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ABSTRACT
Hard-bottom habitats span a range of natural substrates (e.g., boulders, cobble) and
artificial habitats (e.g., the base of wind turbines, oil platforms). These hard-bottom
habitats can provide a variety of ecosystem services, ranging from the enhancement
of fish biomass and production to providing erosion control. Management decisions
regarding the construction or fate of hard-bottom habitats require information on the
ecological functions of these habitats, particularly for species targeted in ecosystem-
based fisheriesmanagement. This study provides a systematic reviewof the relationships
of various hard-bottom habitats to individual commercially harvested species that are
managed jointly across the Atlantic by the International Council for the Exploration of
the Sea (ICES). We systemically reviewed peer-reviewed publications on hard-bottom
habitats including both natural and artificial reefs, after applying various exclusion
criteria. Most studies were conducted on near-shore hard-bottom habitats, and habitat
importance varied according to fish species and region. We quantified the frequency
with which studies demonstrate that natural and artificial hard-bottom habitats
function as spawning grounds, settlement and nursery areas, and foraging grounds,
as well as provide stepping-stones during migration, or new home ranges. Hard-
bottom habitats generally support higher fish densities than surrounding habitat types,
although not all fish species benefit from hard-bottom habitats. Of the commercially
important species, cod (Gadus morhua) was the most frequently studied species, with
enhanced biomass, density, feeding, and spawning on hard-bottom habitats compared
to unstructured habitats. Moreover, hard-bottom habitats appear to be of particular
importance for spawning of herring (Clupea harengus). Collectively, data indicate that
loss of hard-bottom habitats may translate into less-favourable conditions for spawning
and biomass of diverse commercial species, including cod and herring.
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INTRODUCTION
Natural hard-bottomhabitats are vital to the health and function of coastal ecosystems (Stål,
Pihl & Wennhage, 2007; Kovalenko, Thomaz & Warfe, 2012; Simon, Joyeux & Pinheiro,
2013; Lefcheck et al., 2019). These structures provide a range of services, including structural
refuge for juveniles and feeding grounds for commercially important fish species. Hard-
bottom habitats include a wide variety of topographic forms (e.g., high vertical profile,
high complexity), substratum types (e.g., boulders, rocks, cobble, artificial materials), and
degree of rugosity (e.g., smooth surfaces, perforated materials), with well-documented
effects of increasing biodiversity with habitat complexity (Wilhelmsson, Yahya & Öhman,
2006; Kovalenko, Thomaz & Warfe, 2012; Wehkamp & Fischer, 2013). As such, these hard
substrates often comprise a three-dimensional structure, which means they can offer
increased complexity in an otherwise two-dimensional landscape. Hard-bottom habitats
provide substrate for the attachment of vegetation, such as kelp and other macroalgae
that further increase the complexity of the benthos and associated biodiversity, compared
to unstructured habitat (Norderhaug et al., 2005; Christie, Jørgensen & Norderhaug, 2007;
Christie, Norderhaug & Fredriksen, 2009). Reviews on the importance of coastal habitats
for exploited species identified a lack of information on how fish utilize some habitat types
in the North Atlantic, particularly complex natural and artificial hard-bottom habitats
(e.g., rocky shores, foundations of wind farms, oil-rigs; Seitz, 2014; Seitz et al., 2014; Fowler
et al., 2018).

Artificial reefs have been used as a tool for restoration of marine habitats and as
mitigation for damage to other marine habitats. Artificial reefs may be constructed using
natural stone (Støttrup et al., 2017) or, more commonly, using a range of man-made
materials including concrete units or scrap materials, such as decommissioned ships and
oilrigs (Jensen, 2002; Soldal et al., 2002). Artificial reefs have been widely deployed to (1)
enhance fisheries (Seaman & Sprague, 1991; Bombace et al., 1994; Brock, 1994), (2) mitigate
damage to specific bottom habitats such as seagrass beds (Posidonia sp.; González-Correa
et al., 2005), (3) increase the recreational value of an area (Wilhelmsson et al., 1998) or
(4) as a tool for rehabilitation of coastal ecosystems (Pickering, Whitmarsh & Jensen,
1999). Artificial reefs can be intentional (i.e., anthropogenic explicit creation of a reef) or
unintentional (i.e., created as a by-product of other anthropogenic activities, such as oil
platforms and wind turbines, hereafter referred to ‘‘de facto’’ reefs). Artificial reefs generally
harbor higher fish densities and biomass than surrounding natural reefs (Wilhelmsson et al.,
1998), which is attributed to their structural complexity (Hunter & Sayer, 2009; Degraer et
al., 2020) and/or food abundance (Rilov & Benayahu, 2000; Fabi, Manoukian & Spagnolo,
2006; Glarou, Zrust & Svendsen, 2020), which may also increase abundance and richness
of the fish community (Rilov & Benayahu, 2000). Moreover, effects of artificial reefs may
vary by individual fish species (Leitão et al., 2008; Krone et al., 2013). Findings on the
importance of artificial habitats for species managed by the International Council for the
Exploration of the Sea (ICES) could be important for management decisions regarding
habitat restoration and protection of fisheries species.
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In Europe, hard-bottom habitats are one of the few marine habitat types included in
the European Union’s Habitat Directive (1170 Reef Habitat; EEC, 1992). For this reason,
reef areas are included in several Natura 2000 networks such as the Danish Natura 2000
network. Surprisingly, the importance of temperate reefs is rarely considered in fisheries
management and in fish population assessments (Lipcius et al., 2019; and references
therein), and the importance of hard-bottom reefs may differ for different fishery species.
Management decisions require the best available information on specific ecosystem services
that, in some cases, can bemonetized (Costanza et al., 1997;Cavanagh et al., 2016). As such,
the goal of this study was to summarize the existing information on ICES-managed fish
species and their use of temperate hard-bottom habitats in an effort to (1) inform scientists
interested in the ecological function of these habitats for some key fish species, and (2)
inform managers (especially ICES managers) and conservation groups focused on coastal
habitats of the potential importance of hard-bottom habitats to certain fish species. ICES
is an inter-governmental marine science organization whose advisory committee translates
science tomanagement on ‘‘the sustainable use and protection ofmarine species,’’ and their
work is relevant to extensive coastal areas, for example throughout Europe and the United
States. Focusing our review on ICES-managed species is important because ICES-managed
species are common throughout coastal areas of North America and Europe, and many
commercial and recreational fisheries for these species are in poor condition, which causes
concerns among conservationists as well as those dependent on fisheries as an economic
activity or food source (International Council for the Exploration of the Sea , 2013).

