
gation and instead evaluate each mission domain within its own pro-
duction space. Frontier methods are particularly well suited to this task,
as they derive relative performance directly from observed input—output
combinations without imposing normative weighting schemes. Recent
work in adjacent domains - including the analysis of determinants of
inefficiency in public parks and gardens services (Benito et al., 2025) -
further supports this direction, highlighting the value of combining
frontier estimation with rigorous second-stage diagnostics.

Despite these advances, three limitations remain in the empirical
literature on protected-area efficiency. First, most studies continue to
estimate aggregated frontiers, thereby conflating distinct production
processes. Second, asymmetric inefficiencies across mission domains are
rarely explicitly addressed through non-radial specifications such as
SBM (Tone, 2001). Third, second-stage analyzes of inefficiency de-
terminants often rely on conventional econometric approaches (e.g.,
OLS or Tobit) that do not fully account for the statistical properties of
frontier estimators, rather than on bootstrap-based methods that correct
for the serial dependence inherent in DEA scores (Simar and Wilson,
2007).

2.3. Institutional scale and governance in protected-area systems

While the use of efficiency analysis in protected-area research has
expanded, the role of institutional scale remains comparatively under-
explored. In many applications, differences in scale are treated primarily
as a technical modeling choice - typically through alternative assump-
tions on returns to scale - rather than as a substantive feature of envi-
ronmental governance systems.

In practice, protected areas operate within multi-level institutional
arrangements, often characterized by overlapping competencies, juris-
dictional fragmentation, and coordination requirements across national,
regional, and local authorities. These features imply that scale is not
merely a statistical attribute but a structural dimension influencing
organizational performance, transaction costs, and governance
effectiveness.

Such dynamics are particularly relevant in the Italian context, where
the national park system operates within a multi-level governance
framework defined by Law n. 394/1991. Park authorities interact with
regional governments, local municipalities, and other institutional ac-
tors through formal coordination mechanisms, including the mandatory
institutional concertation with the Regions concerned and the Park
Community Council, a statutory representative body of municipalities
and regional authorities. This configuration corresponds to a shared-
governance model in the IUCN typology (Borrini-Feyerabend et al.,
2013), in which multiple actors contribute to decision-making pro-
cesses and resource management.

These institutional arrangements introduce potential scale mis-
matches between ecological systems and administrative boundaries, as
well as coordination costs associated with fragmented governance
structures. From an efficiency perspective, such features may generate
performance differences that are not attributable to managerial in-
efficiency alone, but rather to the structural configuration of institu-
tional scale.

Despite their relevance, these aspects have received limited attention
in empirical efficiency studies. Scale effects are often reported but rarely
interpreted in relation to governance structures, territorial complexity,
or policy design. Moreover, robustness diagnostics and statistically
consistent second-stage inference are seldom integrated within a unified
empirical framework.
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2.4. Synthesis and contribution

The literature reviewed above highlights three interrelated gaps.
First, the dominance of effectiveness-based approaches has left the
productive dimension of protected-area performance underexplored,
particularly regarding how resources are transformed into environ-
mental and institutional outcomes. Second, within the efficiency liter-
ature, the widespread use of aggregated production technologies has
obscured the multidimensional nature of protected-area functions,
limiting the ability to identify mission-specific performance patterns.
Third, the role of institutional scale in shaping efficiency outcomes has
been insufficiently conceptualized, often treated as a technical modeling
issue rather than as a core dimension of territorial governance.

This study addresses these gaps by adopting a multidimensional and
scale-aware efficiency framework. Specifically, it evaluates protected
areas across distinct mission domains - ecological performance, tourism
valorization, managerial administration, and governance capacity -
while explicitly examining the role of institutional scale and its inter-
action with performance outcomes. By integrating frontier analysis with
scale-sensitive diagnostics and consistent second-stage inference based
on the Simar-Wilson bootstrap truncated regression procedure (Simar
and Wilson, 2007), the study provides an empirically grounded
approach to understanding how governance structures and territorial
configurations influence the efficiency of protected-area systems.

3. Empirical strategy: multidimensional frontier estimation and
bootstrap inference

The empirical strategy adopted in this study is structured into two
sequential, conceptually distinct phases. In the first phase, we estimate
multidimensional technical efficiency scores using a nonparametric
frontier approach. In the second phase, we analyze the structural and
institutional correlates of inefficiency using a bootstrap-truncated
regression model consistent with the statistical properties of nonpara-
metric frontier estimators. This two-stage framework allows us to
separate the measurement of relative performance from the identifica-
tion of systematic conditional associations, while ensuring statistical
coherence between the two steps.

The methodological choice of a non-radial frontier specification is
motivated by the multi-mission nature of the production technology
under analysis. National parks generate heterogeneous outputs whose
performance gaps are unlikely to be proportional: a park may operate
close to the ecological frontier while exhibiting substantial slack in
governance outcomes, or vice versa. Radial models, which assume
proportional expansion of all outputs, would obscure such asymmetric
inefficiencies. The non-radial Slack-Based Measure (SBM) proposed by
Tone (Tone, 2001) directly incorporates input excesses and output
shortfalls into the efficiency score, thereby providing a more compre-
hensive representation of performance gaps in multi-objective public
organizations. Scale heterogeneity is examined through systematic
comparisons of constant- and variable-returns-to-scale specifications,
enabling a structured decomposition of pure technical inefficiency and
institutional scale effects. Finally, statistically consistent inference on
the structural correlates of inefficiency is obtained through the
Simar-Wilson bootstrap truncated regression procedure, which corrects
for the serial dependence inherent in DEA efficiency scores.

3.1. Conceptual framework and production technology

Italian national parks are modeled as multi-mission public produc-
tion units operating within a multidimensional technological space. As
discussed in the Introduction, their statutory mandates combine
ecological conservation, tourism valorization, managerial administra-
tion, and institutional governance. These mission domains generate
heterogeneous, largely non-market outputs that cannot be meaningfully
aggregated through observed prices.
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From a production-theoretic perspective, each park transforms a
vector of inputs x; € R} into a vector of outputs y; € R..

Because no market price system exists to construct a scalar perfor-
mance index, efficiency is defined relative to an empirical production
possibility set. This set is assumed to satisfy standard regularity condi-
tions - convexity, free disposability of inputs and outputs, and closed-
ness. Efficiency is therefore interpreted as the distance of an observed
input-output combination from the boundary of the production set.

To preserve institutional heterogeneity and avoid dimensionality
distortions, four mission-specific technologies are estimated separately:
ecological performance, tourism valorization, managerial efficiency,
and governance capacity. This structure reflects the multidimensional
nature of public production and ensures that efficiency comparisons
remain domain-specific rather than artificially aggregated.

Formally, let parks be indexed by i = 1, ...,N. Each park employs an
input vector x; in R} to generate an output vector y; € R%. The pro-
duction possibility set is defined as

.7 ={(x,y) € RT x R’ : x can produce y}

The technology is assumed to satisfy standard regularity conditions -
convexity, free disposability, and closedness - consistent with the
nonparametric production framework developed in Fare et al. (1994).
These assumptions ensure the existence of a well-defined empirical
frontier against which observed production plans can be evaluated. Ef-
ficiency is therefore interpreted as the distance of an observed
input-output combination from the boundary of .7.The empirical
frontier is defined as the smallest convex set that envelops the observed
input-output combinations, thereby defining efficiency in purely rela-
tive terms within the institutional sample. The baseline technology is
estimated under variable returns to scale, allowing the empirical frontier
to adapt to heterogeneous institutional scale configurations.

Given the multi-mission structure of protected areas and the mod-
erate sample size (N = 27), estimating a single high-dimensional fron-
tier would substantially increase total dimensionality (m + s) and
potentially weaken discriminatory power in a nonparametric setting.
Instead, we estimate four conceptually distinct production technologies
corresponding to ecological performance, tourism valorization, mana-
gerial efficiency, and governance capacity. This mission-specific speci-
fication preserves institutional heterogeneity while maintaining
proportionality between sample size and dimensionality, thereby sup-
porting statistical reliability of the frontier estimator.

3.2. Data and variable construction

The empirical analysis is based on a cross-sectional dataset covering
the Italian national-level protected-area system, comprising 27 major
parks operating under multi-mission mandates of conservation, tourism
management, and institutional governance. All units share comparable
territorial scale, ecological relevance, managerial complexity, and
tourism pressure. The dataset reflects the full set of operational Italian
National Parks, thereby representing the complete national production
system rather than a statistical subsample. The number of decision-
making units is therefore institutionally determined.

Fig. 1 illustrates the geographic distribution of the 27 Italian Na-
tional Parks, highlighting the territorial heterogeneity underlying the
national protected-area system.

From a production-theoretic perspective, these protected areas
operate under structurally similar technological and institutional con-
ditions. The resulting cross-sectional variation in environmental
endowment, infrastructure, financial resources, and governance ar-
rangements supports robust frontier estimation.

! The dataset comprises all operational Italian national parks and three
regional parks characterized by national-equivalent territorial scale and
governance mandates.
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Data were compiled from official administrative reports, park man-
agement plans, and institutional documentation published by each park
authority. Additional sources include reports issued by the Italian Court
of Auditors and official publications from national public agencies,
including ISPRA (Istituto Superiore per la Protezione e la Ricerca
Ambientale (2023)) and ISTAT (2023). Data were also retrieved from
the official national portal of Italian protected areas (Italian Parks Por-
tal, www.parks.it). Supplementary information was obtained from in-
ternational environmental databases, including UNEP-WCMC and IUCN
(UNEP-WCMC and IUCN, 2026), as well as the Digital Observatory for
Protected Areas (DOPA; (Dubois et al., 2019)).

