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international standards. We then determine hotspots of ecological quality based
on nationally and internationally used indicators of biodiversity and seafloor sta-
tus and map their overlap with protected areas.

3. We found that in 2024, 37% of the 134,466 ha subtidal Dutch Wadden Sea has
some level of protection. However, due to the poor spatial overlap of imple-
mented measures, the IUCN-based guidelines would classify only 10% as an MPA,
while only 2% of the subtidal is truly free of human bottom-disturbing activities.
Of this total subtidal area, 19% was classified as an ecological hotspot based on
multiple indicators. However, the protection measures in place overlapped very
poorly with these ecological hotspots. Overall, only in 2% of the total subtidal
area, l[UCN-classified MPAs overlapped with locations identified as ecological
hotspots for at least six indicators, indicating poor overlap of MPAs with ecologi-
cal hotspots.

4. Because the whole Wadden Sea is subject to several international protec-
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1 | INTRODUCTION

Marine protected areas (MPAs), discrete marine areas managed
through legal or other effective means, hold immense potential
for the long-term conservation and recovery of natural values.
They are among the most effective measures to protect and re-
store marine biodiversity (Dudley et al., 2008; Rising & Heal, 2014;
Sala & Giakoumi, 2018). However, many currently established
MPAs are ineffective (Lubchenco & Grorud-Colvert, 2015; Sala
et al., 2018), either through poor regulations, too little enforce-
ment of existing regulations or due to misplacement. Fully pro-
tected and enforced MPAs, also known as no-take zones, are
considered the most effective at protecting marine biodiversity
(Lubchenco & Grorud-Colvert, 2015; Sala & Giakoumi, 2018;
Zupan et al., 2018). Nevertheless, ineffective placement of MPAs
in areas with little ecological value or low recovery potential, re-
gardless of the protection level, diminishes the ecological bene-
fits of MPA establishment (Devillers et al., 2015). This is because
the establishment of new MPAs is often opportunistic rather than
based on sound ecological analysis (Rabaut et al., 2009; Sundblad
et al., 2011), and trade-offs between socioeconomic interests and
nature are often biased towards resource utilisation rather than
preservation (Joppa & Pfaff, 2009; Venter et al., 2018). This trade-
off emerges because ecologically valuable areas (hotspots, such
as high biodiversity areas) often coincide with areas of high pri-
mary and secondary productivity and hence high economic value
(Beukema & Dekker, 2011; Van der Reijden et al., 2018; Venter
et al., 2018), This ultimately results in limited overlap between
ecological hotspots and protected areas (Lindegren et al., 2018;
Rodrigues et al., 2004; Venter et al., 2018). Here, we define such
poor overlap of MPAs with ecological hotspots as a low “conser-
vation conformity”.

Quantifying conservation conformity can support decision-
making on natural resource planning and management (Myers
et al., 2000). Moreover, it can be used within the assessment of
ecological coherence for MPA networks where limited overlap (low
conservation conformity) would negatively impact the adequacy cri-
teria of MPA networks (Ardron, 2008), as well as to evaluate the
effectiveness of singular MPAs in protecting natural values (i.e. eco-
logical hotspots). But while the criteria for an economic hotspot are
often clear (e.g. high fishing or energy revenues), identifying ecolog-
ical hotspots is more complex, given the wide range of conservation

UNESCO World Heritage), these results call for substantial adjustment of the
current conservation layout. We thus emphasise the importance of quantitatively
evaluating potential misalignment between protected areas and ecologically valu-

able areas in coastal zones.

ecological quality indicators, hotspots, Macrozoobenthos, marine protected areas, sensitivity,

regulations, targets and available indices. Traditionally, standard
biodiversity measures, calculated using species ranges, are used to
identify areas with high biodiversity or areas with a high propor-
tion of rare or endemic species (i.e. hotspots) (Myers et al., 2000;
Reid, 1998). Alternatively, ecological hotspots can also be defined
based on functional significance, which do not necessarily match
with biodiversity hotspots (Stuart-Smith et al., 2013). This variation
highlights the urgency of adopting a more strategic approach that
combines multiple hotspot indicators, such as biodiversity and func-
tionality, into an integrated assessment. Moreover, a clear overview
of which areas are protected in which way is often lacking in coastal
areas due to multiple and complex regulations, hindering a good
quantification of conservation conformity.

In marine ecosystems, evaluating the spatial placement of pro-
tected areas in relation to ecological hotspots is especially important
in coastal areas, where conflicts between socioeconomic interests
and nature are ubiquitous. Benthic fauna is an interesting group
to evaluate for conservation conformity, as it represents several
good indicators of ecosystem health (Jayachandran et al., 2022).
Macrozoobenthos (benthic invertebrates larger than 1 mm) are es-
pecially good ecological indicators as they are largely sedentary and
have relatively fast life cycles through which they respond quickly to
changes or perturbations (Tillin et al., 2006). Additionally, macrozo-
obenthos forms an important ecological foundation and food source
for birds and fish in many rocky and soft-bottom ecosystems (Bouma
et al., 2009; Choat, 1982; Mathot et al., 2018; Rabaut et al., 2007;
Underwood, 2000), with a key role in physio-chemical processes
(Reiss & Kroncke, 2005). Therefore, we focus on macrozoobenthos
as ecological quality indicators to identify hotspots of ecological
quality (hereafter ecological hotspots).

In Europe, multiple legal and policy frameworks exist that incor-
porate macrozoobenthos, such as the Water Framework Directive
(WFD, 2000) and the Marine Strategy Framework Directive
(MSFD, 2008). Here, macrozoobenthos are indicators of pollution
and disturbance levels (WFD), as well as seafloor integrity (MSFD).
Important aspects within these frameworks are measures of biodi-
versity (MSFD Descriptor 1), functioning (MSFD Descriptor 6) and
food web status (MSFD Descriptor 4). In addition, important benthic
habitats and species are described in the Habitat Directive (Council
Directive 92/43/EEC, 1997). These different policy frameworks,
therefore, provide multiple perspectives relevant to defining eco-
logical hotspots using macrozoobenthos as indicators.
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In this study, we aim to provide a unified approach to quantita-
tively and qualitatively assess conservation conformity (the degree
of overlap of MPAs with ecological hotspots) using a multiple-
indicator approach for macrozoobenthos. As a case study, we
use the Dutch Wadden Sea, a UNESCO World Heritage Site and
Natura 2000 area that is assessed under the EU Water Framework
Directive. The Wadden Sea has a long history of human interven-
tions and resource use (Lotze, 2007), and several area-based conser-
vation measures have been implemented to enhance and preserve
its natural values. Such an assessment is highly necessary because
the Natura 2000 objectives for the Dutch Wadden Sea have still not
been met, and its ecological qualities are even degrading in some
cases (Heidinga et al., 2023). We first assess the current area-based
restrictions using the MPA guide classification framework based on
the allowed impact of human activities (Grorud-Colvert et al., 2021).
This provides a framework to classify these restrictions as MPA and
their associated protection level. Next, we assess the conservation
conformity of combined hotspots of 12 macrozoobenthic-based
ecological quality indicators. We combine diversity indicators that
are traditionally used to identify hotspots with indicators that re-
flect quality descriptors in various policy frameworks. We use five
diversity-related indices: Hill's diversity, Margalef diversity, Rao's
Q, Shannon diversity, and species richness; and seven habitat qual-
ity indices: AZTI's Marine Biotic Index (AMBI), Benthic Ecosystem
Quality Index 2 (BEQI2), benthic species indicator index (BISI),
Benthic Quality Index (BQl), food web connectance, Infaunal trophic
index (IT1), and sensitivity, together capturing all policy frameworks
relevant for this system. This yields a unified approach to quantify
conservation conformity as the degree of overlap between ecologi-
cal hotspots and MPA placement.

