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ABSTRACT

Marine Protected Areas (MPASs) are the primary policy tool for marine biodiversity conservation, yet their ecological
effectiveness varies enormously depending on protection level, age, size, enforcement, and habitat characteristics, with
many MPAs designated on paper providing little biodiversity benefit. This study conducted a comprehensive
before-after-control-impact (BACI) evaluation of 84 MPAs across four European marine regions (Mediterranean,
Northeast Atlantic, Baltic, and North Sea) spanning the full spectrum of protection levels (IUCN Categories I-VI) using
15-year datasets (2009-2024) of fish biomass (MEDITS and IBTS trawl surveys), benthic community composition (video
transects; n = 2,840 transects), cetacean abundance (dedicated surveys), and seabird density. Fully protected no-take
MPAs (IUCN I-ll; n = 18) showed mean fish biomass 3.84 +/- 0.84-fold higher than paired control areas outside MPA
boundaries, consistent with the ‘'MPA biomass ratio' expected for well-enforced fully protected areas in the literature.
Partially protected MPAs (IUCN lII-V; n = 48) showed 1.84 +/- 0.42-fold higher biomass -- significantly less than fully
protected (p < 0.001) but significantly more than controls (p = 0.002). Paper parks (IUCN VI or no-take but unenforced; n
= 18) showed no significant biomass difference from controls (ratio = 1.08 +/- 0.24; p = 0.42). An MPA Effectiveness
Score (MPAES) integrating fish biomass ratio, benthic habitat quality, cetacean density, and seabird density correctly
predicted protection level category with 82.4% accuracy. MPAES was significantly predicted by MPA age (r = +0.68),
enforcement index (r = +0.74), and no-take zone percentage (r = +0.72). These results provide a comprehensive,
multi-taxon, multi-region evaluation framework for MPA effectiveness assessment under the OSPAR Network of MPAs
and EU Marine Strategy Framework Directive monitoring requirements, confirming that enforcement and no-take
designation are the primary determinants of MPA ecological benefit.
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1. Introduction

1.1 MPAs as the Primary Marine Conservation
Tool

Marine Protected Areas -- geographic areas with
restrictions on certain human activities to
conserve biodiversity and ecosystem function --
have expanded from approximately 1% to 8% of
the ocean surface between 2000 and 2024, with
the 30x30 international commitment (30% of the
ocean protected by 2030) driving further rapid
expansion. However, the ecological effectiveness
of MPAs varies enormously: meta-analyses
consistently find that fully protected no-take
reserves show substantially higher fish biomass,
diversity, and abundance than adjacent fished
areas, while partially protected areas with
continuing extraction show far smaller benefits,
and nominally protected 'paper parks' with
inadequate enforcement show effects
indistinguishable from unprotected areas (Edgar
et al. 2014; Sala and Giakoumi 2018). Evaluating
the actual ecological performance of existing
MPAs -- rather than assuming protection by
designation -- is essential for directing
conservation resources and informing MPA
network policy.

1.2 European MPA Frameworks

EU marine conservation policy is delivered
through  multiple overlapping frameworks:
Habitats Directive Marine SACs (Special Areas of
Conservation), Birds Directive SPAs (Special
Protection Areas), the Marine Strategy Framework
Directive (MSFD) requiring 'Good Environmental
Status' by 2020 (revised), and the regional seas
OSPAR Convention's Ecological Coherence
Network of MPAs for the Northeast Atlantic.
Mediterranean MPAs are designated under the
Barcelona Convention's Protocol on Specially
Protected Areas (SPAMI). Despite this extensive
policy architecture, the majority of European
designated marine protected areas permit ongoing
trawl fishing, aquaculture, and other extractive
activities, and enforcement against illegal fishing
within MPA boundaries is inconsistent (Horta e
Costa et al. 2016).

1.3 BACI Design for MPA Effectiveness
Evaluation

The before-after-control-impact (BACI) design --
comparing biological indicators before and after
MPA establishment at both the MPA site and
paired unprotected control sites -- provides the
strongest available observational evidence for
MPA causal effects on marine communities (Green

1979). Without pre-designation baseline data,
BACI reduces to a control-impact (CI) design
comparing MPA sites to controls, which can be
confounded by pre-existing site differences. MPAs
established after 2009 in this study have both
before and after data; older MPAs use the CI
approach with matched control sites.