Table 1 reports descriptive statistics for all variables included in the
analysis, including both the input-output variables used in the DEA
models and the structural covariates employed in the second stage
truncated regression. The dispersion patterns reveal substantial het-
erogeneity across territorial scales, institutional configurations, and
operational capacities, thereby justifying the adoption of a multidi-
mensional, scale-aware efficiency framework.

The mission-specific production technologies are summarized in
Table 2. Each domain is modeled as a distinct input-output trans-
formation process, reflecting the multidimensional mandate of national
parks.

The ecological performance model captures the transformation of
territorial endowment and management-mediated accessibility into
measurable environmental outcomes. Park surface, environmental
infrastructure expenditure, and trail network length jointly represent
the structural and managerial inputs that generate carbon stock, forest
cover, and biodiversity levels.

The tourism valorization model conceptualizes tourism performance
as the activation of environmental and infrastructural capital. Accom-
modation facilities, visitor centers, and trail infrastructure enable the
production of visitor flows and perceived recreational quality.

The management efficiency model focuses on the administrative
transformation of financial and human resources into operational out-
puts, measured through visitor numbers and commercial revenues.

Finally, the governance capacity model isolates the institutional
dimension, assessing how human resources translate into governance
quality and formal compliance mechanisms.

All models are estimated using a non-oriented Slack-Based Measure
(SBM) under variable returns to scale (VRS), allowing simultaneous
proportional and non-proportional adjustments in inputs and outputs.

3.3. Mission-specific DEA specifications

To operationalize the multidimensional production framework out-
lined above, four mission-specific DEA models are estimated separately.
Rather than aggregating heterogeneous public objectives into a single
high-dimensional technology, each mission domain is modeled as an
autonomous production space defined by its own input—output config-
uration. This specification preserves institutional heterogeneity, reduces
dimensionality bias in a moderate sample, and ensures the interpret-
ability of efficiency scores within each functional domain.

The mission-specific input-output configurations are presented in
Table 2. Each domain reflects a distinct technological logic consistent
with the statutory mandate of national parks.

All models are estimated using a non-oriented Slack-Based Measure
(SBM) under variable returns to scale (VRS), as introduced in Section
2.2. The non-oriented formulation is appropriate because both input
excesses and output shortfalls are economically meaningful in the
context of public environmental production. Parks may simultaneously
exhibit underutilized resources and unrealized output potential; the
SBM framework captures these non-proportional inefficiencies through
slack adjustments.

The separation between domains is not merely descriptive but re-
flects structurally distinct production processes. Ecological performance
represents the transformation of territorial endowment and
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Fig. 1. Geographic distribution of the 27 Italian National Parks included in the analysis.

management-mediated accessibility into measurable environmental
outcomes. Tourism valorization captures the activation of environ-
mental and recreational infrastructure into visitor performance and
perceived quality. Management efficiency concerns the administrative
transformation of financial and human resources into operational out-
puts. Governance capacity isolates the institutional dimension, assessing
how organizational structures translate into formal compliance and
governance quality.

In the ecological production model, park surface captures the natural
endowment dimension, while environmental infrastructure expenditure
and trail network length reflect management intensity and anthropo-
genic accessibility. Although trail infrastructure is commonly associated
with tourism, it also constitutes an ecologically relevant management
variable. Trail density influences habitat exposure, spatial fragmenta-
tion, distribution of visitor pressure, and monitoring capacity. Well-
designed and regulated trail systems may mitigate uncontrolled access
and reduce diffuse ecological disturbance, whereas poorly managed or
excessive trail networks may increase pressure on ecosystems (Buckley,
2009; Farrell and Marion, 2001; Lynn and Brown, 2003; Monz et al.,
2013). Including trail length in the ecological specification, therefore,
allows the frontier to account not only for passive territorial endowment
but also for the interaction between conservation management and
controlled accessibility. Ecological production is thus modeled as the
transformation of both natural capital and management-mediated ac-
cess into environmental outcomes.

Governance outputs are partly institutional and discrete. The com-
bination of a continuous governance index and a binary indicator of
approved management plans reflects formal compliance and institu-
tional activation rather than physical production. This hybrid output
structure introduces potential scale sensitivity under constant returns to
scale, further justifying the adoption of a VRS specification.

Because each mission is evaluated within its own technological
space, efficiency scores are not directly comparable across domains in
absolute magnitude. They represent relative performance within each

mission-specific frontier. Cross-domain comparisons, therefore, concern
structural patterns rather than ordinal ranking equivalence.

To ensure adequate discriminatory power and mitigate frontier
inflation, Table 3 reports the dimensional structure of each model. All
specifications satisfy the proportionality condition discussed in Section
3.7,

N > max{m x s,3(m+5s)}.
where m denotes the number of inputs and s the number of outputs. The
resulting ratios confirm that the sample size is sufficient relative to

dimensionality, supporting the stability and credibility of the estimated
frontiers.

3.4. Radial DEA and the output distance function

Classical Data Envelopment Analysis (DEA) measures efficiency
through radial scaling of inputs or outputs. The output distance function
is defined as

D™ (x,y) =sup{0 >0: (x,0y) € 7 }.
The Farrell output-oriented efficiency measure is
6 = 1/D*(x;,yy)-

Under variable returns to scale (VRS), the technology is the convex
hull of observed input-output combinations. The envelopment form of
the output-oriented BCC model (Banker et al., 1984) solves

max6
0.1

subject to:

Xh<x, YA>0y, 17A=1, A>0

Under constant returns to scale (CRS), the convexity constraint 1'A =
1 is removed.
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Table 1
Descriptive statistics.

Panel A — DEA Variables

Variable Mean SD Min Max

Total cost (€) 4,660,379 3,848,587 964,857 16,099,109

Total employees (number) 25.000 36.530 6.000 165.000

Number of 210.000 166.000 1.000 631.000
accommodations
(number)

Km of trails (km) 323.560 315.330 1.200 1500.000

Visitor centers (number) 10.000 9.630 1.000 41.000

Attendances (thousand 506.037 853.464 16.659 3136.502
visitors)

Average rating (count) 129.490 200.610 2.400 794.000

Mean carbon stock (Mg C 19,740.74 5239.96 10,523.08 29,842.02
km)

Forest cover (%) 42.070 21.460 3.300 78.600

Biodiversity index 1.660 0.460 0.390 2.450
(Shannon)

Governance index 1.480 1.014 0.000 4.000

Park plan (dummy) 0.290 0.460 0.000 1.000

Total visitors (thousand 119.787 175.078 5.540 765.910
visitors)

Sale of commercial items 299,701 561,280 0.000 1948,454
©)

Panel B — Regression Variables

Variable Mean SD Min Max

Park surface (km?) 634.90 538.40 39.00 1822.22

Management plan 5.660 6.010 0.000 17.000
maturity (years since
approval)

Number of regions 1.410 0.690 1.000 3.000
involved

Park age (years) 37.290 25.270 7.000 101.000

Park brand (dummy) 0.370 0.490 0.000 1.000

Accessibility (50 km 5019.407 3435.674 64.000 12,882.000
index)

LIFE participation (count) 1.740 2.280 0.000 9.000

UNESCO Biosphere 0.370 0.490 0.000 1.000
Reserve (dummy)

Territorial location 0.220 0.420 0.000 1.000

(macro-area dummy)

Notes: Descriptive statistics are based on the full sample of 27 Italian national
parks. Monetary variables are expressed in euros (€). Visitor-related variables
are expressed in thousands of visitors. Mean carbon stock is expressed in Mg C
km™. Dummy variables take 0-1. All statistics are rounded to three decimal
places.

Radial models assume proportional expansion of all outputs. In
multi-objective public organizations, however, inefficiencies are un-
likely to be uniformly distributed across dimensions. A park may be
close to the ecological frontier while exhibiting substantial slack in
governance outcomes. The proportionality restriction of radial models
would obscure such asymmetric performance gaps.

Radial efficiency measures collapse multidimensional performance
gaps into a single proportional expansion factor.

Table 2
Input-output structure of mission-specific DEA models.
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3.5. Slack-based measure (SBM) under variable returns to scale

To relax the proportionality assumption, we adopt the non-oriented
Slack-Based Measure (SBM) proposed by Tone (Tone, 2001). The
non-oriented specification is preferred because both input excesses and
output shortfalls are economically relevant in public environmental
production. National parks may exhibit resource misallocation (input
slack), for instance, in staffing or infrastructure intensity, while simul-
taneously underperforming in specific output dimensions such as
governance capacity or ecological outcomes. A purely output-oriented
model would focus exclusively on output expansion and ignore poten-
tial input inefficiencies, whereas an input-oriented model would disre-
gard output shortfalls. The non-oriented SBM allows inefficiency to
emerge along both dimensions, providing a more comprehensive rep-
resentation of performance gaps in multi-mission public organizations.

The SBM directly incorporates input excesses and output shortfalls -
referred to as slacks - into the efficiency score. Let

X =[x, ., xn], Y= [, 0w

For a given park o, define input slack variables s~ € R and output
slack variables s* € RY,.
The non-oriented SBM under VRS solves the fractional program:

) 1 NS 1Ssk
minp, = 17—ZL 1+- ) -
Asm st m =) on S —1 Yro

subject to

Xo=X\A+5 Yo =YA—s"1A=1, °A>0, s >0, s">0.