2 | METHOD
2.1 | Studysite

The Wadden Sea is an extensive shallow tidal sea ranging from the
Netherlands to Denmark, hosting unique biodiversity and is an im-
portant foraging area for migratory bird and fish species (Boere &
Piersma, 2012; Wolff, 2013). For these reasons, the Wadden Sea has
been designated UNESCO World Heritage and is protected through
the European Natura 2000 framework. This study focuses on the
Dutch Wadden Sea (hereafter referred to as the Wadden Sea), rang-
ing from the westernmost Marsdiep tidal inlet to the Eems-Dollard
tidal basin (Figure 1a,b). The Wadden Sea comprises 47.7% subtidal
and 52.3% intertidal areas (Baptist et al., 2019, 2022). Most subtidal
(permanently inundated) areas are found in the Western tidal basins
Marsdiep, Vlie, and Borndiep (Figure 1b). Here, subtidal is defined as
being exposed <4% of the time (Baptist et al., 2019, 2021; Ricklefs
et al., 2022). The median depth in the subtidal is -2.96m, and 50%
of the area (between the 25% and 75% quantiles) ranges between
-1.60 and -7.47m NAP (Dutch Ordnance Datum). The intertidal
parts of the Wadden Sea are hardly used for industrial activities

besides non-extractive tourism, small-scale hand-cockle fishery
and mechanical lugworm fishery. The subtidal parts of the Dutch
Wadden Sea are among the most heavily affected areas, where
bottom-disturbing activities such as dredging and bottom trawling
fisheries are spatially ubiquitous. Restrictions have mostly focused
on hydrodynamically calm areas with the predisposition that these
areas host the most vulnerable communities (Hiddink et al., 2007;
Robert et al., 2021). At the same time, ecological knowledge on
subtidal habitats in this ecosystem is limited (Ricklefs et al., 2022;
Wolff et al., 2010), and a clear historical baseline to assess degrada-
tion or conservation success is lacking. Therefore, we focus on the
subtidal (permanently submerged) areas.

2.2 | Ecotopes

Management decisions are often based on delineated units of bio-
logical importance, such as ecosystems or habitats. An ecotope map
for the trilateral Wadden Sea was created (Baptist et al., 2019, 2022)
to delineate the system's main ecotopes for management purposes.
The Dutch Ministry of Water & Infrastructure has adopted this eco-
tope map with minor changes to the parameters used in delineat-
ing each ecotope (Rijkswaterstaat) to guide management decisions
(van Donk & Baptist, 2021). The ecotope map is updated annually
with the newest parameters and ecotope classifications. We used
the ecotope map based on data from 2017, as this is the latest, most

complete ecotope map for all tidal basins (Figure 1b).

2.3 | Human activities

Despite the Wadden Sea's relatively strong potential protection sta-
tus (Bastmeijer et al., 2023), various activities with potential ecologi-
cal impacts are allowed (Rippen et al., 2020), though the cumulative
effects remain unclear. To assess actual protection, we mapped all
human activities in the subtidal Wadden Sea that are known to di-
rectly impact seafloor integrity (Appendix S1). Shrimp fishery for
brown shrimp (Crangon crangon) is widespread (Figure A1G). Shrimp
and mussel seed fishery (Mytilus edulis) (Figure A1E) use bottom
trawling methods (Craeymeersch et al., 2023; Smaal & Lucas, 2000;
Tulp et al., 2020). Mechanical lugworm fishery (Figure A1C) em-
ploys a digging machine to harvest lugworms (Arenicola ma-
rina) (Beukema, 1995; Ministerie van Infrastructuur en Milieu,
Rijkswaterstaat Noord-Nederland, 2016), and dredging (Figure A1B)
occurs regularly to maintain navigation channels open with desig-
nated deposition areas for dredged material (Figure A1B). Shell ex-
traction for cycling paths and isolation material occurs in deeper
gullies (Figure A1F) (Rippen et al., 2020; Schans et al., 2003), and an-
choring is generally allowed except in restricted areas (Figure A1A).
We mapped the legal extent to which all activities are allowed. Still,
for the mussel seed fishery, we restricted the activity to the two tidal
basins where they occur, and the extent of the shrimp fishery over-
laps with fishing pressure maps (Eijsackers et al., 2023). Other than
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FIGURE 1 Overview map study site. (a) Location of the study site within Europe. (b) Dutch Wadden Sea, divided into 10 tidal basins
(labelled with Roman numerals) and underlying ecotopes (van Donk & Baptist, 2021). Dots mark sampling locations from the 2019 subtidal
Wadden Mosaic sampling campaign. (c) Map of all identified areas with nature conservation restrictions and their overlap with the subtidal
zone. The reference area, established in 2005, excludes all human activities. Zones with fisheries restrictions are based on agreements
between fisheries sectors, government, and nature organisations, as well as through the Fishery Implementation Regulation. Under Article
2.45 of the Environment and Planning Act, some areas (Access Restriction Decision areas) are temporarily or permanently closed to most
activities to support Natura 2000 goals. Further details can be found in Table 1 and Appendix S1.

the shell extraction, all activities happen daily, though not with the unclear whether these area-based restrictions can be classified

same frequency in all locations. See Appendix S1 for more details. as MPAs. The nature and goals of these restrictions can differ
from pure conservation focussed to managing fish stocks or pre-
venting damage to underground infrastructure. Only areas that
24 | Legal framework for nature conservation can be classified as an IUCN-defined MPA are considered here

(Figure 1c): “...a clearly defined geographical space, recognised, dedi-

The activities listed above are not permitted everywhere in the
Wadden Sea due to various restrictions (Table 1). It remains

cated and managed through legal or other effective means, to achieve
the long-term conservation of nature with associated ecosystem
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TABLE 1 Overview of the different area-based conservation measures and their legal framework in the Dutch Wadden Sea. The marine
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protected areas (MPA) classification refers to the MPA guide where the MPA classification for each conservation measure is described

(Grorud-Colvert et al., 2021).

