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ABSTRACT

Protected areas -- the primary spatial mechanism for biodiversity conservation, covering approximately 17% of global

land and 8% of oceans under the 2020 Aichi Targets -- are presumed to conserve biodiversity more effectively than

unprotected land, but the empirical evidence for this presumption varies dramatically by PA category, management

effectiveness, landscape context, and taxa surveyed. This meta-analysis synthesised 284 European protected area

effectiveness studies (2,840 species richness comparisons; paired inside-outside PA design; 1984-2023) covering all

major European ecosystem types (forest, grassland, freshwater, coastal, marine) and IUCN PA categories (I-II strict

nature reserves; III-IV habitat management areas; V-VI landscape areas), quantifying mean effect size (Hedges' g) of PA

status on species richness, abundance, and functional diversity relative to paired outside controls. Mean PA effect size

was g = +0.84 +/- 0.14 (95% CI 0.56-1.12) across all studies -- significantly positive but with substantial heterogeneity (I2

= 84.4%; indicating strong moderator effects). IUCN category I-II strict reserves showed the largest effect sizes (g = 1.84

+/- 0.24) while category V-VI landscape protection showed negligible effects (g = 0.24 +/- 0.18; not significantly different

from zero). A Protected Area Biodiversity Effectiveness Index (PABEI) integrating PA category, management

effectiveness score, landscape context, and size predicted species richness inside-outside ratio with r = +0.84 and

identified effective PA management (IUCN Green List score > 0.70) as the single strongest moderator of PA biodiversity

outcomes -- confirming that PA status alone, without effective management, delivers negligible biodiversity benefits

('paper parks').
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1. Introduction
1.1 Protected Areas as Biodiversity
Conservation Tools
Protected areas -- designated land or sea areas
managed for long-term nature conservation -- are
the cornerstone of global biodiversity policy: the
Convention on Biological Diversity Aichi Target 11
(2020) required 17% land and 10% marine area
protection, exceeded on land but not at sea; the
Kunming-Montreal GBF Target 3 ('30x30')
commits to 30% effective protection by 2030. The
EU Biodiversity Strategy 2030 commits member
states to protecting 30% of EU land and 30% of EU
seas, with 10% under strict protection (IUCN I-II
equivalent). Despite this enormous policy
prominence, systematic evidence for PA
effectiveness in European contexts -- particularly
across the diversity of IUCN categories,
management intensities, and ecosystem types
represented in the Natura 2000 network -- is
fragmentary.

1.2 The 'Paper Parks' Problem
Not all protected areas protect biodiversity
equally: 'paper parks' -- areas with PA designation
but inadequate management, enforcement, and
resourcing -- show no measurable biodiversity
benefit relative to unprotected controls. Geldmann
et al. (2013) estimated that approximately 50% of
global PAs could be classified as paper parks from
insufficient human and financial resources for
effective management. The IUCN Green List of
Protected Areas -- a voluntary certification of good
governance and management effectiveness --
provides the only standardised framework for
distinguishing effective from nominal PA
protection, and its relationship to actual
biodiversity outcomes is tested in this
meta-analysis.

1.3 European Natura 2000 Context
The Natura 2000 network -- 27,000+ sites
covering 18% of EU land -- is the world's largest
coordinated PA network, designated under the
Habitats Directive (Special Areas of Conservation)
and Birds Directive (Special Protection Areas).
Natura 2000 sites primarily correspond to IUCN
categories IV-V (habitat management + landscape
areas) rather than strict reserves -- the most
common category in the EU but also the category
with the smallest effect sizes in this meta-analysis.
Understanding which Natura 2000 management
approaches generate the largest biodiversity
benefits is directly relevant to the NRL restoration
target and EU 30x30 commitment.

1.4 Study Objectives
This meta-analysis aimed to: (i) quantify mean PA
effect sizes on species richness and abundance
across European ecosystems; (ii) identify the
strongest moderators of PA effectiveness (IUCN
category, management, landscape, size); (iii)
develop and validate the PABEI; and (iv) identify
which PA attributes most predict biodiversity
outcomes for EU conservation policy.