Efficiency satisfies 0 < p, <1, and p, =1 if and only if all slack
variables are zero, corresponding to Pareto efficiency.

The fractional objective function can be transformed into an equiv-
alent linear program via the Charnes-Cooper transformation, ensuring
computational tractability.

Because the SBM objective function contains ratios of the form
s /¥ro, strictly positive output values are required for all evaluated units.
For outputs that may take zero values, a small positive constant e > 0
is added to ensure computational feasibility. The constant ¢ > 0 was
set to a negligible positive value and verified not to affect efficiency
rankings. Where needed, we replaced y,, with y,, + ¢ in the normalized

Table 3

Dimensional structure of mission-specific DEA models.
Dimension Number of Inputs Number of Outputs m+s N/(m+

(m) (s) s)

Ecological 3 3 6 4.50
Tourism 3 2 5 5.4
Management 2 2 4 6.75
Governance 1 2 3 9.0

Mission Domain Inputs (unit of measurement)

Outputs (unit of measurement)

Technological Interpretation

Ecological Park surface (km?); Environmental infrastructure
Performance expenditure (€); Trail network length (km)
Tourism Accommodation facilities (number); Visitor
Valorization centers (number); Trail network length (km)
Management Operating expenditure ( €); Total employees
Efficiency (number)
Governance Total employees (number)
Capacity

Mean carbon stock (Mg C km2); Forest
cover (%); Biodiversity index (Shannon)

Attendances (thousand visitors); Average
online reviews (count)

Visitors (thousand visitors); Sale of
commercial items (€)

Governance index (composite score);
Approved management plan (dummy: 0/1)

Transformation of territorial endowment and
management-mediated accessibility into ecological
outcomes

Activation of environmental and infrastructural capital
into tourism performance

Administrative transformation of financial and human
resources into operational outputs

Institutional configuration and compliance within
governance architectures

Notes: Monetary variables are expressed in euros (€). Mean carbon stock is expressed in Mg C km2. The trail network variable enters both the ecological and tourism
models to capture its dual role as management-mediated ecological access and tourism infrastructure. All mission-specific models are estimated using a non-oriented

Slack-Based Measure (SBM) under variable returns to scale (VRS).
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slack ratios s, /yr (equivalently, outputs were shifted by ¢ before esti-
mation).

3.6. Returns to scale and scale efficiency

Under VRS, the convexity constraint 1A = 1 allows for increasing,
constant, or decreasing returns to scale. Removing this constraint yields
the CRS specification.

Let pYRSand pRSdenote the SBM efficiency scores. Scale efficiency is
defined as
SE: = pi"™* /p"

i

If SE;< 1, part of the observed inefficiency reflects scale distortions
rather than purely technical inefficiency.

3.7. Dimensionality and finite-sample considerations

As nonparametric boundary estimators, DEA efficiency scores are
subject to well-known dimensionality and finite-sample considerations.
Under standard regularity conditions - smooth frontier, independence of
observations, and compact support - DEA estimators are consistent but
converge at rate

N(-2/ms))

where m+s denotes total dimensionality. This convergence rate de-
teriorates rapidly as dimensionality increases, implying the well-known
“curse of dimensionality” in nonparametric frontier estimation (Kneip
et al., 1998; Simar and Wilson, 2008).

To preserve discriminatory power in moderate samples, we follow
commonly adopted proportionality guidelines in the DEA literature and
ensure that

N > max{m x s,3(m+5s)}.

Each mission-specific frontier satisfies this proportionality rule.
Estimating four parsimonious frontiers instead of a single high-
dimensional technology preserves discriminatory power and mitigates
finite-sample frontier inflation.

3.8. Structural correlates of inefficiency: bootstrap truncated regression

The second phase of the empirical strategy investigates the structural
and institutional correlates of inefficiency across the four mission-
specific production technologies. Conceptually, this stage moves from
measuring relative technical performance to examining whether sys-
tematic differences in organizational, territorial, and institutional
characteristics are conditionally associated with observed efficiency
gaps.

The first-stage SBM estimator provides a nonparametric measure of
relative technical efficiency with respect to the observed production
frontier. However, efficiency scores do not explain why deviations from
best practice arise. The second stage addresses this issue by modeling
inefficiency as a function of exogenous structural characteristics.

Following Simar and Wilson (2007), we estimate a truncated-normal
regression model for the bias-corrected inefficiency scores. Specifically,
inefficiency is defined as
5 = 1/ 0F - 18620
where (ﬁ)?cdenotes the bias-corrected efficiency estimate. This trans-
formation maps efficiency scores bounded in (0,1] into a non-negative
inefficiency measure, where zero corresponds to full efficiency and
positive values indicate increasing technical inefficiency.

The second-stage model is specified as:

Si=a+Zp+e
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where Z; is a vector of structural and institutional characteristics, and
&~ .1°(0,0?). The regression is estimated using a likelihood function
truncated at zero to respect the non-negativity of ;. Under the regularity
conditions discussed by Simar and Wilson (2007), the bootstrap pro-
cedure provides consistent inference in finite samples and corrects for
the serial dependence inherent in DEA efficiency scores.

The regression does not model production directly; rather, it models
deviations from the estimated frontier. In economic terms, the param-
eters f capture conditional associations between structural characteris-
tics and relative technical inefficiency. A negative coefficient indicates
that higher values of the corresponding structural variable are associ-
ated with lower inefficiency (i.e., greater relative efficiency), holding
the frontier structure constant. The specification is therefore compara-
tive and reduced form: it identifies systematic correlates of inefficiency
rather than structural production parameters or causal effects.

A central identifying assumption of the Simar—Wilson framework is
that the explanatory variables Z; are exogenous with respect to the data-
generating process of inefficiency, conditional on the production fron-
tier. More formally, the identifying assumption is that Z; affects the
conditional distribution of inefficiency but does not shift or alter the
underlying production frontier itself. The frontier is treated as common
across units in the first stage, and the second-stage regression explains
deviations from that frontier rather than structural differences in tech-
nology.

We do not formally test the separability condition between Z; and the
production technology, but adopt the standard reduced-form interpre-
tation consistent with the Simar-Wilson framework. Conditional
nonparametric frontier models, as developed by Daraio and Simar
(2007), provide an alternative route to incorporate environmental var-
iables directly into the frontier; the present study, however, retains the
two-stage formulation for analytical transparency and direct compara-
bility with prior protected-area applications. In other words, Z; may
influence inefficiency but are not themselves determined by contem-
poraneous random shocks affecting the production process.

The set of explanatory variables differs across mission domains to
reflect the structural specificity of each production technology.

Table 4 summarizes the structural covariates included in the second-
stage truncated regression models. Variable selection follows a domain-
specific logic consistent with the technological structure of each
mission-specific frontier.

This domain-specific specification ensures that structural covariates
are aligned with the institutional logic of each production technology
and avoids imposing a uniform set of determinants across heterogeneous
mission domains.

In the context of national parks, variables - such as territorial extent,

Table 4
Structural variables included in the Simar-Wilson bootstrap truncated regres-
sion models.

Variable (Code) Description Expected Domains
Association Included
Planning maturity Recency of Negative (| Management;
(piano_c) approved inefficiency) Governance
management plan
Governance Number of regions Positive (1 Management
fragmentation involved in inefficiency)
(enti_c) administration
Park age (eta_c) Years since Ambiguous / Tourism
establishment Positive
Territorial extension Park surface Scale-related Management
(superf_c)
UNESCO Biosphere UNESCO Negative Ecological
MAB designation

(biosphere_MAB)

Notes: Domain-specific covariates explaining bias-corrected SBM inefficiency
scores (&i). Expected signs indicate the direction of conditional association with
inefficiency.
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the number of regions involved in governance, the park's historical age,
or macro-territorial location - can reasonably be treated as pre-
determined structural characteristics. These variables are institutionally
or geographically fixed and plausibly exogenous to short-run managerial
performance.

Other institutional variables, such as certifications or participation in
European programs, may partly reflect accumulated historical perfor-
mance. For this reason, the second-stage analysis is explicitly interpreted
as identifying conditional correlates rather than structural causal de-
terminants. The regression framework does not claim that changes in
each institutional characteristic would mechanically cause efficiency
improvements. Rather, it reveals systematic associations between
organizational features and relative frontier distance.

This distinction is particularly important in public-sector settings,
where institutional attributes may be jointly determined with perfor-
mance over longer time horizons. The truncated regression is therefore
interpreted as a reduced-form characterization of inefficiency hetero-
geneity, not as a structural production equation.

Since DEA efficiency scores are estimated and serially correlated
through their dependence on a common frontier, conventional two-
stage OLS or Tobit procedures may yield inconsistent or biased infer-
ence (McDonald, 2009; Simar and Wilson, 2011).

Following Simar and Wilson (2007), Algorithm 2, we implement a
bootstrap-truncated regression procedure. Under the regularity condi-
tions discussed by Simar and Wilson (2007), the bootstrap procedure
provides consistent inference in finite samples and improves the statis-
tical reliability of second-stage estimation.

The robustness and numerical stability of the second-stage results are
subsequently evaluated through dedicated diagnostics presented in
Section 4.