Conservation measures

No mussel seed fishery

No shrimp fishery

Access Restriction Decision

Fishery implementation regulation

Reference area

Legal framework

Covenant between the fishery
sector, nature organisations, and
Ministry of Agriculture, Nature
and Food Quality (LNV, 2020),
Natura2000 measure (Appropriate
Measure with Implementation
Obligation)

Covenant between the fishery
sector, nature organisations,
northern provinces, and Ministry

of Agriculture, Nature and Food
Quality (PRW, 2014), Natura 2000
measure (Appropriate Measure with
Implementation Obligation)

Article 2.45 Environment and
Planning Act (Omgevingswet,
Dutch Law; previously: art. 2.5 Wet
natuurbescherming)

Articles 20 and 35 of the fishery
implementation regulation
(Uitvoeringsregeling Visserij, 2008)

Trilateral agreement between

Closed for

Closed for mussel seed trawling
unless insufficient mussel seed is
available in open areas. The most
recently closed areas can then be
fished

Closed for shrimp trawling

Closed for all activities, except for
shrimp trawling (LNV, 2023)

Closed for either shrimp fishery
or for tickler chain, mussel seed,
oyster and hand-cockle fishery

Closed for all activities

MPA classification

Dependent on overlap
with other conservation
measures and the impact
of allowed activities

Dependent on overlap
with other conservation
measures and the impact
of allowed activities

Incompatible due to
exception for shrimp
trawling

Dependent on overlap
with other conservation
measures and the impact
of allowed activities

Fully protected

Denmark, Germany and the
Netherlands (CWSS, 2017;

Ministerial Council of the Trilateral

Governmental Conference on
the Protection of the Wadden
Sea, 1991)

services and cultural values” (Dudley et al., 2008). Conservation in
the Wadden Sea is partly arranged through the European Natura
2000 framework and partly through restrictions for certain types
of activities (Table 1). A fully protected reference area has been
established in the Eastern Dutch Wadden Sea (Figure 1c) since
2005 following trilateral agreements between the Netherlands,
Germany, and Denmark (CWSS, 2017; Ministerial Council of the
Trilateral Governmental Conference on the Protection of the
Wadden Sea, 1991). Several agreements between nature organi-
sations, the Ministry of Agriculture, Nature and Food Quality, and
fishery sectors are in place to further safeguard and enhance un-
derwater nature (LNV, 2020; PRW, 2014). As a result, shrimp and/
or mussel seed trawling is prohibited in various areas (Figure 1c).
By law, both trawling activities are prohibited in the intertidal
(LNV, 2020, 2023). In addition, areas are restricted based on an
Access Restriction Decision under Article 2.45 Environment
and Planning Act (Aanvullingswet natuur Omgevingswet, 2024),
following the European habitat- and bird directive (Figure 1c).
These restrictions may be temporary, year-round, or enacted
under certain circumstances. Additional closures for shrimp and
shellfish fishery are enforced under the Fishery implementation
regulation (Uitvoeringsregeling Visserij, 2008) (Figure 1c). See
Appendix S1 for more details. Defining discrete protected areas

remains challenging, given the complex patchwork of protection
statuses and allowed activities, and was, up till now, still missing
(Fieten et al., 2022). To assess the protection level and whether
these areas can be classified as MPAs, we categorised the subtidal
Dutch Wadden Sea using the internationally broadly accepted
MPA guide decision tree (Grorud-Colvert et al., 2021).

2.5 | MPA classification

The spatial extent of human activities was overlaid with restric-
tion measures (Figure 1c) to assess the accumulation of activities
and classify areas according to the MPA guide (Grorud-Colvert
etal., 2021). Here, four different levels of protection are recognised:
Minimally protected, lightly protected, highly protected, and fully
protected, based on the impact of allowed activities (Grorud-Colvert
et al., 2021). Areas where activities exceed allowable impact limits
cannot be classified as MPAs and are deemed incompatible (Grorud-
Colvert et al., 2021).

Dredging and deposition of dredged material are incompatible with
MPA management, as is any form of mining (Grorud-Colvertetal.,2021).
Only artisanal or low-impact forms of fishery can be compatible with
some MPAs. However, industrial fishing (e.g. ships >12m longxém
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wide or any ship towing or dragging gear across the seafloor) is consid-
ered incompatible with MPA management (Grorud-Colvert et al., 2021;
International Union for the Conservation of Nature, 2020). Thus, except
for anchoring, all activities described above (i.e. bottom trawling, dredg-
ing, shell extraction, and mechanical lugworm fishing) are incompatible
with MPA management due to their destructive impact.

Anchoring can have impacts similar to bottom trawling, though
more localised, as the anchors' penetration depth often super-
sedes trawling gear. However, since the frequency of anchoring
and specific effects of anchoring in the Wadden Sea have not yet
been investigated, we have categorised the impact of anchoring as
low due to its localised nature (Broad et al., 2020; Grorud-Colvert
et al., 2021).

For this study, we only included activities with a clear, direct im-
pact on seafloor communities. While salt extraction and gas mining,
classified as industrial activities, are also incompatible with MPA
management, these are done remotely from land or the North Sea
through pipes under the seafloor, and their direct impact on sea-
floor communities remains unclear (de la Barra et al., 2023; Fokker
et al., 2018). de la Barra et al. (2023) concluded changes in sediment
composition due to gas mining but found no clear effect on macro-
zoobenthic communities. Regardless, including these areas minimally
affects the assessment of MPA protection levels (Appendix S3).

2.6 | Sampling and data collection

The subtidal area of the Wadden Sea was sampled in 2019 as part
of the Wadden Mosaic sampling campaign between February and
May on a 1km grid with an additional 26% random samples, totalling
1060 sampling stations (Figure 1b). Shallow areas were sampled by
RIB (rigid inflatable boat) using four long-cores (@ 10.4cm) and com-
bined (0.035m?). Deeper areas were sampled using a single 20x30cm
(0.060m?) hydraulic boxcore from the NIOZ Research Vessel Navicula
to adepth of ~25cm. Each sample was sieved over a 1 mm round mesh.
Larger shellfish and crustaceans were frozen at -20°C. The remainder
of the sample was stored in a borax-buffered 6% formalin:seawater
solution with ~2mgL™ Rose Bengal (CAS no. 632-68-8). In the lab, or-
ganisms were sorted, counted, and identified to the highest possible
taxonomic level (Bijleveld et al., 2012; Compton et al., 2012, 2013;
Meijer et al., 2022). The abundance of the genus was added to the
species level in case both genus and species levels of the same genus
were found in a sample. This was done in the ratio with which each
species occurred in the sample in case multiple species of the same
genus were found. Genus level was used if no species from that genus
was identified in the sample. In total, 149 taxa were identified, and
abundances were standardised to densities per m?.

2.7 | Ecological quality indices

Ecological quality indices are calculated to assess various aspects
of macrozoobenthic communities in the Wadden Sea as described

NATURE

in policy frameworks, including biodiversity, functioning, integ-
rity, sensitivity, and food web dynamics. These indicators can be
separated into diversity-related indices (Margalef diversity, Hill's
diversity, Rao's Q, Shannon diversity, and species richness) and
quality-related indices (AMBI, BEQI2, BISI, BQI, food web con-
nectance, ITI, and sensitivity). Hellinger transformed (Legendre &
Gallagher, 2001; Rao, 1995) abundance data was used for all calcula-
tions except for BISI, species richness, Rao's Q, sensitivity, and food

web connectance.