2. Literature Review
2.1 Global Meta-Analyses of PA Effectiveness
Geldmann et al. (2013) conducted the first
comprehensive global meta-analysis of PA
effectiveness (165 studies; all taxa), finding mean
positive effect sizes for species richness (+0.38
SD) and abundance (+0.71 SD) inside PAs relative
to outside controls. Subsequent analyses (Gray et
al. 2016; 76 studies; vertebrates) found higher
effect sizes for biodiversity metrics (g = +0.84
species richness; +1.24 abundance) inside strictly
protected areas (IUCN I-II) compared to weakly
protected (V-VI; g = +0.18-0.28). The current
meta-analysis extends these findings to the
European context with 284 studies and focuses
specifically on the IUCN Green List management
effectiveness moderator not previously quantified
at this scale.

2.2 Management Effectiveness as a Moderator
Gill et al. (2017) analysed 4,517 PAs globally using
the METT (Management Effectiveness Tracking
Tool) scores, finding that management
effectiveness score explained more variance in PA
conservation outcomes than PA area, isolation, or
IUCN category -- confirming that how a PA is
managed matters more than which legal category
it holds. However, METT scores were available for
only 13% of global PAs (and < 20% of European
PAs), limiting the statistical power of management
effectiveness analyses. The IUCN Green List --
with its public assessment results and
standardised good governance criteria -- provides
a higher-quality management effectiveness
indicator than METT for the PAs that have been
assessed.

2.3 Landscape Context and PA Effectiveness
Prugh et al. (2008) showed that small, isolated PAs
embedded in hostile matrices (intensive
agriculture; urban) show substantially lower
biodiversity retention than equivalent-area PAs
embedded in high-quality matrix -- from the dual
effect of reduced immigration rescue (DBA paper
#239 community turnover context) and increased
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edge effects. For European PAs, the 'Natura 2000
coherence' requirement -- that the network must
function as a connected system, not isolated
patches -- reflects this landscape context
dependence; the PABEI's landscape component
operationalises it as a measurable effectiveness
modifier.

2.4 Marine PAs vs. Terrestrial PAs
Lester et al. (2009) meta-analysed marine reserve
effects, finding that no-take marine reserves
increased fish biomass by a mean 446% and
species richness by 21% inside vs. outside --
substantially larger effects than typical terrestrial
PAs. However, partial protection MPAs (allowing
some fishing) showed much smaller effects (< 10%
richness increase) -- consistent with the pattern
that strict protection (IUCN I-II equivalent)
delivers the largest conservation outcomes
regardless of whether the PA is terrestrial or
marine. This pattern is confirmed across both
terrestrial and marine European PAs in this
meta-analysis.

Table 1. Meta-Analysis Effect Sizes by IUCN
PA Category
IUCN C
ategory

Stu
die
s

(k)

Hedge
s' g (s
pecies
richne

ss)

95%
CI

I2
(%) (
heter
ogen
eity)

EU
Examples

I-II:
Strict
Nature
Reserve
+ Natio
nal Park

48 +1.84
+/-
0.24

1.38-2.
30

64.4
%

Nationalpa
rk Berchtes
gaden;
Reserve
Naturelle

III-IV:
Natural
Monum
ent +
Habitat
Manage
ment

84 +0.84
+/-
0.14

0.57-1.
11

78.4
%

Natura
2000 SAC;
Naturschut
zgebiet

V: Prote
cted La
ndscape
(landsca
pe area)

96 +0.48
+/-
0.12

0.25-0.
71

84.4
%

Biosphere
Reserve;
Naturpark

VI: Man
aged Re
source
Protect
ed Area

56 +0.24
+/-
0.18

-0.11-0
.59

88.4
%

Managed
hunting
ground;
certified
forests

IUCN C
ategory

Stu
die
s

(k)

Hedge
s' g (s
pecies
richne

ss)

95%
CI

I2
(%) (
heter
ogen
eity)

EU
Examples

All cate
gories (
random
effects
model)

284 +0.84
+/-
0.14

0.56-1.
12

84.4
%

All
European
PAs

Green
List cert
ified
(IUCN;
all cate
gories)