All efficiency estimations were performed in R. Mission-specific
SBM-VRS and SBM-CRS frontiers were estimated using the rDEA
package (Bogetoft and Otto, 2010), while bootstrap bias correction and
second stage truncated regressions were implemented using the FEAR
package within the Simar and Wilson framework (Wilson, 2008). These
tools provide established and transparent implementations of nonpara-
metric frontier estimation and inference procedures.

3.9. Robustness and stability analysis

Building on the two-stage framework described above, robustness
diagnostics are implemented to evaluate the stability of both the frontier
construction and second-stage inference. Given the institutional scale of
the national system and the multidimensional specification of the pro-
duction technologies, nonparametric efficiency analysis may be sensi-
tive to influential observations, dimensionality constraints, assumptions
regarding returns to scale, and resampling variability in second-stage
inference. The robustness strategy is therefore designed to evaluate
each potential source of fragility.

First, frontier stability is examined through a leave-one-out (LOO)
procedure. Each park is sequentially excluded, and SBM efficiency
scores are recomputed under the baseline VRS specification. Rank cor-
relations and absolute deviations relative to baseline estimates are used
to assess whether frontier construction is disproportionately influenced
by individual benchmark units.

Second, the distribution of efficient units is analyzed to evaluate the
discriminatory power of each mission-specific frontier. In moderate
samples, excessive clustering at an efficiency of 1 may indicate
dimensionality-induced frontier inflation. The share of fully efficient
parks is therefore examined for each specification.

Third, sensitivity to returns-to-scale assumptions is assessed by
comparing efficiency scores under variable returns to scale (VRS) and
constant returns to scale (CRS). While VRS isolates pure technical in-
efficiency at the observed scale, CRS captures both technical and scale
inefficiency. The comparison allows evaluation of the extent to which
relative performance rankings depend on the imposed scale structure.
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Fourth, the numerical stability of the second-stage Simar—Wilson
truncated regression is verified by re-estimating each model using
alternative numbers of bootstrap replications (B = 1000, 2000, and
5000). The stability of coefficient estimates and confidence intervals
across replication sizes is used to assess sensitivity to resampling
variability.

Taken together, these diagnostics are designed to verify that the
multidimensional efficiency patterns identified in the baseline specifi-
cation are not artifacts of influential observations, dimensionality con-
straints, scale assumptions, or computational instability. While
robustness checks cannot eliminate all finite-sample limitations inherent
to nonparametric frontier models, they provide a structured framework
for assessing the empirical stability of the results.

Fig. 2 summarizes the empirical workflow adopted in the study, from
frontier estimation to second-stage inference and robustness diagnostics.

4. Results
4.1. Multidimensional efficiency under the SBM—-VRS specification

We begin by presenting the baseline efficiency estimates obtained
under the non-oriented Slack-Based Measure (SBM) with variable
returns to scale (VRS). These scores represent relative technical effi-
ciency within each mission-specific production technology and there-
fore provide the reference structure for all subsequent comparisons.

Fig. 3 presents the distribution of SBM-VRS efficiency scores across
the four mission domains. The boxplot representation allows a direct
comparison of dispersion, median performance, and frontier

Methodological Framework:
DEA-SBM-VRS Analysis

1. DMU Selection

Italian Protected Areas (N = 27)

1
2. DEA Estimation
SBM Model — VRS

4

3. Multidimensional Efficiency Scores

Ecological « Tourism
+ Managernent - Governance

N g

4. Scale & Robustness Analysis

* CRS vs VRS comparison
+ Leave-one-out diagnostics
- Efficient unit distribution

N B

5. Simar—Wilson Bootstrap Truncated
Regression
« Structural determinants
of inefficiency
+ Bootstrap stability checks
(B = 1,000-5,000)

i
Outcomes

« Efficiency rankings
e Scale heterogeneity
e Institutional determinants

Fig. 2. Empirical workflow of the multidimensional DEA-SBM analysis.
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concentration patterns within each technological space.

Table 5 summarizes the comparison between VRS and CRS specifi-
cations across mission domains. The complete park-level VRS and CRS
efficiency scores are reported in Appendix Table Al.

Ecological efficiency appears largely scale-robust: mean efficiency
declines only marginally under CRS, and scale efficiency remains close
to unity. Tourism and management display moderate reductions in
mean efficiency and lower shares of frontier units under CRS, indicating
the coexistence of technical and scale distortions. Governance presents a
qualitatively different structure. While mean efficiency under VRS is
relatively high and over half of parks are efficient, CRS estimation yields
a substantial decline in both mean efficiency and the share of frontier
units. The low Spearman rank correlation confirms that governance
rankings are highly sensitive to scale assumptions, consistent with a
structurally scale-dominated production process.

4.1.1. Ecological performance

Ecological efficiency emerges as comparatively high and exhibits a
pronounced concentration near the frontier. Under VRS, 16 out of 27
parks (59.3%) are classified as fully efficient. While this proportion
exceeds that observed in other mission domains, it does not signal
dimensionality-induced frontier inflation. As discussed in Section 5, the
proportionality condition is satisfied (N > 3(m+s)), and leave-one-out
diagnostics confirm strong ranking stability. The observed frontier
concentration therefore reflects structural similarity in ecological
endowment and conservation performance rather than mechanical
overfitting of the nonparametric estimator.

Once territorial surface, environmental infrastructure, conservation
expenditure, and management-mediated accessibility (including trail
infrastructure) are incorporated into the production set, cross-sectional
dispersion remains limited. This suggests that ecological production is
structurally anchored in territorial and environmental endowment.
While managerial decisions and infrastructure configuration may
introduce marginal variation, the dominant determinant of ecological
efficiency appears to be the underlying natural capital base rather than
short-run institutional differentiation.
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Table 5

Summary comparison of VRS and CRS efficiency across mission domains.
Mission Mean Mean Mean Share Share Spearman
Domain VRS CRS SE Eff. Eff. p

VRS CRS

Ecological 0.959 0.933 0.973 0.593 0.296 0.751
Tourism 0.925 0.779 0.842 0.407 0.148 0.868
Management 0.914 0.882 0.966 0.407 0.333 0.777

Governance 0.749 0.498 0.665 0.519 0.185 0.126

Notes: Efficiency scores are estimated using the non-oriented Slack-Based
Measure (SBM) under variable returns to scale (VRS). Values range from 0 to 1,
where 1 denotes full technical efficiency relative to the mission-specific pro-
duction frontier.

The ecological frontier reflects a technologically cohesive space
characterized by a strong concentration of parks near their structural
potential.

4.1.2. Tourism valorization

In contrast, tourism efficiency exhibits greater heterogeneity.
Although approximately 41 % of parks lie on the frontier under VRS, the
distribution of scores is more dispersed than in the ecological domain.

Inefficiency in tourism production frequently reflects output short-
falls - such as lower attendance or weaker visitor satisfaction - rather
than excessive infrastructure inputs. The non-radial SBM specification is
particularly relevant here, as it captures asymmetric slack patterns
across outputs and inputs. Some parks display underutilized tourism
potential despite adequate infrastructure endowment, indicating that
performance gaps are more closely related to activation capacity, posi-
tioning strategies, or managerial alignment than to infrastructural
scarcity per se.

Tourism production, therefore, appears to combine structural char-
acteristics with managerial responsiveness, generating a more articu-
lated efficiency structure than the relatively endowment-driven
ecological domain.
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Fig. 3. Distribution of SBM-VRS efficiency scores across mission domains. Notes: Boxplots of SBM-VRS efficiency scores for ecological performance, tourism

valorization, management efficiency, and governance capacity. Boxes represent
excluding outliers. Efficiency values are bounded between 0 and 1.

the interquartile range; horizontal lines indicate medians; whiskers denote the range
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4.1.3. Management efficiency

Management efficiency occupies an intermediate position. Under
VRS, mean efficiency equals 0.914, with approximately 41 % of parks
operating at the frontier.

Because the SBM integrates both input excesses and output shortfalls,
inefficiency in this domain reflects either overutilization of financial and
human resources relative to outcomes or insufficient operational out-
puts given observed inputs. From an administrative perspective, this
identifies potential margins for organizational alignment between
resource allocation and mission delivery.

Compared with ecological production, managerial performance ap-
pears more sensitive to internal administrative configuration and less
tightly constrained by structural endowment. At the same time,
dispersion is not extreme, suggesting that managerial technologies are
relatively comparable across the Italian park system.

4.1.4. Governance capacity

Governance efficiency exhibits a distinctive configuration. Under
VRS, mean governance efficiency equals 0.749, and approximately 52 %
of parks are fully efficient. This concentration near the frontier is higher
than in other domains, but it does not reflect complete efficiency
saturation.

Governance outputs - such as approved management plans, certifi-
cations, and coordination instruments - are institutional and partly
discrete in nature. As a result, variation under flexible scale assumptions
may be limited once minimum compliance thresholds are met. Parks
operating at comparable administrative scale tend to cluster near the
frontier when evaluated relative to peers.

However, interpreting governance efficiency requires an explicit
comparison with CRS results, as scale effects play a central role in this
domain.

Across all four dimensions, it is important to emphasize that effi-
ciency scores represent relative positions within the Italian national park
system. They should not be interpreted as absolute measures of envi-
ronmental or institutional quality, but rather as distances from observed
best practice within each mission-specific technological space.

Multidimensional efficiency profiles for each park are reported in
Figure Al (Appendix). The radar representation highlights the domain-
specific nature of performance and confirms that efficiency leadership in
one mission does not systematically translate into dominance across
other production spaces.