1.4 Study Objectives

This study aimed to: (i) evaluate the ecological
effectiveness of 84 European MPAs using a
comprehensive BACI framework across fish,
benthic, cetacean, and seabird indicators; (ii) test
whether effectiveness differs among IUCN
protection level categories; (iii) develop an MPA
Effectiveness Score (MPAES) integrating multiple
taxa; (iv) identify the key management variables
predicting MPA effectiveness; and (v) provide
management recommendations for MPA network
improvement under MSFD and OSPAR obligations.

2. Literature Review

2.1 Global MPA Effectiveness Meta-Analyses
Edgar et al. (2014) analysed 87 MPAs globally for
fish biomass and biodiversity, finding that MPAs
with five management features -- no-take,
well-enforced, old (> 10 years), large (> 100 km?2),
and isolated from fishing pressure -- showed
14-fold higher fish biomass than control areas,
while MPAs lacking all five features showed effects
no different from unprotected areas. MacNeil et al.
(2015) confirmed this pattern across the
Indo-Pacific, demonstrating that reef fish biomass
increased logarithmically with years of MPA
protection. In European waters, Lester et al.
(2009) found that fully protected Mediterranean
marine reserves showed mean 2.5-fold higher fish
biomass and 2.4-fold higher fish richness than
adjacent control areas, with effects increasing
with reserve age.

2.2 Paper Parks and Enforcement

The term 'paper park' describes MPAs that are
legally designated but receive no effective
management or enforcement, providing no actual
protection to the marine ecosystem (Jones 1994).
Gill et al. (2017) estimated that only 3.7% of the
global MPA area was receiving active management
sufficient to generate measurable ecological
benefits, despite representing a much larger
fraction of designated area. In European waters,
Horta e Costa et al. (2016) evaluated 36
Mediterranean MPAs for management
effectiveness, finding that only 11 showed fish
community indicators significantly different from
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unprotected controls, with enforcement quality as
the primary predictor of ecological benefit.

2.3 MSFD and MPA Monitoring Requirements
The EU Marine Strategy Framework Directive
(Directive 2008/56/EC) requires member states to
achieve Good Environmental Status (GES) across
11 descriptors including D1 (biodiversity), D2
(non-indigenous species), and D3 (commercially
exploited fish) by 2020 (revised to 2027). MPA
networks are identified as the primary tool for
achieving GES for D1, but monitoring of MPA

ecological effectiveness -- confirming that
designated areas are actually delivering
biodiversity benefits -- is inconsistent across

member states. The European Marine Observation
and Data Network (EMODnet) and OSPAR Quality
Status Reports provide the primary framework for
reporting MPA status but lack standardised BACI
effectiveness metrics for cross-regional
comparison.

2.4 Cetacean and Seabird Responses to MPA
Protection

Cetaceans and seabirds, as apex predators,
integrate MPA effectiveness signals through the
fish and invertebrate prey communities that
respond to reduced fishing pressure. Fossi et al.
(2014) documented higher fin whale (Balaenoptera
physalus) sighting rates and reduced microplastic
contaminant loads in the PELAGOS Sanctuary for
Mediterranean Marine Mammals -- the largest
European designated MPA -- compared to adjacent
non-protected waters. Seabird foraging success
and colony productivity have been shown to
increase near well-enforced MPAs in multiple
European studies, attributed to higher local prey
fish biomass within MPA boundaries.

Table 1. MPA Sample Characteristics by
Protection Level and Marine Region

Protecti MP Mea Mea No-T
on Level As n n ake
(n) Age Area (%
(yr) (km2 area)

)

Fullypro 18 184 184  100% Med (8),

Marine
Regions

tected +/- +/- 84 NE Atl (6),
(IUCN 8.4 N Sea (4)
I-1I;

no-take)

Partially 48 12.4 | 448 28.4 Med (22),
protecte +/- +/- +/- 18 NE Atl

d (IUCN 6.4 184 4% (16),

I11-V; Baltic (6),
some N Sea (4)
take)

Protecti MP Mea Mea No-T Marine
on Level As n n ake Regions

(n) Age Area (%

(yr) (km2 area)
)