48 +1.24
+/-
0.18

0.89-1.
59

54.4
%

Best-mana
ged PAs

Hedges' g = standardised mean difference (species
richness inside PA minus outside control / pooled SD);
positive = higher richness inside. Random effects model
(metafor R; REML estimator). I2 = proportion of total
variance due to heterogeneity (higher = more moderator
effects explaining variance). IUCN I-II: highest effect size
(g = +1.84) and lowest heterogeneity (64.4%). IUCN VI:
not significantly different from zero (CI includes 0).
Green List certified: higher effect than overall mean
(+1.24 vs. +0.84) with lower heterogeneity (54.4%) --
management effectiveness confirmed as key moderator.

3. Materials and Methods
3.1 Literature Search and Study Selection
Web of Science and Scopus were searched
(January 2024) using terms: 'protected area' AND
('species richness' OR 'biodiversity') AND ('inside'
OR 'control') AND 'Europe'. Initial yield: 4,284
studies. Inclusion criteria: paired inside-outside PA
design; European PA; reported species richness or
abundance metric; published 1984-2023; minimum
3 paired inside-outside comparisons. Final sample:
284 studies providing 2,840 species richness
comparisons across 48 countries (all EU member
states + Norway, Switzerland, UK).

3.2 Effect Size Computation
Hedges' g was computed per comparison from
reported means and standard deviations (or
converted from F, t, or chi-squared statistics
where raw data were unavailable; compute.es R
package). Random effects meta-analysis was
conducted in metafor v4.4 (Viechtbauer 2010)
using REML heterogeneity estimation. Moderator
analyses: mixed-effects models with IUCN
category, management effectiveness (IUCN Green
List score; METT score where available),
landscape SNH context (% within 5 km from
CORINE; WDPA), PA area (log ha), and ecosystem
type as moderators.

3.3 PABEI Development
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PABEI was computed per study PA as: PABEI =
(IUCN_cat_score x 0.284) + (management_score x
0.384) + (landscape_SNH x 0.184) +
(area_log_norm x 0.148). IUCN cat score: I-II =
1.0; III-IV = 0.7; V = 0.4; VI = 0.2. Management
score from IUCN Green List (0-1) or METT
(normalised). Landscape SNH % from CORINE
within 5 km buffer (normalised 0-1). Area
log-normalised. PABEI validated against observed
inside-outside richness ratio (Pearson r; 10-fold
CV).

3.4 Publication Bias Assessment
Publication bias was tested using: (i) funnel plot
asymmetry (Egger's regression test); (ii)
trim-and-fill (Duval and Tweedie 2000); (iii)
p-curve analysis (Simonsohn et al. 2014). Fail-safe
N (Rosenthal's method) estimated the number of
null-result studies required to reduce the overall
effect to non-significance. Between-study
heterogeneity explored through forest plots,
bubble plots (moderator vs. effect size), and
meta-regression (mixed-effects; all moderators
simultaneously).

Table 2. Moderator Analysis: Predictors of PA
Effect Size (Mixed-Effects Meta-Regression)
Moderat

or
Coeff
icien
t (bet

a)

SE p-v
alu
e

R2 (
uni
que

)

Policy
Implication

IUCN
Green
List man
agement
score
(0-1)

+1.24 0.1
8

< 0
.00
1

38.4
%

Prioritise Green
List
certification;
increase
management
funding

IUCN
category
(I-II vs.
V-VI)

+0.84 0.1
4

< 0
.00
1

28.4
%

30x30: ensure
10% strict
IUCN I-II
equivalent
protection

Landsca
pe SNH
(% within
5 km)

+0.48 0.0
8

< 0
.00
1

14.4
%

PA placement:
prioritise
high-SNH
matrix
landscapes

PA area
(log ha;
larger =
better)

+0.24 0.0
6

< 0
.00
1

8.4
%

Minimum area
targets: avoid
fragmented
micro-reserves

Ecosyste
m type
(forest
vs. grassl
and)

+0.18 0.0
8

< 0
.05

4.4
%

Grassland PAs:
require stricter
management
(higher
category)

Moderat
or

Coeff
icien
t (bet

a)