4.2. Scale effects: VRS versus CRS

To assess the role of scale heterogeneity, efficiency scores were
recomputed under constant returns to scale (CRS). Under CRS, the
production technology imposes proportional scaling between inputs and
outputs, thereby combining pure technical inefficiency with scale
inefficiency.

As reported in Table 5, ecological, tourism, and management do-
mains exhibit moderate reductions in mean efficiency under CRS rela-
tive to VRS. These differences indicate the presence of scale distortions
but do not fundamentally alter relative performance ordering.

This stability is formally verified through the Spearman rank corre-
lations reported in Table 5. The correlations between VRS and CRS ef-
ficiency scores equal 0.751 for ecological performance, 0.868 for
tourism, and 0.777 for management. These positive and substantial
correlations indicate that comparative benchmarking in these domains
is not structurally driven by the scale assumption.

Ecological performance appears comparatively robust to scale ad-
justments. The modest divergence between VRS and CRS reinforces the
interpretation that ecological outcomes are largely determined by ter-
ritorial characteristics rather than by scale misalignment.

Tourism and management domains display more visible CRS-VRS
divergence, indicating the coexistence of slack-driven and scale-driven
inefficiencies. Some parks operate efficiently at their observed scale

10
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but would not be efficient under proportional scaling, suggesting that
institutional size and resource configuration contribute to observed
performance gaps.

The governance dimension exhibits a markedly different pattern.
Under CRS, mean efficiency declines sharply from 0.749 to 0.498, and
the share of efficient parks falls from 52 % (14 out of 27) under VRS to
18.5 % (5 out of 27) under CRS. The Spearman rank correlation between
VRS and CRS governance scores is low (p =~ 0.126), indicating sub-
stantial reordering when scale proportionality is imposed.

This divergence confirms that governance inefficiency is predomi-
nantly scale-related rather than purely slack-driven. When parks are
evaluated relative to peers operating at comparable institutional scale
(VRS), measured slack is limited. Once proportional scaling is imposed
(CRS), structural heterogeneity in territorial complexity, administrative
burden, and coordination requirements becomes visible. Governance
production, therefore, appears shaped primarily by institutional scale
configuration rather than marginal input misallocation.

Fig. 4 visually illustrates the comparison between variable- and
constant-returns-to-scale specifications across mission domains. In the
ecological, tourism, and management dimensions, most parks cluster
close to the 45-degree line, indicating moderate scale distortions and
relatively stable rankings. By contrast, the governance panel reveals
substantial vertical dispersion, with numerous parks exhibiting high
VRS efficiency but markedly lower CRS scores. This graphical evidence
reinforces the interpretation that governance inefficiency is predomi-
nantly scale-related rather than slack-driven.

4.3. Determinants of inefficiency

The second-stage Simar-Wilson bootstrap truncated regression re-
sults are reported in Table 6. Inefficiency is defined as the bias-corrected
transformation
5 = 1/ oF -1
so that higher values correspond to greater distance from the frontier.

In the management domain, planning maturity is negatively and
significantly associated with inefficiency. Parks with more recently
approved management plans operate closer to the frontier, suggesting
that institutional planning coherence enhances operational alignment.
Governance fragmentation is positively associated with managerial in-
efficiency, consistent with coordination-cost arguments in multi-level
governance contexts. Territorial extension does not display a statisti-
cally significant effect, indicating that managerial inefficiency is not
mechanically driven by size.

In the tourism domain, park age is positively associated with in-
efficiency, potentially reflecting institutional inertia or legacy infra-
structure mismatches. Branding status and accessibility indicators do
not exhibit robust statistical associations, suggesting that structural
characteristics may matter less than activation strategies.

In governance, planning maturity shows a directionally consistent
association with lower inefficiency, although overall explanatory power
remains limited. Given the strong scale sensitivity documented in the
CRS comparison, governance inefficiency appears primarily structural
rather than driven by observable managerial covariates.

In the ecological domain, institutional variables - including park age,
UNESCO Biosphere designation, and LIFE participation - do not display
statistically significant associations with inefficiency. This absence of
robust institutional determinants reinforces the interpretation that
ecological performance is predominantly shaped by territorial and
environmental endowment within the observed cross-section.

4.4. Synthesis of multidimensional patterns

Taken together, the results reveal systematic and economically
interpretable cross-domain heterogeneity.
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Fig. 4. VRS-CRS efficiency comparison across mission domains. Notes: VRS and CRS efficiency scores for each park and mission domain. The dashed 45-degree line
represents equality between VRS and CRS efficiency. Observations below the diagonal indicate the presence of scale inefficiency. Each panel corresponds to one
mission-specific production frontier estimated using the non-oriented SBM specification.

First, efficiency is mission-specific. Parks performing strongly in
ecological transformation are not necessarily leaders in tourism, man-
agement, or governance, underscoring the need for mission-specific
frontier estimation.

Second, scale effects are domain-dependent. Ecological efficiency
appears relatively scale-robust. Tourism and management combine
slack-driven and scale-driven inefficiencies. Governance efficiency is
structurally dominated by scale heterogeneity.

Third, institutional planning maturity emerges as the most consistent
correlate of reduced inefficiency in operational domains, while ecolog-
ical performance remains largely endowment-driven.

The robustness diagnostics presented in the following section verify
that these patterns are structurally stable and not artifacts of influential
observations, dimensionality distortions, scale specification, or boot-
strap variability.

5. Robustness and stability analysis

Building on the robustness strategy outlined in Section 3.9, this
section reports the empirical diagnostics implemented to assess the
structural stability of the estimated frontiers and the credibility of
second-stage inference. Given the moderate sample size and the multi-
dimensional specification of the production technologies, particular
attention is devoted to frontier stability, dimensionality considerations,
scale sensitivity, and bootstrap convergence. The following subsections
present the results of these complementary diagnostics.
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5.1. Leave-one-out frontier stability

The first diagnostic examines whether the empirical frontier is driven
by a small number of extreme observations. In nonparametric models,
units located at the boundary of the production set serve as reference
points for the entire sample. If such units exert disproportionate
leverage, efficiency rankings may be artificially distorted.

To evaluate this issue, a leave-one-out (LOO) procedure was con-
ducted for each mission-specific SBM model under the baseline VRS
specification. Each park was sequentially excluded from the sample, and
efficiency scores were recomputed for the remaining units. For each
replication, we calculated the Spearman rank correlation between
baseline and LOO efficiency scores, the mean absolute change in effi-
ciency, and the maximum absolute change in efficiency. These in-
dicators allow a direct assessment of the sensitivity of frontier
construction and ranking stability to potentially influential
observations.

This procedure directly tests whether the frontier is structurally
anchored to specific benchmark parks.

Table 7 reports the leave-one-out (LOO) stability diagnostics for the
SBM-VRS efficiency scores across the four mission-specific production
technologies. The table reports the minimum, median, and maximum
Spearman rank correlations between baseline and leave-one-out rank-
ings, as well as the mean and maximum absolute deviations in efficiency
scores. High rank correlations and limited deviations indicate structural
stability of the estimated frontiers. The procedure sequentially excludes
each park from the sample and recomputes efficiency scores for the
remaining units, thereby allowing an assessment of the frontier's
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Table 6
Simar-Wilson bootstrap truncated regression results (bias-corrected SBM
inefficiency).

Variable Coef. Boot. SE 95% CI 95% CI
(low) (high)

Panel A. Governance

(Intercept)* 1.287 125.511  0.520 449.373

Planning maturity —0.059 6.448 —0.243 —0.012
(piano_c)*

Governance fragmentation 0.486 225.784 —11.949 768.079
(enti_c)

Center 1.571 291.754  —249.538 840.410

South —0.465 95.649 —317.232 0.507

Islands —0.527 87.231 —311.184 0.153

sigma 0.295 0.114 0.109 0.405

Panel B. Tourism

(Intercept)* 1.151 11.072 0.971 8.410

Park age (eta_c)* 0.012 0.454 0.003 0.302

Park branding —0.003 10.054 —0.299 1.369
(marchio_parco)

Accessibility (acc_c) 1.74e—05  0.001 —5.97e—06 0.000

sigma 0.097 0.198 0.029 0.501

Panel C. Management

(Intercept)* 1.170 29.061 0.956 90.310

Territorial extension —0.143 2.377 —2.005 0.503
(superf_c)

Planning maturity —0.025 2.040 —0.881 —0.007
(piano_c)*

Governance fragmentation 0.469 57.764 0.140 200.755
(enti_c)*

sigma 0.097 0.227 0.045 0.654

Panel D. Ecological

(Intercept) 2.434 5.209 —7.830 15.594

Park age (eta_parco) 0.210 0.243 —0.016 0.757

UNESCO Biosphere MAB —4.190 12.237 —15.367 0.983
(biosphere_MAB)

LIFE participation (Life_1) 4.621 3.902 —0.530 12.564

sigma 0.827 0.310 0.022 1.155

Notes: The dependent variable is the bias-corrected inefficiency measure, Boot.
SE and confidence intervals are obtained via bootstrap (Simar-Wilson Algorithm
2). * indicates 95% bootstrap confidence interval excludes zero.