MATERIALS & METHODS
The overarching objective was to review the literature to quantify the ways in which
hard-bottom habitats support commercially important fish species in temperate regions,
particularly the North Atlantic, Baltic, and North Seas. We targeted the value of natural
hard-bottom habitats and artificial reefs on exploited fish species by (1) summarizing
increases or decreases in demographic variables (e.g., growth, survival, biomass, spawning
rates) for individual commercial fishery species associated with hard-bottom habitats, and
(2) highlighting the importance of these habitats for certain fish species so that managers
and conservation groups can act on this knowledge. The spatial focus was on temperate,
hard-bottom habitats (excluding subtropical and tropical areas, and the Mediterranean
Sea), and we excluded some natural hard-bottom habitats such as coral reefs and biogenic
habitats (see negative keywords in the search string below). We also focused on species
important for management by ICES (see species-related keywords below), therefore, we did
not include all commercially important species. In addition, we excluded rockfish in the
Pacific Ocean, which have a separate body of literature targeted towards them, and which
are not managed by ICES. Thus, our conclusions cannot be applied to all species in every
area, and our focus was on non-biogenic or anthropogenically created reefs. We were most
interested in habitat enhancement from the physical structure provided by hard-bottom
habitats, and thus excluded biogenic reefs, which provide additional ecological benefits
such as increased nutrients (e.g., from faeces and pseudofaeces on mussel beds; Thiel &
Ullrich, 2002).
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Search protocol
We followed the protocol for a systematic literature review proposed by Pullin & Stewart
(2006), which set forth guidelines for planning the review and analysis of the data. We
systematically reviewed the literature and evaluated articles returned by three different
databases (DTU-Findit, Web of Science, and Scopus) for relevance based on our inclusion
criteria (Table 1). Screening was conducted at the level of title, abstract, and full text
(Pullin & Stewart, 2006) to each of several ecological study variables (see ‘‘search string’’
below), using the PRISMA protocol (Moher et al., 2009) (Fig. 1). The first author of this
publication screened each article by title to eliminate non-relevant articles, and a subset
of articles was sent to all co-authors to compare the group’s decisions and ensure we
came to consensus on what should be discarded. Then, the same procedure was followed
for examining the abstracts of the remaining articles. Finally, we divided the articles for
full-text examination among all authors and each person independently extracted data, with
a group discussion of which articles were relevant and why, and resolving any discrepancies
on what should be included. The search was run on the three different databases on
April 7th, 2017. The articles returned by the three different databases were evaluated for
relevance based on the inclusion criteria (Table 1), applied at three successive levels: (1)
title, (2) abstract and (3) full-text. It is important to note that there are some limitations
of our approach, and that we may have missed some research that did not fall into our
selected categories based on the search terms we used, and results are only applicable to
the species we incorporated into our search (namely ICES-managed species). Our review
focused on the species for which ICES gives advice, which resulted in examining the species
of importance for ICES Member Countries (i.e., Belgium, Canada, Denmark, Estonia,
Finland, France, Germany, Iceland, Ireland, Latvia, Lithuania, the Netherlands, Norway,
Poland, Portugal, Russia, Spain, Sweden, United Kingdom, and United States of America;
US and Canadian fish stocks are not included in the advice, though these are ICESMember
Countries). Therefore, interpretations of these data apply only to the species and habitats
we incorporate. Additionally, we examined the current literature (2017–2022) for more
recent articles on the same ICES-managed species using hard bottom habitats (database
from B Ciotti pers. comm., 2022), which allowed us to identify a couple of case studies to
serve as a check on validity of conclusions from our systematic search.

Search string
The following search keywords were chosen for each of the ecological variables we wanted
to examine: Biomass, Density, Biodiversity, Condition, Mortality, Growth, Feeding,
Spawning, Nursery, Settling, Diel cycle, Site fidelity, Migration. Separate searches with all
other keywords in combination with each of the ecological search keywords were conducted
(Table 2). Location-related keywords and exclusion keywords were also included to narrow
the search results.
Importance-related keywords (note: asterisks represent a search engine wild-card and
were used to broaden the search by finding multiple words that start with the same letters):
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Table 1 Admission/exclusion criteria. Admission/exclusion criteria for hard-bottom review.

Criteria Include Exclude

Peer-reviewing Peer-reviewed Everything else
Text Language English Everything else
Ecosystem Natural and artificial hard-bottom reefs in marine or

contiguous salt water environments (i.e., fjords and
estuaries)

Biogenic reefs or other structures placed at non-marine
environments

Target species Fish species managed by ICES No fish species managed by ICES present
Location North hemisphere, temperate zone (not including

Mediterranean Sea)
Mediterranean Sea, everything else

Type of study Field studies Everything else
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(n = 45)

RECORDS EXCLUDED BASED ON ABSTRACT 
REVIEW
(n = 136)

FULL-TEXT ARTICLES EXCLUDED,
WITH REASONS

(n = 116)

RECORDS EXCLUDED BASED ON TITLE REVIEW
(n = 2,036)

Figure 1 PRISMA flow diagram for our hard-bottom systematic review showing numbers of articles at
different stages in the review.

Full-size DOI: 10.7717/peerj.14681/fig-1

Fish attraction, fish production, fish biomass, fish diversity, fish growth, fish survival,
fish density, fish migration, demographic rate*, fish reproduction, fish mortality and fish
juvenile*, feeding, nursery, spawn*.
Ecosystem-related keywords: Hard bottom, rocky reef*, stone reef*, riprap, seawall*,
groin*, groyne*, offshore wind energy structure*, wind farm*, wind turbine*, artificial
reef*, fish attraction device*, FAD*, shipwreck*, oil rig*, oil platform* oil pipe*, gas rig*,
gas platform*, gas pipe*, offshore platform*, rig* to reef*, decommission*.
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Table 2 Total number of articles (no parentheses) and percentage of articles in relation to the total of articles (in parentheses) for each of the
top eight fish species that were most commonly selected in our review, in relation to the different ecological variables of interest in the review.
The groups of variables are organized into the following order: community-, fitness-, reproduction- and distribution-related (from top to bottom;
terms defined in the Materials & Methods section). In the ‘‘Total’’ column, the percentage of articles is shown in relation to the total number of ar-
ticles reviewed (i.e., 45). Note that any given article may simultaneously target more than one species and/or variable. Most research has targeted
few species (i.e., cod, herring, and saithe) and a limited set of variables (i.e., biomass, density, biodiversity, and feeding). Full genus names given in
‘‘Species-related keywords’’ section.