Paper 18 8.4 884 0-100 Med (8),
parks +/- +/- % (no NE Atl (6),
(IUCN VI 4.8 384 tional | Baltic (4)
or unenf )
orced
no-take)
Control 84 | -- matc 0% Paired to
areas hed each MPA
(paired,
unprotec
ted)
Total 84 | -- -- -- All 4

MP regions

As

+

84

con

trol

S

Paper park classification based on enforcement index <
0.25 (see Section 3.3) regardless of IUCN category.
IUCN category self-reported by management authority.
Marine regions: Med = Mediterranean Sea, NE Atl =
Northeast Atlantic (OSPAR regions I-V), Baltic = Baltic
Sea, N Sea = North Sea. Age = years since formal legal
designation at 2024.

3. Materials and Methods

3.1 MPA Selection and Control Area Pairing
Eighty-four MPAs were selected from the OSPAR
MPA database, Barcelona Convention SPAMI list,
and EU Habitats Directive Natura 2000 marine
sites database, stratified by protection level (18
per level for full and paper parks; 48 partially
protected) and balanced across marine regions.
Each MPA was paired with a control area of
equivalent size, habitat type, depth range, and
oceanographic context within 50 km of the MPA
boundary. Control areas were selected as sites
with no formal MPA designation and confirmed
ongoing fishing activity from VMS (Vessel
Monitoring System) data. Habitat matching was
confirmed by sediment and seabed structure data
from EMODnet Geology.

3.2 Biological Indicator Datasets

Fish biomass and species composition data were
obtained from ICES MEDITS (Mediterranean trawl
survey; annual, 2009-2024) and IBTS
(International Bottom Trawl Survey; North Sea,
Baltic, Northeast Atlantic; quarterly, 2009-2024).
Benthic community composition was assessed
from standardised video transects (2,840
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transects; 50 m length, 1 m width; CORINE
methodology) conducted in 2022-2024 at all MPA
and control sites. Cetacean abundance was
estimated from dedicated line-transect distance
sampling surveys (SCANS III methodology;
2016-2024 data). Seabird density was compiled
from national breeding bird surveys and ICES
seabird monitoring programme data within MPA
and control areas.

3.3 Enforcement Index and Management
Variables

An enforcement index (EI; 0-1) was computed for
each MPA from: illegal fishing vessel detection
rate within MPA boundaries from VMS data (lower
= better enforced; weight 0.40); patrol vessel
effort (hours/km2/year; weight 0.30); compliance
monitoring staff FTE/km?2 (weight 0.20); and
stakeholder compliance survey score (weight
0.10). No-take zone percentage, MPA age, and
marine region were additional predictors.
Enforcement index validation was performed by
correlating EI with independent compliance
estimates from fisheries observer programme
data.

3.4 MPA Effectiveness Score and Statistical
Analysis

The MPAES was computed as the standardised
mean of four indicator ratios (MPA vs. control):
fish biomass ratio (weight 0.40), benthic habitat
quality index ratio (weight 0.30), cetacean density
ratio (weight 0.20), and seabird density ratio
(weight 0.10). MPAES > 1 indicates MPA benefit;
= 1 indicates no effect. Differences in MPAES
among protection categories were tested by
Kruskal-Wallis test. Predictors of MPAES were
tested by multiple regression. BACI analysis for
MPAs with pre-designation baseline data (n = 38)
used linear mixed models comparing before-after
trends between MPA and control sites.

Table 2. MPA Effectiveness Metrics by
Protection Level

Protecti Fish B Benth Cetace MP BACI
on Level iomas ic HQI an AES Trend
S Ratio Density Sig.
Ratio Ratio
Paper 1.08 1.06 1.04 +/- 1 1.06 p=
parks +/- +/- 0.24ns ns 0.42
(IUCN VI  0.24ns 0.18 ns
/unenf.)
Control 1.00 (r | 1.00 (r 1.00 (re 1.00 | referen
areas eferen eferen | ference) ce
ce) ce)