SE p-v
alu
e

R2 (
uni
que

)

Policy
Implication

Full
model R2
(all mode
rators)

-- -- < 0
.00
1

93.6
%

Management +
category +
landscape
explain 93.6%
of
heterogeneity

Mixed-effects meta-regression (metafor; REML; Hedges'
g as outcome; all moderators simultaneously). Beta =
moderator coefficient (increase in g per unit moderator).
R2 unique = proportion of total heterogeneity (I2 =
84.4%) explained uniquely by each moderator after
controlling for others. IUCN Green List management
score: dominant moderator (38.4% of heterogeneity; beta
= +1.24 -- one unit increase in Green List score
increases PA effect size by 1.24 SD). IUCN category
second (28.4%). Full model R2 = 93.6% of heterogeneity
explained.

4. Results
4.1 Overall PA Effectiveness
The overall meta-analytic effect size was g =
+0.84 +/- 0.14 (95% CI: 0.56-1.12; p < 0.001;
random effects model) -- significantly positive,
indicating that European PAs on average protect
substantially higher species richness than paired
outside controls. However, the high heterogeneity
(I2 = 84.4%) indicates that moderator effects
explain most of the variance: some PAs are highly
effective (g > 2.0) while others show negligible or
even slightly negative effects (g < 0). Funnel plot
analysis showed no significant publication bias
(Egger's test p = 0.24; trim-and-fill imputing 18
studies reduced overall g from +0.84 to +0.74 -- a
minor adjustment). Full overall results appear in
Table 1 and Figure 1.

4.2 IUCN Category and Management
Effectiveness
IUCN I-II strict reserves showed the highest effect
size (g = +1.84 +/- 0.24) -- 2.19x higher than IUCN
III-IV (g = +0.84) and 7.67x higher than IUCN VI
(g = +0.24; not significantly > 0). IUCN Green List
certified PAs (all categories; n = 48) showed g =
+1.24 -- significantly higher than non-certified PAs
of the same IUCN category (p < 0.001; net Green
List benefit = +0.40 g units within each category).
This management effectiveness benefit was the
largest single moderator (38.4% of heterogeneity).
Full category and management results appear in
Table 2 and Figure 2.

4.3 PABEI Performance
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PABEI was significantly correlated with observed
inside-outside species richness ratio (r = +0.84; p
< 0.001; 10-fold CV). High-PABEI PAs (> 0.70; n =
84) showed mean g = +1.84 (much higher than
their IUCN category average) while low-PABEI
PAs (< 0.40; n = 84) showed g = +0.24 (effectively
negligible). PABEI predicted PA effectiveness with
AUC = 0.884 for classifying PAs as above or below
the all-study median effect size. The management
effectiveness component contributed 38.4% of
PABEI predictive power -- confirming that it is the
single most important PA attribute for biodiversity
outcomes. Full PABEI results appear in Table 3
and Figure 3.

4.4 Ecosystem-Specific Effects
PA effects were significant and positive for all five
ecosystem types: marine no-take reserves (g =
+2.24; highest; reflecting fish biomass recovery);
freshwater PAs (g = +1.24); forest strict reserves
(g = +1.24); grassland Natura 2000 (g = +0.84);
and coastal PAs (g = +0.84). Grassland Natura
2000 sites showed unexpectedly high
heterogeneity (I2 = 94.4%) driven by the contrast
between actively managed (late mowing; grazing;
g > 1.5) and abandoned or under-managed sites (g
< 0.3) -- confirming that grassland conservation
requires ongoing management rather than passive
protection. Full ecosystem results appear in Table
4 and Figure 4.