Table 7

Leave-one-out stability diagnostics for SBM-VRS efficiency scores.
Mission Spearman p Spearman p Spearman p Mean Max
Domain (min) (median) (max) |A| |A|
Ecological 0.75 1.00 1.00 0.00 0.44
Touristic 0.97 1.00 1.00 0.00 0.22
Management 0.97 1.00 1.00 0.00 0.32
Governance 0.96 1.00 1.00 0.00 0.50

Notes: Leave-one-out (LOO) diagnostics are computed under the baseline
SBM-VRS specification. In each replication, one park is excluded, and efficiency
scores are recomputed for the remaining N—1 units (N = 27). Spearman’s rank
correlation refer sto the association between baseline and LOO efficiency
rankings. Mean |A| and Max |A| denote, respectively, the average and maximum
absolute differences between baseline and LOO efficiency scores. Values
rounded to two decimal places; mean deviations smaller than 0.005 appear as
0.00 due to rounding.

sensitivity to potentially influential observations.

Across all mission domains, ranking stability proves remarkably
high, indicating that frontier construction is not driven by isolated or
extreme observations.

In the management dimension, the minimum Spearman rank corre-
lation across replications equals 0.97, with a median equal to one. Mean
absolute deviations are negligible, and even the maximum deviation
remains limited relative to the dispersion of baseline scores. These re-
sults indicate that the managerial frontier is not anchored to a single
benchmark park but reflects a structurally distributed configuration of
peers.

The tourism model exhibits even stronger robustness. The minimum
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rank correlation reaches 0.97, while both mean and median absolute
deviations are effectively zero. The tourism frontier is therefore highly
stable and does not depend on dominant reference units.

The governance dimension, despite its pronounced scale sensitivity
under CRS discussed later, remains structurally stable under VRS. The
minimum correlation (p = 0.96) and median equal to one confirm that
frontier construction is not driven by institutional outliers. Although a
single replication yields a relatively large absolute deviation, this effect
remains localized and does not alter the overall ranking structure.
Governance scale effects identified in subsequent sections, therefore,
reflect genuine technological structure rather than frontier instability.

The ecological model shows slightly greater sensitivity, with a min-
imum correlation of 0.75. Nevertheless, mean deviations remain small,
and no systematic ranking reversals occur. This moderate sensitivity is
economically interpretable: parks characterized by particularly large
territorial endowments or distinctive ecological profiles may serve as
strong reference units. Importantly, their exclusion does not funda-
mentally modify the ranking distribution.

Taken together, the leave-one-out diagnostics provide strong evi-
dence that none of the mission-specific frontiers is artificially con-
structed around extreme or dominant units. The empirical frontier in
each domain is structurally supported by multiple benchmark parks.

Consequently, the multidimensional efficiency patterns documented
in the baseline specification cannot be attributed to influential-
observation bias. They reflect stable technological configurations
within each mission-specific production space.

5.2. Distribution of efficient units and frontier discriminatory power

To further assess discriminatory power and potential dimensionality
effects, Table 8 reports structural diagnostic indicators for each mission-
specific SBM-VRS frontier, including the number of inputs and outputs,
total dimensionality (m + s), the proportionality ratio N/(m+s), and the
number and share of fully efficient units.

Across all domains, the proportionality condition for nonparametric
frontier estimation is satisfied. The ratio N/(m+s) ranges from 4.5
(ecological model) to 9.0 (governance model), exceeding conventional
thresholds used to mitigate dimensionality-induced frontier inflation.
This confirms that each specification retains adequate discriminatory
capacity given the sample size (N = 27).

The ecological frontier exhibits the highest share of efficient units,
with 16 out of 27 parks (59.3%) classified as fully efficient under VRS. In
moderate samples, such concentration may raise concerns regarding
potential dimensionality effects. However, the dimensional structure of
the ecological model (m = 3; s = 3) implies m + s = 6 and therefore 3
(m-+s) = 18. With N = 27, the proportionality condition N > 3(m +s) is
satisfied, yielding a dimensionality ratio N/(m+s) = 4.5. Moreover,
leave-one-out diagnostics presented in Section 5.1 confirm strong

Table 8

Frontier Diagnostic Indicators (SBM-VRS) Diagnostic indicators of dimensional
structure and discriminatory capacity for each mission-specific frontier esti-
mated using the non-oriented Slack-Based Measure (SBM) under variable
returns to scale (VRS).

Mission N m s m+s N/ Efficient Share
Domain (m+s) Units (VRS) Efficient
Ecological 27 3 3 6 4.50 16 0.593
Tourism 27 3 2 5 5.40 12 0.444
Management 27 2 2 4 6.75 11 0.407
Governance 27 1 2 3 9.00 14 0.519

Notes: N denotes the number of decision-making units (parks), m the number of
inputs, s the number of outputs,

and (m + s) total dimensionality. The ratio N/(m+s) assesses proportionality
conditions for nonparametric

frontier estimation. “Efficient Units” refers to parks with an efficiency score
equal to 1 under VRS.
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ranking stability. The concentration of efficient units, therefore, reflects
structural similarity in ecological endowment and environmental per-
formance across parks rather than estimator distortion or frontier
inflation.

Tourism and management display lower shares of frontier units
(44.4% and 40.7%, respectively), consistent with greater dispersion in
operational performance and a stronger role for managerial heteroge-
neity. These proportions fall comfortably within ranges typically
observed in moderate-dimensional DEA applications and indicate
satisfactory discriminatory power.

The governance frontier presents a distinct configuration. Under
VRS, 51.9% of parks are fully efficient, suggesting limited pure technical
slack when units are evaluated relative to peers operating at comparable
institutional scale. However, as demonstrated in Section 4.2, this con-
centration is largely absorbed under CRS, where the share of efficient
units declines sharply. This divergence confirms that governance in-
efficiency is predominantly scale-driven rather than a consequence of
frontier saturation.

Taken together, the distributional diagnostics indicate that none of
the mission-specific frontiers suffers from dimensionality failure. Vari-
ations in the share of efficient units reflect structural differences in
technological dispersion across domains rather than artifacts of sample
size or model specification.

5.3. Sensitivity to returns-to-scale assumptions

To further assess robustness, efficiency rankings under VRS were
systematically compared with those obtained under CRS.

For the tourism, ecological, and management dimensions, Spearman
rank correlations between VRS and CRS scores remain positive and
substantial (approximately 0.868, 0.751, and 0.777, respectively).
Although mean efficiency levels decline under CRS - indicating the
presence of scale distortions - the ordering of parks remains broadly
preserved. Relative performance comparisons are therefore largely
invariant to scale assumptions in these domains.

The governance dimension exhibits a markedly different pattern.
The Spearman rank correlation between VRS and CRS governance scores
is approximately 0.126. Rankings change substantially when propor-
tional scaling is imposed. This divergence confirms that governance
inefficiency is structurally dominated by scale effects.

Importantly, this result does not undermine the credibility of the
governance frontier. Rather, it reveals a distinctive technological
structure. The VRS specification isolates pure technical inefficiency at
the observed scale, while CRS exposes scale distortions embedded in the
institutional configuration. The divergence between the two models,
therefore, provides complementary insight into governance production.

5.4. Bootstrap stability of second-stage inference

The final robustness layer concerns the numerical stability of the
second-stage Simar-Wilson bootstrap truncated regression. Because
inference relies on resampling, estimated standard errors and confidence
intervals may, in principle, depend on the number of bootstrap repli-
cations. Ensuring convergence of inferential results across alternative
replication sizes is therefore essential.

To assess numerical stability, each second-stage model was re-
estimated using 1000, 2000, and 5000 bootstrap replications. Across
all mission domains, coefficient estimates remain invariant up to the
third decimal place. Bootstrap standard errors exhibit only minor fluc-
tuations as the number of replications increases, and percentile confi-
dence intervals display negligible numerical variation. Importantly, no
coefficient changes sign or statistical significance across replication
sizes.

In the management and tourism domains, the statistically significant
associations identified in the baseline specification remain robust across
all bootstrap intensities. Confidence intervals remain stable and well-
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defined, reinforcing the structural credibility of these relationships. In
the ecological and governance models, where explanatory power is
comparatively limited, the absence of statistically significant associa-
tions remains stable across replication sizes. This invariance indicates
that weak relationships reflect structural characteristics of the data
rather than insufficient resampling precision.

Overall, the bootstrap diagnostics suggest numerical convergence of
the second-stage estimates and confirm that the reported inferential
results are not driven by resampling variability. Detailed replication
tables for alternative bootstrap sizes are available from the authors upon
request.

5.5. Overall assessment of robustness

The combined diagnostics provide strong evidence supporting the
credibility of the multidimensional efficiency assessment.

First, frontier construction is not driven by influential units. Second,
the distribution of efficient parks remains within acceptable bounds
across domains. In the governance dimension, efficiency under VRS
exhibits a strong concentration near the frontier, yet without full satu-
ration. This pattern is structurally interpretable and does not indicate
frontier inflation. Third, relative rankings are largely invariant to scale
assumptions in ecological, tourism, and management domains, while
governance efficiency exhibits pronounced scale sensitivity consistent
with its institutional configuration. Fourth, bootstrap inference in the
second stage proves numerically stable across resampling intensities.

The multidimensional efficiency patterns documented in the base-
line specification therefore represent systematic, domain-specific per-
formance differences rather than artifacts of modeling choices,
dimensionality constraints, or numerical instability.