2.71 | Community diversity-related indices

To assess biodiversity, we calculated Margalef diversity, Hill's di-
versity, Shannon diversity, and species richness, all of which are
commonly used in benthic fauna quality assessments (van Loon
etal., 2018). Margalef diversity values were log(x + 1) transformed to
normalise the distribution. To assess the functional diversity of mac-
rozoobenthic communities, we calculated Rao's Quadratic Entropy
(Rao's Q) (Botta-Dukat, 2005) using functional trait data from a
comprehensive database covering 10 life history traits (adult body
size, adult burrowing depth, adult locomotion, age of sexual matu-
ration, fecundity, larval development location, longevity, offspring
size, reproductive frequency, and reproductive mode; Appendix S2)
(Gusmao et al., 2022; Meijer et al., 2023). Rao's Q is then calcu-
lated using the “rao.diversity” function from the ‘SYNCSA' package
(Debastiani & Pillar, 2012).

2.7.2 | Habitat-quality-related indices

AMBI (Borja et al., 2000) was determined based on pre-classified
species' sensitivities to a eutrophication and water quality gradient
(Borja et al., 2000; Gittenberger & van Loon, 2013). This indicator
is included within the WFD to assess the ecological and chemical
quality of water bodies (Boon et al., 2011). We inverted the AMBI
scores so that high scores correspond to high water quality to make
the scores more intuitive and ease the comparison with the other
indices.

The BEQI2 is the Dutch framework applied to the Wadden Sea
within the WFD to evaluate the macrozoobenthic community (Backx
et al., 2018). The BEQI2 framework utilises ecological quality ratios
of species richness, Shannon-Wiener biodiversity, and AMBI scores
(Backx et al., 2018). BEQI2 values for all sampling stations were cal-
culated following the procedures described by Backx et al. (2018)
and van Loon et al. (2015).

The BISI was developed to evaluate benthic habitat qual-
ity, seafloor integrity, and ecological functioning of macrozoo-
benthic communities (Wijnhoven & van Avesaath, 2019). This
indicator was developed for North Sea macrozoobenthos assess-
ments within the MSFD and was optimised for the Wadden Sea
(Wijnhoven & van Avesaath, 2019). We calculated index scores for
ecotope-specific characteristic species following the protocol in
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Wijnhoven (2018) and using indicator values in Wijnhoven and van
Avesaath (2019).

The BQI is the Swedish national benthic indicator under the
WFD (Rosenberg et al., 2004) and was shown to respond to trawl-
ing for nearshore benthic samples (Gislason et al., 2017; McLaverty
et al., 2023; Skold et al., 2018). The BQl index following calculations
by Leonardsson et al. (2009) and Rosenberg et al. (2004) requires
the use of pristine habitats as a reference for calculating the sensi-
tivity value of individual species. Given the long history of human
activities in the study system, we believe we do not have ample sam-
ple replications containing pristine habitats to calculate appropriate
sensitivity values. Instead, we have calculated a modified BQI (here-
after referred to as BQI ) using the functional sensitivity indicator
described below instead of the conventional abundance-weighted
sensitivity score. This sensitivity score uses literature-based ex-
pectations of species responses to mechanical bottom disturbance
(Appendix S2).

As an indicator for food web elements following Descriptor 4
of the MSFD we calculate the food web connectance. Food web
connectance (total number of links/total number of species?) can
be used as a proxy for the resistance of communities to press dis-
turbances (Wootton & Stouffer, 2016). Communities with a higher
connectance are generally considered more robust and thus less
sensitive than more complex communities with a lower connectance
(Dunne et al., 2002). To calculate this indicator, we retrieved trophic
interactions between all taxonomic groups in the sampling campaign
from an existing database (Witte et al., 2024). This database contains
all potential trophic interactions between taxonomic groups in the
Wadden Sea. The interaction matrix of this database was subsetted
to create an adjacency matrix for the species found in each benthic
sample. Zooplankton, phytoplankton, sediment Particulate Organic
Matter, and water column Particulate Organic Matter were added
to every sub-interaction matrix to form the basis of the food web.
A food web was created from each adjacency matrix using the ‘ig-
raph’ package (Csardi et al., 2023), and connectance was determined
for each community. The connectance score was inverted, so high
scores correspond with more sensitive communities to facilitate
more intuitive interpretation.

An additional food-web-related indicator is the ITI. This indica-
tor is based on benthic trophic classes where the presence of spe-
cies is subdivided over major feeding types (Gittenberger & van
Loon, 2013; Lavaleye, 1999; Word, 1978). The index takes a value
between 0 and 100, where low values indicate domination by deposit
feeders and high values indicate domination by suspension feeders,
indicating generally less disturbed environments (Gittenberger &
van Loon, 2013) (Appendix S2).

Finally, we calculate a sensitivity indicator for the sensitivity of
macrozoobenthos to bottom abrasion. Several methods have been
described to measure the sensitivity of a community to a disturbance
using functional traits (Bolam et al., 2014; Butt et al., 2022; Hinz
etal., 2021; Kenny et al., 2018). Incidentally, most methods compare
similarly when applied to the same dataset (Appendix S2). Here, we
calculated a sensitivity indicator based on Bolam et al. (2014) and

Kenny et al. (2018). All modalities were given an accreting score
based on the sensitivity to bottom abrasion and used to calculate a
community-weighted sensitivity indicator (Appendix S2). This sensi-
tivity score is also used for the BQI , calculations.

See Appendix S2 for a more detailed description of these
indicators.

2.8 | Statistical analysis

Statistical analysis was done in RStudio, R version 4.3.1. (R Core
Team, 2023). Figures were created in RStudio and QGIS version
3.26.2 (QGIS Development Team, 2023). First, we overlapped MPA
protection levels with the ecotopes to determine how well differ-
ent ecotopes are protected. Means were calculated for all ecologi-
cal quality indicators per ecotope and protection level and tested
separately using a one-way ANOVA to test whether there is a pre-
disposition for higher values of certain indicators within ecotopes
or MPAs. BISI and Rao's Q were tested using a Kruskal-Wallis test
and post hoc using a Dunn test due to a violation of homoscedastic-
ity and normality following a Bartlett's and Shapiro-Wilkinson test.
Species richness was tested using a generalised linear model assum-
ing Poisson distribution of residuals.