G. morhua C. harengus P. virens M. surmu.a M. merlangus P. pollachius P. platessa S. solea Total

Biomass 3(12) 1(8.3) 1(9.1) 3(30) 3(30) 2(22.2) 1(11.1) 0(0) 6(13.3)
Density 15(60) 6(50) 5(45.5) 7(70) 7(70) 6(66.7) 7(77.8) 5(62.5) 24(53.3)
Biodiversity 6(24) 4(33.3) 5(45.5) 7(70) 6(60) 5(55.6) 5(55.6 7(87.5) 15(33.3)
Condition 3(12) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 3(6.7)
Mortality 2(8) 2(16.7) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 3(6.7)
Growth 1(4) 0(0) 1(9.1) 0(0) 0(0) 0(0) 0(0) 0(0) 2(4.4)
Feeding 8(32) 2(16.7) 4(36.4) 1(10) 1(10) 2(22.2) 2(22.2) 0(0) 12(26.7)
Spawning 1(4) 4(33.3) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 5(11.1)
Nursery 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Settling 1(4) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 1(2.2)
Diel cycle 4(16) 1(8.3) 2(18.2) 1(10) 1(10) 2(22.2) 1(11.1) 1(12.5) 4(8.9)
Site fidelity 3(12) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 3(6.7)
Migration 1(4) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 1(2.2)
Total 25(55.6) 12(26.7) 11(24.4) 10(22.2) 10(22.2) 9(20) 9(20) 8(17.8) 45

Notes.
aMullus surmuletus.

Species-related keywords: Alopias spp., Amblyraja radiata, Ammodytes spp., Anguilla
anguilla, Aphanopus carbo, Argentina silus, Beryx spp., Brosme brosme, Capros aper,
Centrophorus squamosus, Centroscymnus coelolepis, Cetorhinus maximus, Chelidonichthys
cuculus, Clupea harengus, Coryphaenoides rupestris, Dalatias licha, Dicentrarchus labrax,
Dipturus batis-complex, Engraulis encrasicolus, Gadus morhua, Galeorhinus galeus, Galeus
melastomus,Hoplostethus atlanticus, Lamna nasus, Lepidorhombus spp., Leucoraja circularis,
Leucoraja fullonica, Leucoraja naevus, Limanda limanda, Lophius budegassa, Lophius
piscatorius, Macrourus berglax, Mallotus villosus, Melanogrammus aeglefinus, Merlangius
merlangus, Merluccius merluccius, Micromesistius poutassou, Molva dypterygia, Molva
molva, Mullus surmuletus, Mustelus spp., Pagellus bogaraveo, Phycis blennoides, Platichthys
flesus, Pleuronectes platessa, Pollachius pollachius, Pollachius virens, Raja brachyura, Raja
clavata, Raja microocellata, Raja montagui, Raja undulata, Reinhardtius hippoglossoides,
Rostroraja alba, Salmo salar, Salmo trutta, Sardina pilchardus, Scomber scombrus,
Scophthalmus maximus, Scophthalmus rhombus, Scyliorhinus canicula, Scyliorhinus stellaris,
Sebastes spp., Solea solea, Sprattus sprattus, Squalus acanthias, Squatina squatina, Trachurus
picturatus, Trachurus trachurus, Trachyrincus scabrus, and Trisopterus esmarkii.
Location-related keywords: Belgium, Canada, Denmark, Estonia, Finland, France,
Germany, Iceland, Ireland, Latvia, Lithuania, Netherlands, Norway, Poland, Portugal,
Russia, Spain, Sweden, United Kingdom, United States of America, Northeast Atlantic,
Atlantic Iberian, Biscay, English Channel, Bristol Channel, North Sea*, Irish Sea*,
Cantabrian Sea*, Belt Sea*, Bothnian Sea*, Celtic Sea*, Azores, Skagerrak, Kattegat,
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Bornholm, Baltic, Gulf of Gdansk, Gulf of Riga, east Gotland, Faroe grounds, Iceland
grounds, Greenland, Rockall, Bothnian bay, Reykjanes Ridge, Dogger bank*, Viking bank*,
Bergen bank*.
Negative (Excluded) keywords: Biogenic reef*, eelgrass, mussel bed*, coral reef*, tropical,
subtropical, Australia, Mediterranean, Caribbean, Indian Sea.

Data extraction
Our primary question was: ‘‘What is the habitat importance of hard-bottom natural
and artificial structures for temperate fish species managed by ICES?’’ To answer this
question, for each article we determined the studied habitat, the ecosystem type, and
species targeted, as detailed below. We broke down habitat importance into the following
fourmain components: (1) distribution-related variables, (2) community-related variables,
(3) fitness-related variables, and (4) reproduction-related variables (see details below).

Habitat importance
Fish species receive numerous benefits from benthic habitats, such as food, shelter, or
spawning grounds. Such benefits may translate into measurable demographic variables
(e.g., growth, survival, biomass, spawning rates), which allow researchers to assess the
importance of various habitats. We initially grouped the data into the following four broad
categories: (1) species distribution, (2) community, (3) fitness, and (4) reproduction.
Distribution-related variables included articles targeting diel cycles, site fidelity, or
migration patterns. Community-related variables included articles targeting fish biomass,
density, or biodiversity. Fitness-related variables included articles targeting condition,
mortality rates, growth, and feeding. Lastly, reproduction-related variables included
articles targeting spawning habitats, nursery potential, and settling (both of adults to newly
formed habitats or of juveniles).

Ecosystem type
A species’ ecological niche may encompass different ecosystems. Therefore, we targeted
coastal marine environments and transitional areas, such as fjords and estuaries. Though
we excluded biogenic reefs, we did include literature that dealt with macrophyte cover in
temperate regions.

Target species
To improve future fisheries management, this review included fish species targeted for
advice by the International Council for the Exploration of the Sea (ICES). Targeted species
are listed above in ‘‘Species-related keywords.’’