6. Discussion

The multidimensional efficiency assessment reveals systematic het-
erogeneity across mission domains in Italian national parks. Consistent
with their characterization as multi-mission public production units,
performance does not conform to a unified technological logic.
Ecological transformation, tourism valorization, managerial adminis-
tration, and governance capacity operate within partially differentiated
production spaces. The results, therefore, support a production-theoretic
interpretation of protected areas as institutions embedded in heteroge-
neous technological regimes rather than a single aggregated perfor-
mance framework.

Ecological performance emerges as comparatively homogeneous
once the territorial surface and environmental endowment are incor-
porated into the production set. Efficiency dispersion is limited in
relative terms, although the frontier exhibits a pronounced concentra-
tion of parks operating at full efficiency under VRS. Differences between
variable- and constant-returns-to-scale specifications remain limited,
indicating that ecological inefficiency - when present - reflects relatively
small deviations from the frontier. Within the Italian cross-section,
ecological outcomes appear primarily anchored in territorial and envi-
ronmental characteristics, with management-mediated accessibility (e.
g., trail networks) playing a secondary role in shaping dispersion.

Tourism valorization displays greater dispersion and a more articu-
lated efficiency structure. While a substantial share of parks operates at
or near the frontier under VRS, inefficiency in this domain reflects both
output shortfalls and scale-related distortions. Relative rankings remain
broadly preserved under CRS, suggesting that comparative positioning is
not exclusively scale-driven. Tourism production appears sensitive to
managerial activation, infrastructure configuration, and historical
development trajectories. Unlike ecological performance, tourism effi-
ciency is more responsive to strategic and organizational alignment.

Governance efficiency exhibits a distinctive configuration. Under
VRS, mean governance efficiency equals 0.749, and approximately 52 %
of parks are fully efficient, indicating a strong concentration near the
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frontier but not complete saturation. Under CRS, mean efficiency de-
clines markedly, and the share of efficient units falls to 12.5 %. The
divergence between the two specifications confirms that governance
inefficiency is predominantly scale-related rather than purely slack-
driven. Governance outputs - such as management plans, certifica-
tions, and coordination mechanisms - are institutional and partly
discrete. When parks are evaluated relative to peers operating at com-
parable administrative scale, measured slack is limited; once propor-
tional scaling is imposed, structural heterogeneity in territorial
complexity and multi-level coordination becomes visible. Governance
performance appears structurally conditioned by institutional scale
configuration and territorial complexity. This suggests that reforms
aimed at improving governance efficiency may require adjustments in
jurisdictional alignment and coordination structures rather than mar-
ginal increases in administrative inputs.

Management efficiency occupies an intermediate position. In-
efficiency reflects both slack-driven and structural components, and
rankings remain stable under alternative specifications. Managerial
performance thus appears to be partially amenable to organizational
reform yet also influenced by scale alignment and governance
fragmentation.

The second-stage analysis provides additional nuance. Institutional
planning maturity is consistently associated with lower inefficiency in
management and, to a lesser extent, governance domains. Governance
fragmentation correlates positively with managerial inefficiency,
consistent with coordination-cost arguments in multi-level governance
settings. In tourism, park age is positively associated with inefficiency,
suggesting possible institutional inertia. By contrast, ecological in-
efficiency shows no systematic association with institutional covariates,
reinforcing the interpretation that ecological performance is largely
endowment-driven within the observed cross-section.

Taken together, the findings indicate that inefficiency in protected
areas cannot be attributed to a single structural mechanism. Some do-
mains are predominantly endowment-driven, others reflect managerial
alignment, and others are primarily shaped by institutional scale het-
erogeneity. The multidimensional frontier framework, therefore, un-
covers differentiated technological logics that would remain obscured
under an aggregated production representation. From a broader
ecological economics perspective, these findings reinforce the view that
environmental public goods are produced within institutionally layered
and scale-dependent governance systems. The multidimensional nature
of protected-area performance reflects the coexistence of biophysical
endowment constraints, organizational capacity, and institutional co-
ordination costs. Efficiency, therefore, cannot be interpreted as a purely
managerial attribute but emerges from the interaction between
ecological scale, administrative design, and mission-specific public-good
provision.

More broadly, the results suggest that public environmental in-
stitutions cannot be evaluated through single-dimensional efficiency
paradigms. Multidimensional frontier analysis reveals that different
missions follow distinct technological and institutional regimes,
implying that performance benchmarking must be domain-contingent
rather than globally aggregated.

6.1. Policy implications: scale alignment, jurisdictional design, and
resource allocation

Although the following implications are discussed with reference to
the Italian institutional framework, they are broadly applicable to
protected-area systems operating under multi-level governance ar-
rangements and jurisdictional fragmentation.

The empirical evidence on the structural role of institutional scale -
particularly in the governance domain - carries direct implications for
institutional design, incentive structures, and jurisdictional configura-
tion. Three policy directions emerge from the multidimensional, scale-
aware framework adopted in this study, each grounded in the
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recognition that performance gaps in fragmented governance systems
reflect structural transaction costs rather than coordination deficits
amenable to marginal procedural adjustments.

First, the sharp decline in mean governance efficiency from 0.749
under VRS to 0.498 under CRS, combined with the statistically signifi-
cant positive association between governance fragmentation and
managerial inefficiency in the management domain (0.469%), indicates
that jurisdictional overlap generates structural institutional friction - not
merely insufficient communication among agencies. Within the analyt-
ical framework of transaction cost economics, this friction represents a
measurable cost of operating across misaligned administrative bound-
aries: each additional layer of jurisdictional involvement increases the
costs of negotiation, monitoring, and enforcement associated with col-
lective decision-making. In such settings, adding generic coordination
layers - standing committees, memoranda of understanding, joint
consultation forums - without altering the underlying incentive struc-
tures is unlikely to produce lasting efficiency gains, because sectionalism
and jurisdictional protectionism remain rational behaviors as long as the
boundary structures and property rights over territorial governance
remain unchanged. The policy prescription, therefore, is not more co-
ordination but rather incentive realignment: institutional mechanisms
that make it individually rational for each administrative actor to
internalize the costs currently externalized onto neighboring jurisdic-
tions. In the Italian context, the Environmental Economic Zones (Zone
Economiche Ambientali, ZEA) introduced by Law 141/2019 (imple-
menting art. 7 of Law 394/1991) represent precisely this type of hard
incentive instrument. Unlike traditional coordination mechanisms, the
ZEA framework creates differentiated fiscal regimes tied to territorial
boundaries, thereby altering the economic calculus of actors operating
within and around protected areas. The present results suggest that the
ZEA model could be extended in two concrete directions to address the
scale-driven inefficiencies documented in this study. First, fiscal in-
centives within ZEA could be made conditional on mission-specific ef-
ficiency benchmarks derived from frontier analysis, rewarding parks
(and the municipalities within their perimeters) that demonstrably
reduce slack in governance or managerial domains, rather than
distributing benefits based on aggregate indicators. Second, ZEA fiscal
privileges could be modulated by the degree of inter-jurisdictional
integration: municipalities participating in formalized cross-boundary
governance arrangements - such as joint management plans, shared
monitoring systems, or unified visitor management protocols - would
receive enhanced fiscal benefits, thereby creating a direct pecuniary
incentive for institutional convergence rather than relying on voluntary
cooperation.

Second, jurisdictional design should be reconsidered where persis-
tent scale-driven inefficiency signals a fundamental misalignment be-
tween ecological systems and administrative boundaries. The finding
that ecological efficiency is largely endowment-driven, whereas gover-
nance efficiency is severely penalized by scale misalignment under CRS,
implies that the two domains respond to qualitatively different institu-
tional logics. Where this divergence is persistent, marginal managerial
adjustments are structurally inadequate: what is required is a hard
realignment of functional jurisdictional boundaries. In operational
terms, this may involve the transfer of specific governance competencies
- planning approval, environmental monitoring, visitor management -
from fragmented municipal or regional authorities to the park authority
or to purpose-built inter-park bodies operating at the ecological rather
than the administrative scale. The critical insight from the empirical
evidence is that such realignment need not be uniform across the entire
park system: mission-specific diagnostics allow policymakers to identify
which domains are structurally penalized by scale misalignment and to
target jurisdictional reforms accordingly, avoiding costly and politically
contentious system-wide restructuring in favor of domain-specific
functional realignments.

Third, resource allocation mechanisms should be redesigned to
reflect the heterogeneous responsiveness of mission domains to inputs.
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The finding that ecological efficiency is largely driven by territorial
endowment implies that additional financial resources alone are un-
likely to yield substantial short-term improvements in ecological out-
comes. By contrast, managerial and governance domains appear more
responsive to institutional factors such as planning maturity, adminis-
trative stability, and reduced inter-jurisdictional transaction costs. This
differential responsiveness argues against uniform budget increases and
in favor of incentive-compatible allocation formulae that channel re-
sources toward the institutional determinants of inefficiency rather than
toward the symptoms. Concretely, funding schemes should incorporate
mission-specific and scale-adjusted performance indicators, replacing
aggregate metrics that conflate endowment conditions, managerial
performance, and structural scale effects. The ZEA framework again
provides a natural vehicle for this differentiation: by tying area-specific
fiscal incentives to measurable mission-level efficiency gains, the in-
strument can function as a performance-based transfer mechanism that
rewards institutional reform rather than merely compensating for
resource scarcity.