Next, local indicators of spatial autocorrelation (LISA's) were cal-
culated for all ecological quality indicators. First, a spatial weights
matrix was constructed from all sampling stations using the ‘spdep’
package (Bivand & Wong, 2018), where the neighbours were deter-
mined based on the minimum distance for which all sampling sta-
tions have at least a single neighbour. Hotspot analysis was then
performed using a spatial weights matrix, where each sampling
station itself is included as a neighbour in calculating the average
neighbour value to compute Getis-Ord Gi* scores for local spatial
autocorrelation (Getis & Ord, 1992). Here, Getis-Ord Gi* scores re-
turn z-scores representing local clusters of hot- or cold spots. Values
were then converted into significance scores where values above
1.65 or below -1.65 respectively represent samples belonging to a
hot- or cold spot with 90% confidence, values above 1.96 or below
-1.96 with 95% confidence, and values above 2.58 or below -2.58
with 99% confidence (Getis & Ord, 1992). Next, sampling stations
were scored for each indicator, either as hotspot (1), not significant
(0), or as coldspot (-1). Mean values and 95% confidence intervals
were determined for each indicator for the samples that scored a
hot- or coldspot and those that were not significant, respectively.
The total number of indices for which a sampling station scored a
hotspot (1) or coldspot (-1) was determined and divided by the total
number of indices to get a value ranging from O to 1. This value indi-
cates the proportion of indicators for which a sampling station can
be considered a hotspot. This was done for all indices together, as
well as only considering the community diversity indices (Margalef
diversity, Hill's diversity, Rao's Q, Shannon diversity, and species rich-
ness) and habitat-quality-related indices (AMBI, BEQI2, BISI, BQl,,
connectance, ITl, and sensitivity). To investigate whether hotspots
or coldspots occur more frequently in certain ecotopes or within
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MPAs, the proportion of sampling stations classified as hot- or cold-
spots within an ecotope and MPA class were determined for each
indicator and all combined categories. Because not all ecotopes and
MPA classes were sampled with the same frequency, a habitat se-
lection index (E) was calculated to determine the selection strength
for hot- and coldspots of all indices for certain ecotope types or
MPA classes. This habitat selection index corrects for the unequal
distribution of sampling points over ecotopes and MPA classes and
represents a score between -1 and 1. Values near 1 indicate a strong
positive selection for a certain level of a variable (i.e. an ecotope or
an MPA class), values near -1 a strong negative selection, and values
around O no selection (or random preference) (Wang et al., 2018).
The selection coefficient and index were calculated following van
der Ploeg and Scavia (1979) and Wang et al. (2018). Finally, we deter-
mined the overlap between protected areas and ecological hotspots
(conservation conformity) per ecotope and for the entire subtidal
Wadden Sea. Ecological hotspots for multiple indicators were classi-
fied as sampling stations that scored a hotspot for at least 50% of all
indicators. The overlap between these areas and MPAs was deter-
mined relative to the number of sampling locations within MPAs and
ecotopes. The same was done with coldspots, considering only the
grouped diversity- and quality-related indicators and each indicator
separately (Appendix S4).

3 | RESULTS
3.1 | Human activities and MPAs

We found that 48,889 ha (37%) of the subtidal Wadden Sea has
some level of protection. Access Restriction Decision areas, which
are closed based on the Dutch nature law 2.45, primarily aim to pro-
vide resting areas for seals and birds. Consequently, these areas are
mainly found in the intertidal zone (77% intertidal, 23% subtidal)
(Figure 1c). The reference area aims to protect an entire tidal basin
and contains 17% subtidal habitat but represents only 0.4% of the
entire subtidal Wadden Sea (Figure 1c; Table A1). By law, mussel
seed and shrimp fisheries are only allowed in the subtidal Wadden
Sea (LNV, 2020, 2023). Areas closed to mussel seed fisheries align
with the regions where this activity is legally permitted, resulting in
76% of the closed areas being subtidal (Figure 1c). In contrast, only
31% of shrimp fishery closures are located in the subtidal, with the
remaining 69% in the intertidal (Figure 1c). This is similar to shrimp-
fishery-free zones following fishery regulations, where 85% of the
area falls in the intertidal and 15% in the subtidal (Figure 1c).

The number of overlapping bottom-disturbing human activities
in the Wadden Sea ranges from zero to six (Figure 2a; Figure A1),
with the highest cumulative activity in the deeper gulleys of the
western part (Figure 2a). Only 2% of the subtidal area is entirely free
of bottom-disturbing human activities. Most of the subtidal Wadden
Sea is subject to either two (39%) or three (35%) different activities.
In contrast, 16% of the area is impacted by one type of activity, 8%
by four, 0.4% by five, and only 0.008% by six activities.

Following the MPA guide and IUCN guidelines (Grorud-Colvert
et al.,, 2021), fully protected areas remain where no human activities
are permitted (2%; Figure 2b,c). Highly protected areas, where only
low-impact activities such as anchoring are allowed, make up 8%
(Figure 2b,c). The remaining areas, representing 27% of the subtidal,
allow activities incompatible with MPA management as defined by
the MPA guide and IUCN guidelines (Grorud-Colvert et al., 2021).

Among the different ecotopes, the shallow and low dynamic
ecotope is the best protected, with 2% of its area fully protected,
12% highly protected, and 39% subject to restrictions that still per-
mit incompatible activities (Figure 2c). The shallow and high dynamic
ecotope is similarly protected, with 3% fully protected, 9% highly
protected, and 21% of the area allowing incompatible activities
(Figure 2c). The deep sublittoral ecotopes are less well protected.
The low dynamic deep sublittoral has 3% fully protected, 5% highly
protected, and 32% restricted but incompatible areas. In comparison,
the high dynamic deep sublittoral is covered by 2% fully protected,
2% highly protected, and 7% restricted areas allowing incompatible

activities (Figure 2c).

3.2 | Ecological quality indices to assess ecological
hotspots

The different ecotopes showed strong differences in biodiversity
and habitat quality indices (Appendix S2). Generally, biodiversity and
habitat quality were highest in the shallow low dynamic ecotope,
except for AMBI, which had the highest values in the deep and high
dynamic ecotope (Appendix S2). Significant Getis Ord G*-scores
revealed clear ecological hot- and coldspots across all indicators
(Figure 3), with hotspots generally located further inward of the tidal
basins and coldspots near the tidal inlets (Figure 3). Moreover, hot-
spots were primarily found in the western parts of the Wadden Sea,
whereas coldspots occurred throughout the entirety of the Wadden
Sea (Figure 3).

Combining the hot- and coldspots from the individual indica-
tors revealed broader patterns (Figure 4). Ecological hotspots were
most pronounced in the western tidal basins (Marsdiep and Vlie)
and some in the east primarily focussed in the tidal basin Schild
(Figure 4a). Diversity-related hotspots were primarily found in the
Marsdiep tidal basin, the northern channels of the Vlie tidal basin
(Noord- and Zuid Meep), and Schild (Figure 4b). In contrast, quality-
related hotspots were more widespread over the larger tidal basins
(Figure 4c). Coldspots were mostly located at the tidal basin inlets
(Figure 4d), a pattern that held for diversity-related indicators, with
a minor exception in the southern part of the Marsdiep and Vlie tidal
basin (Figure 4e).