RESULTS & DISCUSSION
Our study indicates that hard-bottom substrates may benefit multiple fish groups, such
as elasmobranchs (e.g., Martin et al., 2012; Rodríguez-Cabello et al., 2008), gadoids (e.g.,
Reubens, Degraer & Vincx, 2014; Ross, Rhode & Quattrini, 2015; van Hal, Griffioen & van
Keeken, 2017), and other teleosts such as seabass (Dicentrarchus labrax ; Leitão et al., 2008).
Furthermore, hard substrates serve as: (1) stepping stones, where species may find shelter
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during migration events (Gascon & Miller, 1982), (2) spawning grounds for demersal
eggs (Johannessen, 1986), (3) settlement grounds for young fish migrating out of nurseries
(Santos, Monteiro & Lasserre, 2005), (4) foraging areas with increased prey densities (Leitão
et al., 2008) or (5) new home ranges, with newcomers developing high site fidelity rates, as
observed for novel constructions such as marine wind farms (Reubens et al., 2013).

Review selection process
The search process returned an initial 2,651 articles, paring down to 2,333 articles after
exclusion of duplicate references. Of those, 45 articles were returned after the subsequent
screening criteria and were examined for full-text data extraction (as detailed below and in
Fig. 1).

Title analysis
The title reviewing process led to the exclusion of 2,036 articles (87% of the initial 2,333),
leaving 297 articles for abstract analysis. Most of the exclusions (54%) represented off-
topic articles dealing with, for example, energy production, aquaculture, human health,
oil spills, or physiology. Additionally, 35% of the excluded articles were explicitly related
to non-target organisms (e.g., zebrafish, rainbow trout, invertebrates). A total of 9.5%
excluded articles that either studied non-target locations or other ecosystems (e.g., Hawaii
or soft-bottom ecosystems, respectively). Lastly, 1.4% of the excluded titles either did not
correspond to peer-reviewed articles or were not written in English.

Abstract analysis
From the 297 analysed abstracts, a total of 136 failed to comply with the inclusion criteria
(46%), leaving 161 articles for full text analysis. Most of the exclusions represented articles
related to non-target species (32%), followed by articles that did not relate to the target
topics (25%). A total of 30% excluded articles either studied non-target locations or
other ecosystems. Additionally, 13% of the analysed search results were not from the
peer-reviewed literature.

Full text analysis
From the 161 full texts analysed, 116 (72%) did not comply with the exclusion criteria.
Most of the articles were excluded based on location (49%), corresponding mostly to
studies targeting rockfish in the Pacific Ocean. A total of 21% exclusions represented
articles related to non-target species, while 13% studied non-target ecosystems and 7% did
not relate to the target topics. A total of 11 articles were excluded for ‘‘other’’ reasons: four
were not peer-reviewed, four were reviews, and for three it was not possible to obtain a
full text version of the document. Therefore, the review focused on 45 studies distributed
along the Baltic and North Seas and northern Atlantic Ocean (Fig. 2). We quantified the
numbers of articles or percentage of articles reviewed as a function of the various response
variables emphasized.
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Figure 2 Geographical distribution of the articles that were included in the review.
Full-size DOI: 10.7717/peerj.14681/fig-2

Articles reviewed as a function of response variables emphasized
Distribution-related variables (i.e., diel cycle, site fidelity, migration) were studied in six
articles (13.4%). These targeted primarily site fidelity and migration patterns of Atlantic
cod (Gadus morhua; e.g., Reubens et al., 2014; Reubens, Degraer & Vincx, 2014).

Community-related variables (i.e., density, biodiversity, biomass) were the most
frequently studied amongst the articles reviewed, being analysed in two thirds of the
studies (Fig. 3). Most research targeted a few species (i.e., Atlantic cod, herring (Clupea
harengus), and saithe (Pollachius virens)) and a limited set of variables (i.e., biomass,
density, biodiversity, and feeding). Cod was the species most commonly studied in
community-related (i.e., density, biodiversity, biomass) studies (Table 2).

Fitness-related variables (i.e., condition, mortality, growth, feeding) were studied in
17 articles (38% of the total number of analysed articles). Feeding was studied primarily
on cod and saithe, showing a tendency for fish use of hard-bottom habitats for foraging
(Fig. 4; e.g., Johannessen, 1986; Malek, Collie & Taylor, 2016; Wennhage & Pihl, 2002).
Interestingly, with the exception of cod, little research has been carried out on the remaining
fitness-related variables (Table 2).

Reproduction-related variables (i.e., spawning, settling, nursery) were studied in six
articles (13.4%). Spawning was studied primarily on herring and cod, with articles on
nursery and settling being almost absent for other species in the reviewed literature (Table
2). From the species targeted in our review, hard-bottom substrates appeared to be of
particular importance for herring spawning (Aneer & Nellbring, 1982; Johannessen, 1986;
Kääriä et al., 1997; Šaškov et al., 2014).

There was a clear predominance in the study of community-related variables in the
analysed research (Fig. 3). Broadening the scope of studied variables and targeted species
may prove essential to fully understand the relationships between hard-bottom reefs
and commercially important species. For example, more quantitative research at the
community level reveals the value of hard-bottom habitats for fish populations (essential
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fish habitat, sensu Valavanis, 2008; or effective habitat, sensu Dahlgren et al., 2006), and
integrating this information into assessment and management may provide considerable
advances towards ecosystem-based fisheries management (e.g., fish production estimates
that can be monetized).

Ecosystems explored
Research was nearly equally distributed across natural and artificial reef structures, with
26 and 27 articles related to each, respectively, and eight targeting both natural and
artificial structures simultaneously (Fig. 4, Table 3). Furthermore, 21 articles (46.7%) that
resulted from our search performed comparisons of hard-bottomhabitats with soft-bottom
habitats. The review indicated that different regions of the world have different research
foci. All articles on the north-western shore of the Atlantic Ocean focused on natural reefs,
with one article also targeting an intentional artificial reef (Fig. 5). Similarly, there was
a greater focus on natural reef research in the Baltic Sea, with nine out of eleven articles
targeting natural reefs, as well as three articles targeting artificial de facto reefs, and only
one article targeting intentional artificial reefs. Conversely, in the North Sea, only three
out of 15 articles targeted natural reefs, while 14 targeted de facto artificial reefs (most
of which explored the effects of wind farms). Finally, on the north-eastern coast of the
Atlantic Ocean, there were nearly equal numbers of articles on natural and artificial reef
research (six and five articles, respectively, plus two articles that targeted both reef types
simultaneously). However, of the articles targeting artificial reefs, only one studied de facto
artificial reefs, while the remaining explored artificial intentional artificial reefs. There
was a noticeable paucity of studies in the northern regions. Additionally, most of the
analysed research has been conducted near-shore. Broadening the scientific knowledge on
the importance of different habitats, areas, and regions along a depth gradient away from
shore may provide crucial insights for future management.