Taken together, these implications point toward a governance-
sensitive model of protected-area policy design. The evidence pre-
sented in this study suggests that efficiency gains in multi-mission public
organizations are unlikely to emerge from increased funding or from the
addition of generic coordination mechanisms alone. Instead, they
require reengineering at an institutional scale and of incentive struc-
tures: aligning jurisdictional boundaries with ecological rather than
administrative logics, embedding hard fiscal incentives into the gover-
nance architecture, and targeting institutional reforms to the specific
mission domains where scale misalignment generates measurable
transaction costs. The shift from resource-based to incentive-based
policy design represents, in the authors’ view, the most actionable
contribution of the evidence on multidimensional efficiency to the
ongoing reform of protected-area governance systems.

Interpretation must nonetheless remain bounded by the cross-
sectional and nonparametric nature of the estimation strategy. Effi-
ciency is measured relative to the observed Italian frontier rather than
an external benchmark. Although dimensionality was carefully
controlled and bootstrap procedures ensure inferential consistency,
finite-sample properties remain inherent to DEA. Moreover, the second-
stage regression identifies conditional associations rather than causal
mechanisms. Within these limits, however, the evidence provides a
coherent representation of mission-specific efficiency patterns in public
environmental governance.

7. Conclusions

This study provides a multidimensional assessment of 27 Italian
National Parks, conceptualized as multi-mission public organizations
embedded in territorially differentiated governance systems. By evalu-
ating ecological performance, tourism valorization, managerial admin-
istration, and governance capacity as distinct mission domains, the
analysis demonstrates that protected-area performance is structurally
multidimensional and cannot be meaningfully summarized through
aggregated indicators.

Three central insights emerge.

First, performance is mission-contingent rather than uniform.
Ecological, tourism, managerial, and governance domains operate under
partially differentiated technological and institutional logics. Parks that
perform strongly in ecological outcomes are not systematically leaders
in tourism activation, administrative efficiency, or governance capacity.
This heterogeneity implies that policy evaluation and benchmarking
should be domain-specific rather than based on composite rankings.
Aggregated indicators risk obscuring mission trade-offs and masking
structural strengths or weaknesses within specific functional areas.

Second, institutional scale plays a differentiated and structurally
significant role. Ecological performance appears relatively robust to
scale assumptions, suggesting that biophysical endowment and
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territorial characteristics largely anchor environmental outcomes within
the observed cross-section. In contrast, governance capacity is highly
sensitive to the configuration of institutional scales. When proportional
scaling is imposed, substantial reordering of performance emerges. This
indicates that governance inefficiency is predominantly scale-related
rather than slack-driven. This finding underscores the importance of
jurisdictional alignment, inter-regional coordination, and administra-
tive architecture in shaping governance performance. In multi-level
territorial systems, performance gaps may reflect structural scale
misalignment rather than managerial underperformance.

Third, planning maturity consistently correlates with lower in-
efficiency in operational domains, particularly management and
governance. Parks with more consolidated planning instruments operate
closer to the frontier, suggesting that institutional coherence and pro-
cedural stability contribute to improved resource transformation. By
contrast, ecological performance remains largely endowment-driven
within the Italian context, reinforcing the interpretation that environ-
mental outcomes are more tightly linked to territorial characteristics
than to short-run managerial variation.

Taken together, these results suggest that improving protected-area
performance requires differentiated policy strategies. Ecological out-
comes may primarily benefit from long-term conservation and territorial
planning, whereas governance and management domains may respond
more directly to institutional reform, coordination mechanisms, and
capacity-building interventions. Efficiency improvements in gover-
nance, in particular, appear unlikely to arise solely from additional in-
puts; instead, they may require adjustments in institutional scale and
intergovernmental coordination structures.

More broadly, the findings indicate that performance assessment in
protected-area systems should integrate multidimensional and scale-
aware perspectives. Treating parks as homogeneous conservation en-
tities may obscure the interaction between territorial complexity,
institutional design, and mission-specific delivery. A mission-specific
benchmarking framework can therefore support more targeted policy
design, allowing decision-makers to distinguish between endowment
constraints, organizational slack, and structural scale effects.

The analysis is subject to the limitations inherent in cross-sectional
nonparametric estimation. Efficiency is measured relative to the
observed Italian frontier rather than an external benchmark, and
second-stage associations are interpreted as conditional rather than
causal relationships. Nevertheless, the robustness diagnostics confirm
that the multidimensional patterns identified are structurally stable
within the national system.

For the Italian national park system, three concrete policy directions
follow from the analysis. First, the statistically significant association
between governance fragmentation and managerial inefficiency should
be interpreted as a structural transaction cost arising from jurisdictional
overlap, not as a coordination deficit that can be solved through addi-
tional consultation mechanisms. Policy responses should therefore focus
on incentive realignment rather than procedural layering. The Envi-
ronmental Economic Zones (Law 141/2019) provide a concrete instru-
ment for embedding hard fiscal incentives into the governance
architecture, conditioning area-specific fiscal benefits on measurable
mission-level efficiency improvements and on the degree of inter-
jurisdictional integration. Second, where persistent scale-driven in-
efficiency signals a fundamental misalignment between ecological sys-
tems and administrative boundaries, the policy response should involve
functional jurisdictional realignment - transferring specific governance
competencies to entities operating at the ecological rather than the
administrative scale - guided by mission-specific diagnostics that iden-
tify which domains are structurally penalized by scale misalignment.
Third, resource allocation should shift from uniform budget increases
toward incentive-compatible formulae that channel resources toward
the institutional determinants of inefficiency, incorporating mission-
specific and scale-adjusted performance indicators rather than aggre-
gate metrics that conflate endowment, managerial slack, and structural
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scale effects.

Future research could extend this framework by using longitudinal
data to assess dynamic performance trajectories, incorporating spatial
interdependencies among neighboring parks, and exploring institutional
reforms that alter jurisdictional scale. Such extensions would further
clarify how territorial governance architectures shape the trans-
formation of public resources into environmental and institutional
outcomes over time.
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Appendix

Table Al

Complete SBM Efficiency Scores under VRS and CRS Specifications
Park ECO VRS ECO CRS GOV VRS GOV CRS TOUR VRS TOUR CRS MGT VRS MGT CRS
Stelvio National Park 1.0 0.991 1.0 0.1 1.0 0.778 1.0 0.842
Gran Paradiso National Park 1.0 0.974 1.0 0.099 1.0 0.921 1.0 0.929
Abruzzo, Lazio and Molise NP 1.0 0.957 1.0 0.092 1.0 0.917 1.0 1.0
Circeo National Park 1.0 0.958 1.0 1.0 1.0 0.898 1.0 0.983
Dolomiti Bellunesi NP 1.0 0.946 1.0 0.5 1.0 1.0 1.0 1.0
Monti Sibillini NP 1.0 1.0 1.0 0.082 1.0 1.0 1.0 1.0
Tuscan Archipelago NP 1.0 1.0 1.0 0.105 1.0 1.0 1.0 0.966
Pollino National Park 1.0 0.975 1.0 0.333 1.0 1.0 1.0 1.0
Cilento and Vallo di Diano NP 1.0 1.0 1.0 0.664 1.0 1.0 1.0 0.869
Gargano National Park 1.0 1.0 1.0 1.0 1.0 0.852 1.0 1.0
Gran Sasso and Monti della Laga NP 1.0 0.967 1.0 0.787 1.0 1.0 1.0 1.0
Val Grande National Park 1.0 1.0 1.0 1.0 1.0 1.0 0.969 0.865
Vesuvius National Park 1.0 1.0 1.0 1.0 0.996 0.996 0.958 0.92
Casentinesi Forests NP 1.0 0.966 1.0 1.0 0.99 0.681 0.944 0.944
Aspromonte National Park 1.0 0.991 0.813 0.167 0.972 0.937 0.92 0.891
Maiella National Park 1.0 1.0 0.726 0.05 0.95 0.8 0.92 0.883
Asinara National Park 0.998 0.97 0.679 0.047 0.917 0.707 0.902 0.902
La Maddalena Archipelago NP 0.997 0.968 0.665 0.075 0.915 0.779 0.896 0.857
Tuscan-Emilian Apennines NP 0.995 0.965 0.638 0.095 0.884 0.87 0.889 0.879
Cinque Terre National Park 0.985 0.957 0.477 0.019 0.882 0.806 0.875 0.838
Sila National Park 0.982 0.948 0.343 0.042 0.879 0.588 0.866 0.837
Lucanian Apennines NP 0.982 0.927 0.325 0.033 0.873 0.624 0.857 0.819
Alta Murgia National Park 0.981 0.957 0.325 0.033 0.85 0.618 0.825 0.782
Pantelleria Island NP 0.971 0.944 0.317 0.043 0.843 0.688 0.822 0.785
Nebrodi Park 0.941 0.921 0.307 0.025 0.821 0.629 0.784 0.761
Etna Park 0.855 0.855 0.303 0.024 0.808 0.664 0.751 0.744
Madonie Park 0.597 0.546 0.0 0.0 0.762 0.558 0.743 0.734

Notes: Efficiency scores are estimated using the non-oriented Slack-Based Measure (SBM). Values range from
0-1, where 1 denotes full technical efficiency within each mission-specific frontier.
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Figure Al. Multidimensional SBM-VRS efficiency profiles by park. Notes: Radar plots display park-level efficiency scores under the SBM-VRS specification for each
mission domain. Scores are plotted on a 0-1 scale, where 1 denotes frontier performance. The figure highlights multidimensional heterogeneity across parks and the

absence of uniform dominance across domains

Data availability
Data will be made available on request.
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