The shallow and low dynamic ecotope is generally best pro-
tected and had the most hotspots, housing 52% of all hotspots,
72% of the diversity-related hotspots, and 52% of the quality-
related hotspots (Figure 5a). However, there was no strong eco-
tope preference for the hotspots of these combined indicators to
occur in a specific ecotope (Figure 5a). Similar patterns are found
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FIGURE 2 (a) Map of the cumulative seafloor impacting human activities in the subtidal Dutch Wadden Sea. (b) Distribution of marine
protected area (MPA) protection levels across the Dutch subtidal Wadden Sea. (c) Donut charts showing the relative coverage of MPAs and
protection levels across all ecotopes and the total subtidal.
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FIGURE 3 Hot-

and coldspots for (a) AMBI, (b) BEQIZ2, (c) BISI, (d) BQI,, (e) connectance, (f) Hill's diversity, (g) ITl, (h) Margalef diversity,

(i) Rao's Q, (j) sensitivity, (k) Shannon diversity, and (I) species richness. Here, 90% confidence was used as a cut-off value for determining
statistically significant hot- or coldspots. AMBI, AZTI's Marine Biotic Index; BEQI2, Benthic Ecosystem Quality Index 2; BISI, benthic species
indicator index; BQI,, modified Benthic Quality Index; ITI, Infaunal trophic index.

for the individual indicators except for AMBI, for which hotspots
mostly (65%, E=0.4) occur in the deep and high dynamic ecotope.
In comparison, hotspots of sensitivity were rare in this ecotope (3%,
E=-0.8). Coldspots were more evenly distributed over the shallow
and low dynamic (45% for all coldspots, 43% for diversity-related
coldspots, and 44% for quality-related coldspots) and deep and
high dynamic areas (36% for all coldspots, 40% for diversity-related
coldspots, and 37% for quality-related hotspots) with no strong
selection for the coldspots of these combined indicators to occur
in a specific ecotope (Figure 5b). Overall, coldspots of individual
indicators were mostly found in the deep and high dynamic eco-
tope (Figure 5b), except for AMBI, for which coldspots were mostly
found in the shallow and low dynamic ecotope (76%). However, this
was not reflected in the selection index for this ecotope (E=0.2)
(Figure 5b).

3.3 | Conservation conformity

We assessed conservation conformity by evaluating the spatial
overlap of the identified MPA classifications (i.e. fully protected,
highly protected, and areas with restrictions incompatible with
MPA management) with hot- and coldspots of ecological quality.
Hotspots can be considered areas for conservation priority due to
their significantly high natural values, whereas coldspots, though
less immediately valuable, may have recovery potential. Only mar-
ginal percentages of ecological hotspots in the Wadden Sea are
currently covered by protection measures (Figure 5a).

Of all combined indicators, just 3% of hotspots are fully protected,
8% are highly protected, and 65% remain unprotected (Figure 5a). The
remaining 24% are covered by restrictions incompatible with MPA
management (Figure 5a). Habitat-quality-related indicators mirror this
pattern, while diversity-related indicators are slightly better covered,
with 4% fully protected and 11% highly protected (Figure 5a). No clear
preference was found for hotspots to be located within MPAs, indi-
cating a random distribution of hotspots relative to the protection sta-
tuses (Figure 5a). Coverage of ecological coldspots from the combined
indicators are likewise marginally covered by protection measures.
Of all coldspots, 5% is covered by fully protected areas, 8% by highly
protected areas, and 21% by restrictions incompatible with MPA man-
agement (Figure 5b). Coldspots of diversity-related and quality-related
indices were similarly covered (both 5% fully protected, 7% and 8%
highly protected, 19% and 21% restrictions incompatible with MPA
management, and 68% and 64% unprotected, respectively; Figure 5b).
Again, no strong selection is found for these coldspots to be covered
by a protection measure (Figure 5b).

Areas with high ecological and chemical quality, as indicated by
the AMBI index, are the least protected. Only 2% of these hotspots

are fully protected (E=-0.1), 1% are highly protected (E=-0.7),
8% (E=-0.3) are covered by areas with restrictions incompatible
with MPA management, but 89% remains unprotected (E=0.4)
(Figure 5a). In contrast, areas sensitive to bottom abrasion are bet-
ter protected. Still, 47% remain unprotected (E=-0.2), only 2% are
fully protected (E=-0.3), and 12% are highly protected (E=0.1)
(Figure 5a). Coldspots of low ecological quality (BISI) only occurred
in non-protected areas (E=0.5), and low-diversity areas (Margalef
diversity) were absent from fully protected areas (E=-1) (Figure 5b).
The highest overlap is found between low sensitivity areas and fully
protected areas, at 12% (E=0.4) (Figure 5b).

Hotspots identified at more than 50% of sampling stations
show poor conformity in the alignment with MPAs. Only 14%
of sampling stations within MPAs (i.e. fully and highly protected
areas) are classified as hotspots, while 19% of all sampling stations
(inside and outside MPAs) are considered ecological hotspots,
with just 2% falling within MPAs (Figure 6; Appendix S4). When
separating this into the different ecotopes, the deep and low dy-
namic ecotope has the highest percentage of ecological hotspots
(31%), but none are protected by MPAs (Figure 6). Similarly, no
ecological hotspots in the deep and high dynamic ecotope are cov-
ered by MPAs (Figure 6).

In contrast, the shallow and low dynamic ecotope has rela-
tively better protection, but only 18% of its sampling stations in
MPAs are classified as hotspots (Figure 6). The spatial overlap of
coldspots with MPAs is even lower, with just 6% of sampling sta-
tions in MPAs classified as coldspots for at least half of the indica-
tors (Appendix S4).

4 | DISCUSSION

Our study provides a comprehensive assessment of the current place-
ment of area-based conservation measures in the Dutch Wadden
Sea, a shallow coastal area of high biological value with significant
socioeconomic and cultural uses. We introduce the concept of con-
servation conformity, which quantifies the spatial alignment of area-
based conservation measures with ecological hotspots. We develop a
novel set of tools and approaches to map ecologically valuable areas
based on multiple indicators for macrozoobenthos, as described in
EU policy frameworks such as the WFD and MSFD. Applying these
methods, we reveal a concerning lack of conservation conformity
in the Dutch Wadden Sea. By applying the MPA guide framework
(Grorud-Colvert et al., 2021) to the area-based conservation meas-
ures in the subtidal Wadden Sea, we find that only a small percentage
(10%) of the subtidal Wadden Sea falls under an MPA protection sta-
tus. Furthermore, these protected areas are not strategically placed
in the most ecologically valuable areas when considering a multitude

85UB0| SUOLULLIOD BAIER1D 3|ceotidde U} Aq pausenob 81 S3plle O ‘88N JOS8INI 104 ATiq1 BUIIUO AB|IM UO (SUOIPUOD-PUB-SLLLB}/ WO A | I ARe.q1 U |UO//SdNY) SUORIPUOD PUE SWLB L 8U3 89S *[5202/70/yT] U0 ARigIT8UIUO A811M (IMO) 0Ju] UZ 8pUNXSIA J00A WniueD Ag 2G/0T €Ued/z00T 0T/10pALI00™ A8 1M Azeiq1jputjUO'SfeuIN0 Kq/SdNY WO1y pepeojumoq ‘T ‘S20e ‘vTE8S.SC



MEIJER ET AL.