Frequently studied species
There has been a consistent research effort towardsmultiplemorphological and behavioural
aspects of cod, with this species being researched twice as frequently as herring, the
second-most-researched species (25 vs 12 articles, respectively; Table 2). Furthermore,
while research on cod and herring is spread across the four groups of ecological variables
considered in our review (i.e., species distribution, community, fitness, reproduction),
research is lacking for most reviewed species on variables not related with community (e.g.,
condition, settling, site fidelity; Table 2).

The presence of hard-bottom habitat was associated with enhanced biomass in cod
and saithe and, conversely, was negatively associated with biomass in herring and whiting
(Merlangius merlangus; Fig. 6). Most articles compared fish densities in multiple habitats,
and higher densities of cod on hard-bottom habitats were demonstrated in several articles,
with only one article suggesting fewer cod on hard-bottom compared to adjacent soft-
bottom habitats. Both positive and negative relationships of hard-bottom habitats with
density were demonstrated for herring, saithe, striped red mullet (Mullus surmuletus),
whiting, pollock (Pollachius pollachius), plaice (Pleuronectes platessa), and sole (Solea
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Table 3 Distribution of articles per fish species and different hard-bottom structures. Artificial reefs are further split into intentional and de
facto reefs, with de facto reefs further subdivided into the various structures that form de facto reefs. ‘‘Other’’ includes wave-energy foundations and
coastal-protection structures (i.e., riprap and breakwater tetrapods). The percentage of articles in relation to the total of articles for each species is
shown in the brackets. In the ‘‘Total’’ column and row, the proportion of articles is shown in relation to the total number of articles reviewed (i.e.,
45). Note that any given article may simultaneously target more than one species and/or more than one hard-bottom structure. Overall, data show
an even distribution of research between natural and artificial reefs, despite the spatial patterns noted in Fig. 4. Full genus names given in ‘‘Species-
related keywords’’ section.

G. morhua C. harengus P. virens M. surmu.a M.merlangus P. pollachius P. platessa S. solea Total

Natural Reefs 12(48) 9(75) 9(81.8) 5(50) 5(50) 7(77.8) 5(55.6) 3(37.5) 26(57.8)
Artificial Reefs 18(72) 4(33.3) 7(63.6) 6(60) 7(70) 4(44.4) 6(66.7) 7(87.5) 27(60)
Intentional 3(12) 1(8.3) 3(27.3) 2(20) 1(10) 3(33.3) 1(11.1) 2(25) 8(17.8)
De facto 15(60) 3(25) 4(36.4) 4(40) 6(60) 1(11.1) 5(55.6) 5(62.5) 19(42.2)
Wind Farms 10(40) 3(25) 1(9.1) 3(30) 6(60) 0(0) 5(55.6) 5(62.5) 12(26.7)
Shipwrecks 3(12) 0(0) 1(9.1) 1(10) 1(10) 0(0) 1(11.1) 0(0) 4(8.9)
Platforms 2(8) 0(0) 3(27.3) 0(0) 0(0) 0(0) 0(0) 0(0) 3(6.7)
Other 3(12) 0(0) 0(0) 1(10) 0(0) 1(11.1) 0(0) 0(0) 4(8.9)
Total 25(55.6) 12(26.7) 11(24.4) 10(22.2) 10(22.2) 9(20) 9(20) 8(17.8) 45

Notes.
aMullus surmuletus.

m

Figure 5 Distribution of articles with grouping of studied reef structures.Natural reefs only (down-
ward pointing green triangles); artificial reefs only (upward pointing blue triangles); both natural and arti-
ficial reefs (orange diamonds).

Full-size DOI: 10.7717/peerj.14681/fig-5

solea). Cod, herring, saithe, striped red mullet, whiting, and pollock appeared to benefit
from foraging on hard-bottom habitat (i.e., for plaice feeding, only negative relationships
of hard-bottom habitats were reported, as plaice feed less frequently over hard-bottom
habitats). Few articles targeted spawning on hard-bottom habitats, and those that did
reported associated benefits for cod and herring.
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research. Given the variety of methods used in literature the effects are listed as positive, neutral or nega-
tive. When no comparison was performed with a different substrate, the effect was considered unknown.
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Changes in fish distribution
Research has demonstrated positive effects of the presence of hard-bottom substrates
on cod biomass and density (e.g., Krone et al., 2013; Pihl & Wennhage, 2002). With a few
exceptions, natural hard-bottom habitats and artificial reefs harbor significantly higher
abundances of fish than adjacent unstructured habitats (Rodríguez-Cabello et al., 2008;
Fujii, 2016). Fish movement patterns reflected relatively high site fidelity to structures (e.g.,
Hartman, 1987; Reubens et al., 2014; Reubens, Degraer & Vincx, 2014), and the stomach
contents of fish residing on reefs (excluding biogenic reefs) reflected the prey assemblages
associated with the reefs (e.g., (Reubens et al., 2014)), suggesting extended residency and
foraging in the reef areas. Interestingly, catch per unit effort (CPUE) of cod was greater
adjacent to wind farms than in shipwrecks in the Belgian part of the North Sea (Reubens,
Degraer & Vincx, 2014), suggesting attraction towards wind farms. It is important to note
that the studied wind farms were closed to fisheries, while the shipwreck sites had no
fisheries restrictions, possibly biasing the comparison.

Gadoids such as saithe, haddock (Melanogrammus aeglefinus) and cod were the most
common species at the ‘‘Miller’’ oil and gas platform in the North Sea (Fujii, 2016). Cod
abundance was approximately four times higher at the platform than in nearby shipwrecks
or sandy bottom. Using trawl data, Martin et al. (2012) modeled distributions of ten
demersal elasmobranchs in the eastern English Channel in relation to the environment,
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with female small-spotted catshark (Scyliorhinus canicula) occurring at higher densities on
hard than soft substrate.