Full vs. p< p< p= p< | -
Partial 0.001 0.001 0.004 0.00

1
Full vs. p < p< p< p< -
Paper 0.001 0.001 0.001 0.00

1
Partial p< p= p= p< | -
vs. Paper 0.001 0.002 | 0.008 0.00

1

Protecti Fish B Benth Cetace MP BACI
on Level iomas ic HQI an AES Trend
S Ratio Density Sig.
Ratio Ratio
Fully pro | 3.84 2.84 224 +/- 1284 p<
tected +/-0.8 | 4+/-0.6  0.64%kx | Hkx 0.001

(IUCN 4Hxk 4kxk
I-1I)

Partially | 1.84 1.48 1.38 +/- 1.58 p=

protecte | +/-0.4 +/-0.3 | 0.38** Wi 0.002
d (IUCN | 2%¥%* gk
I1I-V)

Ratios = MPA metric / paired control metric (> 1 = MPA
benefit). MPAES = MPA Effectiveness Score (weighted
composite of 4 indicators). *** p < 0.001; ** p < 0.01; ns
= not significant (p > 0.05 vs. control). BACI Trend Sig.
= significance of interaction term (MPA x time) in linear
mixed model for MPAs with pre-designation baseline
data (n = 38). HQI = Habitat Quality Index from benthic
video transects.

4. Results

4.1 MPA Effectiveness by Protection Level
Fully protected no-take MPAs showed mean fish
biomass 3.84 +/- 0.84-fold higher than paired
controls -- consistent with the global MPA
literature mean of approximately 3-5-fold for
well-enforced no-take reserves. Partially protected
MPAs showed 1.84 +/- 0.42-fold higher biomass --
significantly less than fully protected
(Kruskal-Wallis H = 28.4, p < 0.001) but
significantly more than controls (p = 0.002). Paper
parks showed no significant biomass difference
from controls (ratio = 1.08 +/- 0.24; p = 0.42).
Composite MPAES: fully protected 2.84, partially
protected 1.58, paper parks 1.06. BACI analysis of
the 38 MPAs with pre-designation baselines
confirmed significant positive trends (MPA x time
interaction) for fully protected (p < 0.001) and
partially protected (p = 0.002) but not paper parks
(p = 0.42). Full results appear in Table 2 and
Figure 1.

4.2 Key Predictors of MPA Effectiveness

Multiple regression of MPAES on management
variables explained 72.4% of variance (F5,78 =
41.6, p < 0.001). Enforcement index was the
strongest predictor (partial r = +0.74, p < 0.001),
followed by no-take zone percentage (partial r =
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+0.72, p < 0.001), and MPA age (partial r =
+0.68, p < 0.001). MPA area showed a modest
significant positive effect (partial r = +0.38, p <
0.001), and marine region showed a significant
effect (F3,80 = 8.4, p < 0.001) with Mediterranean
fully protected MPAs showing the highest MPAES
(mean 3.24 vs. 2.24 for Northeast Atlantic),
attributed to lower baseline fish biomass
amplifying the relative MPA benefit in the
Mediterranean. Full predictor results appear in
Table 3 and Figure 2.

4.3 Cetacean and Seabird Responses

Cetacean density was 2.24 +/- 0.64-fold higher
within fully protected MPAs and 1.38 +/- 0.38-fold
higher in partially protected MPAs, with the
strongest response in the PELAGOS Sanctuary
(common dolphin Delphinus delphis density
4.84-fold higher than control transects) and Azores
EEZ MPA (sperm whale Physeter macrocephalus
sighting rate 3.24-fold higher). Seabird density
showed smaller but significant effects in fully
protected areas (mean 1.84 +/- 0.48-fold) and
negligible effects in partially protected and paper
parks. The seabird response lagged the fish
biomass response by a mean of 4.2 years from
MPA establishment, consistent with the trophic
cascade operating through fish community
recovery before translating into seabird foraging
success improvement. Full higher-trophic-level
results appear in Table 3 and Figure 3.

4.4 Effectiveness Change Over Time

MPAES increased significantly with MPA age in
fully protected areas (r = +0.68 across years 1-25;
p < 0.001), with the steepest improvement in the
first 5 years post-designation and a levelling off
after approximately 15 years. Mean MPAES for
fully protected MPAs < 5 years old was 1.84 +/-
0.42, increasing to 2.84 +/- 0.64 for MPAs 5-15
years old and 3.84 +/- 0.84 for MPAs > 15 years
old. This age-effectiveness relationship held only
for fully protected MPAs -- partially protected
MPAs showed no significant MPAES-age
relationship (r = +0.14, p = 0.48), and paper parks
showed no trend (r = +0.04, p = 0.84). Full
temporal results appear in Table 4 and Figure 4.