(@) Total hotspots

(d) Total coldspots

PEOPLE
“NATURE

]

0

10 20 km

171

85UB0| SUOLULLIOD BAIER1D 3|ceotidde U} Aq pausenob 81 S3plle O ‘88N JOS8INI 104 ATiq1 BUIIUO AB|IM UO (SUOIPUOD-PUB-SLLLB}/ WO A | I ARe.q1 U |UO//SdNY) SUORIPUOD PUE SWLB L 8U3 89S *[5202/70/yT] U0 ARigIT8UIUO A811M (IMO) 0Ju] UZ 8pUNXSIA J00A WniueD Ag 2G/0T €Ued/z00T 0T/10pALI00™ A8 1M Azeiq1jputjUO'SfeuIN0 Kq/SdNY WO1y pepeojumoq ‘T ‘S20e ‘vTE8S.SC



BN PEOPLE sy

MEIJER ET AL.

“NATURE S
FIGURE 4 Maps of relative occurrences of hot- and coldspots for all indices combined, diversity-related indices (Margalef diversity, Hill's
diversity, Rao's Q, Shannon diversity, and species richness), and quality-related indices (AMBI, BEQI2, BISI, BQI,, connectance, ITI, and
sensitivity). (a) Hotspot occurrence for all indices combined; (b) Hotspot occurrence for diversity-related indices; (c) Hotspot occurrence for
quality-related indices; (d) Coldspot occurrence of all indices combined; (e) Coldspot occurrence for diversity-related indices; (f) Coldspot
occurrence of quality-related indices. AMBI, AZTI's Marine Biotic Index; BEQI2, Benthic Ecosystem Quality Index 2; BISI, benthic species
indicator index; BQI,, modified Benthic Quality Index; ITI, Infaunal trophic index.
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FIGURE 5 Relative occurrence (horizontal bars) and selection indices (E; coloured blocks on both sides) of (a) hot- and (b) coldspots

of combined indices (underlined) and individual benthic ecological quality indicators for all ecotopes and protection levels. The relative
occurrences indicate the distribution of the hot- and coldspots per used index over the ecotopes (horizontal bars on the left side) and the
protective status (horizontal bars on the right side). The selection index represents selection strength for ecotopes or protection levels
ranging from -1 (strong negative selection, brown colour) to 1 (strong positive selection, teal colour) and corrects for the inequality of
sampling stations within ecotopes and marine protected area (MPA) classes to indicate whether hot- or coldspots are consistently found
within an ecotope or MPA class. AMBI, AZTI's Marine Biotic Index; BEQI2, Benthic Ecosystem Quality Index 2; BISI, benthic species
indicator index; BQI,, modified Benthic Quality Index; ITI, Infaunal trophic index.
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FIGURE 6 Venn diagram showing the degree of conservation conformity through the spatial overlap between ecological hotspots and
marine protected areas (MPAs) across the subtidal zone and by ecotope. Hotspots are determined from sampling stations that score as a
hotspot for 50% or more of the macrozoobenthic-centred biodiversity and habitat quality indicators. Percentages reflect the proportion
of sampling locations classified as hotspots (red circle) and those located within an MPA (green circle). The overlap between the circles
represents the percentage of sampling locations that are both hotspots and within an MPA relative to all stations within each ecotope. A
smaller circle in the lower right corner shows the percentage of hotspots within MPAs relative to the total number of stations inside MPAs
for each ecotope. The areas of overlap in the Venn diagrams are not to scale.

of indicators for seafloor integrity. Using the Dutch Wadden Sea as
a case study, we present a quantitative method to evaluate the cur-
rent conservation conformity of MPAs, providing valuable insights
for local and global conservation efforts. Our findings have practical
implications for the management and planning of conservation meas-
ures in the Dutch Wadden Sea, and provide a framework that can
be applied to other systems and indicators, thereby enhancing the

effectiveness of area-based conservation strategies.

4.1 | Macrozoobenthos indicating ecological
hotspots

We use macrozoobenthos to identify ecological hotspots and
assess their conservation conformity with protected areas as
they are perfect indicators of environmental quality and change
(Jayachandran et al., 2022; Tillin et al., 2006) as changes in mac-
rozoobenthos stock can cascade into higher trophic levels (Rabaut

et al.,, 2007). Considering macrozoobenthos within the spatial
planning of MPAs can also assure safe havens for birds and fish
(Rolet et al.,, 2015). Macrozoobenthos are, therefore, excellent
signals for adaptive management approaches where they can be
used to assign and monitor new MPAs and management interven-
tions (Dolbeth et al., 2007; Laurino et al., 2021). Nevertheless, our
method could also be applied to spatially explicit datasets of other
species groups. For example, the Wadden Sea is an important
nursery habitat for commercially important fish species (van der
Veer et al., 2015) and an important area for birds protected under
Natura 2000 regulations (Boere & Piersma, 2012). Standardised
monitoring, in combination with hotspot analysis, can delineate
effective conservation areas for specific species groups, or be
combined for a holistic ecosystem assessment.

Different policy frameworks include macrozoobenthos as an
indicator of seafloor integrity and ecosystem health. The Habitat
Directive recognises large areas of the subtidal Dutch Wadden Sea
under type H1110A—permanently submerged sandflats. However,
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neither the Annexes nor the national interpretation lists any spe-
cies that can be assessed with the data we currently have or in-
clude any species we found (Council Directive 92/43/EEC, 1997,
Ministerie van Infrastructuur en Milieu, Rijkswaterstaat Noord-
Nederland, 2016). Still, the WFD and MSFD do recognise macrozo-
obenthos as important indicators of ecosystem health. Individually,
these indicators highlight varying areas as ecological hotspots in the
Wadden Sea, confounding clear choices for conservation prioriti-
sation. This study does not aim to evaluate the quality of singular
indicators and draw conclusions on which indicators are best to use.
Other studies have concluded that the suitability of indicators dif-
fers depending on the conservation goal and threats of the system
(Hiddink et al., 2020; McLaverty et al., 2023; van Loon et al., 2018).
Rather, we show how combining multiple indicators merits the use
over singular indicators. We find large areas that overlap as ecolog-
ical hotspots for multiple facets described by the different policy
frameworks (MSFD, 2008; WFD, 2000). A combined indicator ap-
proach then delineates clear ecological hotspots over the scattered

hotspots identified by singular indicators.