Within four years after the deployment of artificial reefs in an area previously closed to
trawl fisheries in the Bay of Biscay, there was a rapid increase in the biomass of small-spotted
catshark (Rodríguez-Cabello et al., 2008). Importantly, four to eight years after deployment,
axillary sea-bream (Pagellus acarne), horse mackerel (Trachurus trachurus), and striped red
mullet demonstrated significant increases in biomass. The observation that horse mackerel
responded positively to the addition of artificial reefs demonstrates that schooling pelagic
species may also benefit from these hard-bottom habitats.

Reefs (excluding biogenic reefs) may also enhance economic returns. For example, in
one location, reefs near Algarve and Faro, Portugal, raised catch rates and economic returns
(Neves Santos & Costa Monteiro, 1998). Specifically, CPUE at the reefs exceeded CPUE at
the control sites by a factor of 2.03–2.28 for the protected reef and by a factor of 1.11–1.86
for the exploited reef. In some artificial reef systems, the economic return per unit of effort
was higher at the reefs than at the control sites. Fishing on artificial reefs would be expected
to yield 2.2 times the economic return compared to the control sites (Neves Santos &
Costa Monteiro, 1998). The productivity of reefs increased throughout the 15-year period,
implying that the interaction between the hard substrate and the marine environment
may take many years to produce the full effects on the carrying capacity (Whitmarsh et al.,
2008). A distinct spatial pattern of fishing activity around the reefs was detected, with a
concentration of fishing gear on the periphery of the reef area and a lower gear density at
farther distances. A concentration of fishing gear nearby the reef would suggest that the
improved fishing opportunities offered by the reefs have been recognized by fishermen.
Fishermen likely take advantage of the spill-over of fish from the reefs, consistent with
recent studies (Rosemond et al., 2018).

The inclusion of quantitative data on hard-bottom habitats in the monitoring of fish
populations may further resolve a mismatch between fish population assessments and
catches in fisheries of several fish species with a patchy distribution due to their high
affinity for hard-bottom habitats (e.g., cod; Wieland et al., 2009). The mismatch between
fish population assessments and catches of fish species with a patchy distribution may
be further exacerbated during stock recovery, where the most suitable habitats (i.e., hard
bottoms) will be populated first according to the ideal free distribution theory of MacCall
(1990).

Not all fish species benefit from hard-bottom or marine constructed structures. Neutral
or negative relationships with biomass and density were recorded for flatfish such as plaice
(Pleuronectes platessa) and sole (Solea solea), as well as for whiting (Merlangius merlangus).
For example, Støttrup et al. (2014) found decreasing densities of sole post restoration of
a natural reef, and Bergström, Sundqvist & Bergström (2013) only found whiting before
the implementation of a wind farm. Neutral or negative relationships with hard-bottom
habitat for some species reflects the preferred habitat of the different species, with both
flatfish and whiting occurring primarily on soft-bottom habitats (Stål, Pihl & Wennhage,
2007).
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The rapid growth of offshore wind farms, coupled with the high abundance and biomass
of fish associated with wind farms, suggest that these de facto marine protected areas
(MPAs) could be relatively easy to enforce, serve as broodstock sanctuaries that benefit
fished populations, and optimize use of the seafloor (Fowler et al., 2018). Moreover, the
economic impact of artificial reefs also appears high relative to unstructured control sites.
Although the potential positive relationships of artificial reefs with fish populations are
encouraging, it is important to recognize the attraction effect of artificial reefs and how
such a process can facilitate overfishing (Bohnsack, 1989; Smith, Lowry & Suthers, 2015,
and references therein). Artificial reefs, however, can also enhance growth and survival, for
example by providing hard substrate for sessile fouling communities that provide food to
fish (Todd, Lavallin & Macreadie, 2018). Quantitative evidence may also guide modeling
efforts to assess the role of artificial reefs on population dynamics of exploited species.
Lastly, given that unstructured seafloor (i.e., flat, soft-bottom habitat) can be many orders
of magnitude greater in areal footprint than artificial reefs, it is important to recognize that
unstructured habitats can serve as effective juvenile habitat (sensu Dahlgren et al., 2006)
for exploited fishery species. Unstructured habitat is especially important for species for
which ICES gives advice. For example, in comparing coastal habitat use among various
structured (e.g., seagrass, kelp, marsh) and unstructured habitats, subtidal soft-bottom was
the habitat used as a spawning or nursery area by the largest proportion of ICES species
examined, with intertidal soft-bottom habitat as the next most important habitat (Seitz et
al., 2014).

Habitat heterogeneity enhances biodiversity
Overall, both natural and artificial hard-bottom or reef structures tend to have a high
attraction potential and house densities of fish superior to surrounding habitats (e.g.,
Bergström, Sundqvist & Bergström, 2013; Støttrup et al., 2014; Whitmarsh et al., 2008). In
one study, natural structured habitats (rock, shell, rubble) compared to bare sand had
positive effects on density, growth, and survival of juvenile fishes and invertebrates, with
a greater positive effect for arthropod invertebrates than vertebrates (Lefcheck et al., 2019).
When man-made structures are placed on surrounding soft-bottom areas (e.g., wind
turbine foundations, oil platforms), they represent beacons of habitat heterogeneity that
are capable of attracting new residents (Gascon & Miller, 1982; Stenberg et al., 2015; Castège
et al., 2016; Fujii, 2016). For example, cod appeared to have a clear affinity for hard-bottom
substrates, with increased fish densities and/or biomass near natural hard-bottom reefs
(Stål, Pihl & Wennhage, 2007; Støttrup et al., 2017; Kristensen et al., 2017), offshore wind
farms (Bergström, Sundqvist & Bergström, 2013; Reubens et al., 2013; van Hal, Griffioen &
van Keeken, 2017), oil-platforms (Fujii, 2015), shipwrecks (Wieland et al., 2009; Krone et
al., 2013) and other man-made structures (Langhamer & Wilhelmsson, 2009; Wehkamp
& Fischer, 2013). Similarly, pollock generally restricted their movement to a submerged
reef area in Loch Ewe, Scotland, while saithe ranged more widely during daytime and
returned to the reef during night-time (Sarno, Glass & Smith, 1994). Specific age groups
of cod and pouting (Trisopterus luscus) can have high residency and site fidelity to the
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bases of marine wind turbines, feeding on the dominant epifaunal prey growing on these
introduced habitats (Reubens et al., 2014; Reubens, Degraer & Vincx, 2014).