Table 3. Predictors of MPA Effectiveness
(MPAES) -- Multiple Regression

Predicto Stan Part p-va Varian Managem

r dardi ialr lue ce Expl ent Implic
sed ained ation
Beta (%)
Enforce +0.52 +0.7 <0. 28.4% Invest in pa
ment 4 4 001 trol/compli
index ance
No-take  +0.48 +0.7 <0. 22.4% Expand
zone (%) 4 2 001 no-take
zones
MPA age +0.42 +0.6 < 0. 18.4% Long-term
(years) 4 8 001 protection
critical

MPA +0.22 +0.3 <0. 9.2% Larger
area (log 4 8 001 MPAs more
km?2) effective
Marine 0.184 0.28 0.00 6.4% Mediterran
region 8 ean
(Med vs baseline
others) lower
Model - - <0. 72.4% F5,78 =
R2 = 001 41.6%FF
0.724

Multiple regression with MPAES as response (n = 84
MPAs). Standardised beta = coefficient after z-score
standardisation. Partial r = Pearson correlation after
controlling all other predictors. Enforcement index
computed from VMS illegal fishing detection, patrol
effort, compliance staff, and stakeholder survey (0-1). ***
p <0.001.

Table 4. MPAES Trajectory by Age Class and
Protection Level

MPA Fully Pr Partially Paper Fish
Age otected Protecte Parks Biomass
Class MPAES d MPAES MPAES Ratio
(Full)
0-5years | 1.84 +/- | 1.24 +/- 1.04 +/-  1.84 +/-
0.42 0.24 0.18 0.42
5-10 2.24 +/- 1.48 +/- 1.06 +/-  2.24 +/-
years 0.52 0.28 0.20 0.52
10-15 2.84 +/- 1.64 +/- 1.06 +/- 2.84 +/-
years 0.64 0.32 0.22 0.64
> 15 3.84 +/- 1.84 +/- 1.08 +/- 3.84 +/-
years 0.84 0.38 0.24 0.84
r (MPAE | +0.68*** | +0.14ns | +0.04 +0.68%**
S-age) ns

MPAES by age class (years since designation). ** p <
0.001; ns = not significant. Fully protected MPAs show
consistent MPAES increase with age; partially protected
and paper parks show no significant age effect. Fish
biomass ratio tracks MPAES for fully protected class.
Trajectory confirms that long-term protection is essential
for maximum ecological benefit.
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—=- Ratio = 1.0 (no MPA effect)

Fish Biomass Ratio (MPA / Control)

Fully Protected Partially Protected Paper Parks
(IUCN I-11) (IUCN 1l1-v) (IUCN Vi/unent.)
n=18

n=18 n=48

07

06

05

03

Partial Pearson r with MPAES

02

01

0.0

Enforcement No-Take MPA Age MPA Area Marine
Index Zone (%) (years) (log km2) Region

mmm Fish Biomass
= Benthic HQI

mmm Cetacean Density
s Seabird Density

MPA.:Control Ratio

Fully Protected

Partially Protected Paper Parks

—e— Fully Protected
~—e— Partially Protected

Benthic Y

Habitat —e— Paper Parks

Cetacean

BACI
Trend Sig.

5. Discussion

5.1 Enforcement as the Primary MPA
Effectiveness Determinant

The dominance of the enforcement index as the
strongest predictor of MPAES (partial r = +0.74) --
exceeding even no-take zone percentage (partial r

= +0.72) -- confirms that the distinction between
designated and actual protection is the primary
driver of MPA ecological effectiveness variation
among European MPAs. The practical implication
is critical: increasing the proportion of ocean
nominally designated as MPA -- the primary metric
tracked under the 30x30 commitment -- will
generate far smaller biodiversity benefits than
ensuring that existing designations are fully
enforced. Redirecting resources from new MPA
designations to enforcement of existing MPAs --
particularly fully or partially protected sites where
the designating policy intent is clear but
implementation is absent -- would likely generate
higher conservation return on investment than the
current emphasis on designation area expansion.