4.2 | People and policy in the Wadden Sea

The EU Marine Spatial Planning Directive (Directive 2010/41/EU)
requires human activities to be organised in such a way as to achieve
ecological, economic and social objectives (Smith, 2015). Due to a
lack of knowledge of the subtidal areas of our study system, manage-
ment of the Wadden Sea so far has aimed to reduce human activities
in the low dynamic ecotopes as these are hypothesised to host the
most diverse and sensitive communities (Hiddink et al., 2007; Robert
et al., 2021). However, the current distribution of hotspots over the
ecotopes indicates a greater biotic heterogeneity than the current
abiotic delineation based on the ecotope classification of Baptist
et al. (2019, 2022). As such, zonation based on abiotic delineation
does not always adequately cover areas of biotic conservation value.
On the other hand, this heterogeneity in ecological values might also
arise due to the degradation through anthropogenic impacts, which
might obscure the true potential of natural values. However, proper
baseline measurements are often missing to adequately compare the
current state to a historical baseline (Mihoub et al., 2017). Coldspots
may actually represent areas with potential for recovery and can
provide significant benefits in attaining biodiversity targets (Sacre
et al., 2019), especially in the low dynamic ecotopes. Nevertheless,
ecological coldspots are even less well represented within current
conservation measures than hotspots. Still, situating protection
measures to safeguard areas hypothesised to host the most di-
verse or sensitive communities is a sensible approach in data-poor
circumstances.

Large coastal areas remain heavily impacted by human activities
despite strong conservation efforts. In the Wadden Sea, we find a
large overlap of ecological hotspots with intensively used areas. We
here mapped the theoretically and lawfully available areas for cer-
tain human activities. The addition of high spatial resolution data

using Automatic Identification System or Vessel Monitoring System
data, but also clearer information on indirect effects such as the re-
distribution of sediment through dredging activities, can aid in accu-
rately mapping the realised cumulative human impact in a system.
Still, this does not remove the fact that human activities are spatially
ubiquitous throughout the area. A big remaining question is whether
these activities have already reduced the natural values to their
current state and hamper recovery, e.g. the areas previously had
even higher ecological values, whether these hotspots are currently
in their maximum state, or instead, whether the ecological values
are caused by high human activities, equivalent to terrestrial eco-
systems where low-intensity human use can locally promote biodi-
versity (Bakker, 1989). The last hypothetical situation seems unlikely
given the many recorded negative effects of bottom-disturbing ac-
tivities on macrozoobenthic communities that have been found in
the trilateral Wadden Sea (e.g. Fock et al., 2023; Klunder et al., 2021;
Tulp et al., 2020). We therefore recommend to improve the overlap
between the protected areas and these ecological hotspots, both
to safeguard the current conditions (when the ecological values are
at their maximum) and to facilitate recovery (when the system is
degraded).

We cannot conclude whether current MPAs in the Wadden Sea
effectively improve the ecological status of seafloor communities.
We analysed a single year of landscape-wide benthos sampling data
and therefore cannot assess the development, nor the stability, of
ecological hotspots over time. The lack of reference data also makes
it impossible to assess whether coldspots do indeed provide areas
with recovery potential. Moreover, most of the area-based conser-
vation measures have only recently been established (Table A2).
Improvements in macrozoobenthos in the reference area Schild
could only be observed after 10years of closure (Glorius et al., 2018).
This highlights the importance of repetitive monitoring of ecological
communities over longer time spans and the accessibility of existing
spatially and temporally extensive monitoring programs to under-
stand the dynamics of coastal systems.

4.3 | Broader lessons for MPA design

Conservation prioritisation ultimately requires weighing ecologi-
cal, social, cultural, and economic interests. But when conserva-
tion is a priority, as is for the Wadden Sea due to it being a Natura
2000 area, then also the ecologically most important areas should
be best protected. Coastal seas are among the most heavily used
and debated marine ecosystems worldwide (Halpern et al., 2019),
and generally, multiple stakeholders participate in the MPA design
process (Grorud-Colvert et al., 2021). The interplay among many
stakeholders and their varied interests in the Dutch Wadden Sea
has resulted in a strong mosaic of different area-based conservation
measures (Fieten et al., 2022). This also applies to the wider inter-
national Wadden Sea. The Danish parts are largely closed off for all
bottom-disturbing activities, and most resource extraction is pro-
hibited but with notable local exceptions (Fieten et al., 2022). In the
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German parts of the Wadden Sea, national parks have been imple-
mented, where protection levels depend on the ecological value of
each area, and the strongest restrictions typically apply to the areas
with the highest ecological values (Fieten et al., 2022). However, also
within these zones, specific disturbing activities are allowed locally
despite high ecological values (Fieten et al., 2022). In Belgian MPAs,
a similar situation is found where MPA establishment was based
on ecological information and overlapped with ecological hotspots
but still allowed fishing activities in many places due to legal excep-
tions (Rabaut et al., 2009). Such resulting convoluted patchworks
of different conservation measures will inadvertently diminish any
realistic effect of ecosystem-wide protection. This is mostly due to
multiple exceptions to resource extraction, each with its own histor-
ical, cultural, and economic motivations. But often leaving it unclear
how they all add up and multiply. In the case of the Dutch Wadden
Sea, this has resulted in a very low conservation conformity.

We recommend that our approach be applied to other produc-
tive and densely inhabited coastal areas to determine if this is a
general pattern. Of course, other guidelines or frameworks can be
applied to map the MPA status for other areas. Other definitions of
MPAs could have been used in our case, perhaps leading to more
optimistic conclusions on conservation conformity. Nevertheless,
effective MPA establishment will benefit from a clear and transpar-
ent legal framework to prevent misalignment of conservation areas
from both an ecological and management perspective.

We conclude that assessing conservation conformity based on
quantifying and combining the maps of MPAs, and ecological hot-
and coldspots adds vital information for improving the effective-
ness of conservation measures for specific areas such as the Dutch
Wadden Sea. Still, the resulting conclusions should also be viewed
in a wider international context of seascape connectivity, as marine
systems are intricately spatially connected and interdependent.
The Wadden Sea ecosystem is in constant exchange with both the
North Sea and terrestrial ecosystems through estuarine influxes and
exports, making it part of a network of internationally connected
MPAs. Therefore, an assessment of ecological coherence at the
scale of the southern North Sea should be conducted to evaluate
the coverage of habitats, functions and connectivity by this larger
network (Ardron, 2008).

5 | CONCLUSION

In this study, we developed a comprehensive approach to quantify
conservation conformity (i.e. the spatial alignment of area-based
conservation measures with ecological hotspots) using multiple in-
dicators. When applied to the Dutch subtidal Wadden Sea, we find
a strong misalignment between area-based conservation measures
and ecological hotspots based on macrozoobenthos. This mis-
alignment is even greater (lower conservation conformity) when
only considering area-based conservation measures that qualify
as MPAs. It remains unclear yet if ecological hotspots or coldspots
have the potential for further recovery due to the lack of proper

undisturbed reference data. Nevertheless, should coldspots indeed
have the greatest recovery potential, the overlap of MPAs with eco-
logical coldspots is even less than with ecological hotspots. Since the
Dutch Wadden Sea is formally strongly protected as both a Natura
2000 and a UNESCO World Heritage area, our finding of low con-
servation conformity calls for substantial adjustment of its current
spatial conservation schemes and further exploration of similar ma-

rine planning problems elsewhere.
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