Different species react differently to the addition of hard-bottom substrates, and recent
literature reports on various outcomes even within a species. For example, whiting can
occur in relatively high abundance on hard substrates (e.g., shipwrecks and offshore
wind farms; Krone et al., 2013; Lindeboom et al., 2011; Pihl & Wennhage, 2002), as well as
on soft substrates (Stål, Pihl & Wennhage, 2007; van Hal, Griffioen & van Keeken, 2017).
Additionally, in some cases, the attraction of reef-associated demersal fish species such
as bogue (Boops boops), horse mackerel, and axillary sea-bream may make them more
vulnerable to predation, as the probability of prey–predator encounters increases compared
to unstructured habitats (Leitão et al., 2008). Lastly, some commercially important species,
such as dab (Limanda limanda) and sole, may avoid rocky substrates, with decreasing
abundances whenever there is a shift from soft to hard bottom (van Hal, Griffioen & van
Keeken, 2017). Thus, the relationship of hard-bottom structures with fish distribution and
abundance patterns in the North Sea and Baltic Sea are species-dependent, a factor that
must be considered during management and restoration actions.

Improved fitness and reproduction capacity
Selection by fish for complex, hard-bottom habitats generally improved fitness in those
species occupying these habitats. Enhanced foraging opportunities improved condition in
cod and pouting when occupying wind farm areas (De Troch et al., 2013). However, this
is not always the case. For example, Mathers, Houlihan & Cunningham (1992) examined
growth rates in saithe using biochemical indicators and found no differences in growth
rates on an oil platform as compared to the open sea. Further, while pouting condition
was enhanced in a wind farm area relative to sandy areas, condition of cod was similar in
both habitat types (Reubens, Degraer & Vincx, 2014). The similar growth rates or condition
of fish on oil platforms or wind farms compared to unstructured areas suggests that
although production was evident on a local scale (i.e., wind farm foundations), this may
have had little effect on the larger spatial scale (i.e., the Belgian part of the North Sea). In a
related example, oil and gas platforms in the North Sea provided unique feeding grounds
for commercially important gadoids such as cod, saithe, and haddock (Fujii, 2016). For
example, haddock predominantly consumed ophiuroids that occurred in high abundances
on platforms at all depths, whereas temporal changes in the presence and abundance of
saithe reflected the occurrence and availability of euphausiids (Fujii, 2016). These findings
indicate that gadoids utilized the platform for foraging.

A tagging study revealed that spawning activities of cod in the Gulf of Maine occurred
around specific bottom features, such as humps and ridges (Siceloff & Howell, 2013). Cod
tended to move in groups after spawning, as 14 of 26 tagged and recaptured cod shifted to
deep water (>100m) within 23 to 50 days after tagging, with females tending to leave before
males. While these findings indicate that the pelagic spawning of cod may be associated
with large offshore hard-bottom structures, relatively shallow, complex habitats with rocks
and cobble may enhance survival among the juveniles after benthic settling (Tupper &
Boutilier, 1995).

Flávio et al. (2022), PeerJ, DOI 10.7717/peerj.14681 16/30

https://peerj.com
http://dx.doi.org/10.7717/peerj.14681


A recent study highlighted the potential role of offshore oil and gas platforms as spawning
sites for lumpsucker (Cyclopterus lumpus; Todd, Lavallin & Macreadie, 2018). C. lumpus
was observed during different stages of reproduction on an offshore oil and gas structure
in the North Sea, providing novel evidence of spawning offshore at depths of around 40–45
m. Examples from the literature also show positive relationships of hard-bottom habitats
with spawning and recruitment for several fish species, with much of the relevant literature
coming from natural hard-bottom habitats. In a survey of natural hard bottoms in western
Norway, spawning of herring generally occurred on hard-bottom substrates down to a
depth of 10 m, with little evidence of spawning on soft-bottom habitats (Johannessen,
1986).

In the Baltic Sea, the vegetation usually attached to hard substrates seems to play an
important role for successful spawning of Baltic herring (C. harengus membras). In a
survey of natural hard bottoms in the northern Baltic Sea (Sweden), herring eggs were
only found on filamentous algae (Pilayella littoralis) attached to hard substrates (Aneer
& Nellbring, 1982) and not on the surrounding hard or soft bottoms. Likewise, in the
southwestern archipelago of Finland, Baltic herring spawning beds occurred in areas with
vegetation growing on hard bottoms (down to a depth of 4 m); usually close to the regions’
deepest zones (down to 60 m depth; Kääriä et al., 1997). The complex habitat established
by the algae may provide refuge from predators, as birds and other fish are responsible
for a majority of the predation of herring eggs (Aneer & Nellbring, 1982). Areas without
spawning beds generally had soft sediments with narrow bands of vegetation. Filamentous
green algae (Cladophora sp.), brown algae (Ectocarpus sp., Pilayella sp.) and Potamogeton
pectinatusmade up the most common vegetation where divers observed eggs (Kääriä et al.,
1997). For Baltic herring spawning on the Lithuanian coast (eastern coast of the Baltic),
eggs were found on red algae Furcellaria lumbricalis and Polysiphonia fucoides, as well as
hard habitat covered with mussels at 4–8 m depth (Šaškov et al., 2014). The dependence of
Baltic herring on vegetation as substrate for the eggs may render this species vulnerable to
pressures such as eutrophication that negatively affect macroalgal growth.

Modeling studies can be informative in assessing the effects of habitat on recruitment
success. One model was used to assess the effects of MPAs on juvenile cod recruitment
success (Lindholm et al., 2001). MPAs can maintain habitat complexity (i.e., more pebble-
cobble substratum) compared to areas that are fished with dredges or trawls that damage
the seafloor and reduce complexity (Ocean Studies Board & National Research Council,
2002). Modeled survival of juvenile cod on natural reefs showed that survival was density-
dependent (i.e., affected by predation or cannibalism; Wikan & Eide, 2004) and increased
with seafloor habitat quality (modeled as increased size of an MPA). Juvenile cod had
higher survival rates at low densities and in largeMPAs, thus linking juvenile cod survival to
seafloor habitat complexity (Lindholm et al., 2001). Modeled improved survival associated
with complex sea-floor habitats is consistent with previous laboratory studies and may
explain why various fish species prefer habitats with gravel and cobble where they can find
shelter in the crevices (Gotceitas & Brown, 1993; Christoffersen et al., 2018).