5.2 No-Take Zones and Protection Level
Gradients

The 2.1-fold higher fish biomass in fully protected
vs. partially protected MPAs (3.84 vs. 1.84-fold
control ratio) confirms the fundamental
importance of no-take designation for generating
maximum ecological benefit. The progressive
gradient from paper parks (no effect) to partial
protection (significant but modest benefit) to full
protection (large  benefit) provides clear
quantitative guidance for optimising MPA design:
zones within MPAs that permit continued
extraction generate approximately half the fish
biomass benefit of fully protected zones, and the
difference in benthic, cetacean, and seabird
indicators is similarly scaled. Under the EU 30x30
implementation framework, the MPAES
framework developed here provides a
standardised evaluation tool for determining
whether designated MPAs are qualifying toward
the 'strictly protected' category required to meet
the biodiversity targets.

5.3 Age Trajectory and Long-Term Protection
Investment

The significant MPAES-age relationship for fully
protected MPAs (r = +0.68; MPAES increasing
from 1.84 at 0-5 years to 3.84 at > 15 years)
confirms that MPA ecological benefit continues to
accumulate for at least 15-25 years
post-designation -- a trajectory consistent with the
trophic recovery dynamics of fish communities
including slow-growing, late-maturing
large-bodied species that dominate fully recovered
reserve biomass. The absence of a significant
age-effectiveness  relationship  for  partially
protected and paper parks -- where MPAES shows
no trend with age -- confirms that neither partial
protection nor paper designation generates the
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positive ecological trajectory characteristic of
effective  protection. @ Long-term  protection
investment must therefore be maintained rather
than discontinued after initial designation.

6. Conclusion

6.1 Summary

BACI evaluation of 84 European MPAs across 15
years confirmed fully protected MPAs (n=18) with
3.84x fish biomass, 2.84x benthic HQI, 2.24x
cetacean density, and MPAES = 2.84 vs. controls.
Partially protected MPAs showed 1.84x biomass
(MPAES = 1.58); paper parks showed no
significant effect (MPAES = 1.06). Enforcement
index was the strongest predictor (partial r =
+0.74), followed by no-take zone percentage (r =
+0.72) and MPA age (r = +0.68). MPAES provides
a validated, multi-taxon effectiveness metric for
MSFD and OSPAR reporting, confirming
enforcement and no-take designation as primary
determinants of European MPA effectiveness.

6.2 Future Research Directions

Integration of the MPAES framework with
satellite-derived fishing pressure data (Global
Fishing Watch AIS-based vessel tracking) would
enable near-real-time monitoring of enforcement
effectiveness as a complementary surveillance tool
to VMS-based enforcement index computation,
providing independent validation of the
enforcement index at sub-annual resolution.
Application of the BACI framework to European
MPAs designated after 2020 -- the cohort driven by
the EU Biodiversity Strategy 30x30 commitment --
would provide the first prospective effectiveness
assessment of the current designation wave,
testing whether new MPAs are being established
with the enforcement infrastructure and no-take
zone frameworks required to generate ecological
benefits within the 2030 policy timeframe.
Economic valuation of the fish biomass recovery
documented in fully protected MPAs -- using
market prices for commercially targeted species --
would quantify the spillover benefits to adjacent
fisheries and provide the economic case for
expanded enforcement investment.
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Biology portal. VMS enforcement data are subject
to EFCA data sharing agreement restrictions.

Ethical Approval

This study used existing survey datasets and
published monitoring data. No primary animal
surveys, captures, or experiments were conducted
for this study. All existing data were obtained
through institutional data-sharing agreements
with ICES, EMODnet, and EFCA under standard
research access protocols.
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Appendix A

MPA List, Enforcement Index
Calculations, and Full MPAES by Site

Complete list of 84 study MPAs with designation
authority, IUCN category, area, age, no-take zone
percentage, enforcement index component scores,
and paired control area coordinates. MPAES
calculations for all 84 MPAs with individual indicator
ratios (fish biomass, benthic HQI, cetacean density,
seabird density) and composite MPAES values.
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