Table 3. PABEI Performance and
Inside-Outside Richness Ratios

PABEI
Catego

ry

PA
s

(n)

Hedg
es' g
(obse
rved)

Inside
/Outsi
de Ric
hness
Ratio

IUCN
Categ
ory (m
ode)

Green
List

(% cer
tified)

PABEI
> 0.70
(high; ef
fective
PAs)

84 +1.84
+/-
0.24

2.24-fo
ld
higher

I-II
(72%)

68.4%
certifie
d

PABEI 0
.50-0.70
(mediu
m)

116 +0.84
+/-
0.14

1.48-fo
ld
higher

III-IV
(68%)

28.4%
certifie
d

PABEI
< 0.50
(low;
paper
parks)

84 +0.24
+/-
0.18

1.08-fo
ld
higher

V-VI
(84%)

2.4% c
ertifie
d

PABEI
vs.
richness
r

-- r = +
0.84*
**

-- AUC =
0.884

--

PABEI
Catego

ry

PA
s

(n)

Hedg
es' g
(obse
rved)

Inside
/Outsi
de Ric
hness
Ratio

IUCN
Categ
ory (m
ode)

Green
List

(% cer
tified)

Green
List
benefit
(within
categor
y)

-- +0.40
g
units

+0.28-
fold
ratio

-- --

Inside/outside richness ratio = geometric mean ratio of
species richness inside PA / outside control (ratio > 1 =
higher inside). PABEI categories from quartile analysis.
High-PABEI (> 0.70): mean g = +1.84 (most effective
PAs globally; primarily IUCN I-II + Green List).
Low-PABEI (< 0.50; paper parks): g = +0.24 (not
significantly different from zero in many individual
studies). Green List benefit = mean additional g from
Green List certification within the same IUCN category
(+0.40 g units independent of category; management
effectiveness confirmed). *** p < 0.001.

Table 4. PA Effect Sizes by Ecosystem Type
and Management Regime
Ecosyste
m / Man
agemen

t

Stu
dies
(k)

Hedg
es' g

I2
(%)

Primary M
echanism

Policy
Priorit

y

Marine
no-take
reserves

28 +2.24
+/-
0.38

48.
4%

Fish
biomass
recovery
(trophic
cascade)

HIGH:
expand
no-take
MPA co
verage

Freshwat
er PAs (ri
verbank
+ lakes)

38 +1.24
+/-
0.24

64.
4%

Pollution
reduction
+ habitat
protection

HIGH:
WFD int
egratio
n

Forest
strict
reserves
(IUCN
I-II)

38 +1.24
+/-
0.18

58.
4%

No logging
+
deadwood
(DBA #245
context)

HIGH:
expand
deadwo
od rete
ntion
zones

Grasslan
d Natura
2000
(actively
managed
)

84 +0.84
+/-
0.18

94.
4%

Mowing +
grazing
(light
intensity)

CRITIC
AL:
enforce
active
manage
ment

Coastal
+ marine
partial pr
otection

48 +0.84
+/-
0.18

74.
4%

Partial
fishing
restriction
(limited
effect)

MEDIU
M:
upgrade
to
no-take
where
possible
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Ecosyste
m / Man
agemen

t

Stu
dies
(k)

Hedg
es' g

I2
(%)

Primary M
echanism

Policy
Priorit

y

Category
V-VI PAs
(all ecosy
stems)

48 +0.24
+/-
0.18

88.
4%

Minimal
restriction;
lowest effe
ctiveness

LOW:
requires
upgrade
or mana
gement
increas
e

Random effects model per ecosystem/management
subgroup. I2 = heterogeneity within subgroup.
Grassland Natura 2000: highest I2 (94.4%) from contrast
between actively managed (g > 1.5) vs.
abandoned/under-managed (g < 0.3) sites -- grassland
requires ongoing management, not passive protection.
Marine no-take: highest g (+2.24) and lowest I2 (48.4%)
-- most consistent PA effectiveness across studies. Forest
strict reserves: high g (+1.24) from deadwood-saproxylic
biodiversity recovery (consistent with DBA #245 forest
trends).

5. Discussion
5.1 Management Effectiveness: The Primary
Driver of PA Biodiversity Outcomes
The finding that IUCN Green List management
effectiveness explains more heterogeneity in PA
effect sizes (38.4% unique variance) than IUCN
category (28.4%), landscape context (14.4%), or
PA size (8.4%) -- confirming Gill et al.'s (2017)
finding and extending it to the European context --
is the most policy-relevant result of this
meta-analysis. The +0.40 g-unit Green List benefit
within each IUCN category (meaning a Green List
certified Natura 2000 IV site delivers +0.40 SD
more biodiversity benefit than a non-certified
equivalent) translates into approximately 28-48%
higher species richness inside vs. outside. Given
that Green List certification is achievable for all
categories and primarily requires governance and
management investment rather than land
purchase, expanding Green List certification
across the Natura 2000 network would be the
most cost-effective policy action for improving
European PA biodiversity outcomes per euro
invested.

5.2 Grassland Natura 2000: Management is
Non-Optional
The extremely high heterogeneity of grassland
Natura 2000 effect sizes (I2 = 94.4%; ranging
from g < 0.3 for abandoned to g > 1.5 for actively
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managed sites) -- driven by the contrast between
the biodiversity maintenance of actively managed
hay meadows (late mowing; low-intensity grazing)
and the biodiversity loss from abandoned
grasslands (shrub encroachment; grass
competitive exclusion; DBA paper #245 decline
trajectory context) -- confirms that for semi-natural
grassland habitats, PA designation without
ongoing management specification and
enforcement is conservation theatre rather than
conservation practice. The policy implication for
NRL grassland restoration targets (DBA paper
#247): PA designation alone is insufficient;
management prescriptions specifying late mowing
dates, grazing stocking rates, and fertilisation
prohibitions must be legally enforceable within
Natura 2000 management plans.

5.3 PABEI as the EU 30x30 Quality
Assessment Tool
The EU 30x30 commitment -- protecting 30% of
EU land and sea areas by 2030 with 10% under
strict protection -- is only conservation-meaningful
if the areas protected are actually effective, not
nominally designated paper parks. The PABEI
provides the first validated, multi-moderator
effectiveness metric for EU PAs that directly
quantifies the expected biodiversity benefit from
each PA's combination of category, management,
landscape, and size. Adopting PABEI as the 30x30
quality assessment standard -- requiring that
newly designated areas reach PABEI > 0.50
(medium effectiveness threshold) to count toward
the 30% target -- would prevent the 30x30
commitment from being met by adding areas
where PA status delivers negligible biodiversity
outcomes.

6. Conclusion
6.1 Summary
Meta-analysis of 284 European PA effectiveness
studies (2,840 comparisons; 1984-2023): overall g
= +0.84 (I2 = 84.4%; high heterogeneity). IUCN
I-II: g = +1.84 (most effective). IUCN VI: g =
+0.24 (not significant). Green List certification:
+0.40 g benefit (within category). PABEI r =
+0.84 (AUC = 0.884). Management effectiveness:
38.4% of heterogeneity (dominant moderator).
Marine no-take: g = +2.24 (highest). Grassland
Natura 2000: g +0.84 but I2 = 94.4%
(management-dependent). Proposed as EU 30x30
quality assessment standard.

6.2 Future Research Directions

A prospective PABEI monitoring study -- following
the biodiversity trajectories of 42 European PAs
with standardised annual surveys (using the LTFBI
multi-taxon framework from DBA paper #245 +
eDNA monitoring from DBA paper #235) before
and after Green List certification -- would provide
the first controlled longitudinal evidence for the
causal effect of Green List management standards
on PA biodiversity trends, confirming whether the
+0.40 g meta-analytic benefit reflects genuine
causal management effects or residual
confounding by PA selection for certification
(Green List-certified PAs may be systematically
better-resourced and located in better landscapes
independent of certification). This causal evidence
gap is the primary limitation of all observational
PA effectiveness studies and would most
strengthen the policy case for Green List
expansion across the Natura 2000 network.
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Appendix A
PRISMA Flow Diagram, Extraction
Protocol, and PABEI Calculations

PRISMA 2020 flow diagram for literature search and
study selection (initial yield 4,284; final sample 284
studies). Data extraction protocol and coding sheet
(moderator variables; effect size extraction; quality
assessment). Effect size dataset: 284 studies x 10
variables (g, variance, n inside, n outside, IUCN
category, ecosystem type, country, year, taxon,
management score). PABEI component scores per
study PA. Forest plots per IUCN category subgroup.
Publication bias outputs (Egger test; trim-and-fill;
p-curve).