The review process that we used did not include all commercially important species,
but rather was targeted towards species important for management by ICES, and we
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only examine temperate, non-biogenic reefs. The results from our study are limited to
those specific species and the physical structure provided by hard-bottom, non-biogenic
habitats. Our search terms were very specific and we acknowledge that this approach may
have missed relevant research from habitats that we excluded. Therefore, interpretations
of these data apply only to the species and habitats we incorporate.

Recent case studies
Although the literature for this study was not reviewed beyond those articles published
in early April 2017, a related study reviewing methods that have examined the nursery
role of different habitats included search terms relevant to hard-bottom habitats and
fishery species of interest to ICES (Ciotti et al., in prep.). We highlight several recent case
studies below that reflect this updated literature review. In the first example (Elliott et
al., 2017), stereo baited remote underwater video (SBRUV) surveys were conducted in
the nearshore, Scottish waters of the Firth of Clyde during summer 2013 and 2014 to
determine the habitat of juvenile Atlantic cod, haddock and whiting. The fishery stocks
of all three species declined in the late 20th century, and recruitment and spawning stock
biomass remains relatively low in the Firth of Clyde despite efforts to re-build the stocks
(Fernandes & Cook, 2013; Holmes et al., 2014; International Council for the Exploration of
the Sea , 2016a; International Council for the Exploration of the Sea , 2016b; International
Council for the Exploration of the Sea , 2016c). Understanding juvenile gadoid habitat is
particularly important given that settlement and post-settlement survival is thought to be
the best means to understanding gadoid population regulation (Olsen & Moland, 2011;
Laurel, Knoth & Ryer, 2016). Atlantic cod were most abundant in shallow, sheltered areas
composed of gravel −pebble containing maerl unattached coralline algae. Haddock and
whiting predominated over deeper sand and mud. Relative abundances of Atlantic cod and
whiting were positively related to the diversity of epibenthic and demersal fauna. Thus,
spatial conservation measures to benefit demersal fish should consider habitat type and
diversity (Elliott et al., 2017).

Another case study examined the environmental benefits of leaving de-commissioned
offshore infrastructure, such as oil and gas platforms and wind turbines, in the ocean due
to benefits such as biodiversity enhancement, provision of reef habitat, and protection
from bottom trawling (Fowler et al., 2018). The rationale for this study was that the in
situ ecosystem value of platforms and the negative impacts of removal are not factored
into decommissioning decisions in regions such as the North Sea, where over 80% of oil
structures are more than a decade old (OSPAR Commission, 2017) and are likely integrated
to at least some extent into existing ecosystems (Fowler et al., 2018). The removal policy is
based on the assumption that ‘‘leaving the seabed as you found it’’ will minimize negative
impacts on themarine environment. A total of 200 experts spanning academia, government,
and private organizations were sent surveys seeking their opinions on the following: (1)
appropriateness of the current removal policy, (2) identification of viable alternatives
to complete removal of offshore infrastructure, (3) key environmental considerations
and trade-offs for decommissioning decisions, and (4) advice on decommissioning
considerations between platforms and wind turbines. Of most relevance to this review
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of hard-bottom habitats, 78% of the 40 respondents thought that artificial habitats with
environmental value should be maintained and protected due to enhanced ecosystem
services (Fowler et al., 2018). Evidence includes harboring threatened species (Bell & Smith,
1999), providing reef habitat (Coolen et al., 2020), boosting recruitment of overfished
species (Love et al., 2006), producing fish biomass at a greater rate than any other marine
ecosystem (by as much as a factor of ten; (Claisse et al., 2014)), and acting as foraging
sites for top-order predators (Todd et al., 2009). Fowler et al. (2018) concluded that the
traditional view that artificial structures must be removed from marine ecosystems simply
because they do not ‘‘belong’’ there has shifted to one of environmental optimization based
on comparative assessment (Fowler, Macreadie & Booth, 2015). Each decommissioning
option will have positive and negative impacts that must be carefully weighed, while also
accounting for site-specific characteristics and the broader environmental context of the
disturbance.

CONCLUSIONS AND IMPLICATIONS FOR MANAGEMENT
Our systematic review found that Atlantic cod, the most frequently studied species of the
group of species managed by ICES, had increased biomass, density, feeding, and spawning
associated with hard-bottom habitats compared to unstructured habitats. Spawning of
herring increased on hard-bottom habitats, which appear to be of importance for this
species. We detected that most research was conducted on Atlantic cod, herring, and
saithe, and the most commonly studied variables included biomass, density, biodiversity,
and feeding. Cod was the species most commonly studied, and studies were mostly
on community-related variables (i.e., density, biodiversity, biomass). However, not all
responses to the presence of hard-bottom habitat were positive. For herring, saithe,
striped red mullet, whiting, pollock, plaice, and sole, we quantified positive and negative
relationships between fish density and hard-bottom habitats. Thus, we achieved our goal
of summarizing the existing information on ICES-managed fish species and their use of
temperate hard-bottom habitats. This information should help inform scientists interested
in the ecological function of hard-bottom habitats for some key fish species, and inform
managers and conservation groups focused on coastal habitats of the potential importance
of hard-bottom habitats to certain fish species.

Natural hard-bottom reefs, if removed or destroyed, can only be restored by human
intervention. Thus, it would be wise if management focuses on protecting natural reefs and
finding the most cost-effective solutions for restoring reefs. In support of ecosystem-based
fisheries management, research should provide additional scientific information on the
value of hard-bottom habitats for biodiversity or for individual species on a local, national
and regional scale. While this information is slowly being produced (e.g., Christoffersen
et al., 2018; Liversage & Benkendorff, 2013; Liversage et al., 2017), the economic value of
hard-bottom habitats remains largely unknown. This is in contrast to other complex
marine habitats (e.g., eelgrass) where several recent studies have estimated the annual
economic values per area (McArthur & Boland, 2006; Tuya, Haroun & Espino, 2014; Cole &
Moksnes, 2016). Similar economic valuation studies are needed for hard-bottom habitats,
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so that policy makers may assess the economic importance of protective measures related
to these habitats. In areas where hard-bottom habitat has been removed or destroyed,
consideration should be given to the economic and ecological benefits or disadvantages
of removing decommissioned marine structures (e.g., Fowler et al., 2018). These structures
could be equated to shipwrecks that become de facto reefs and are generally not removed.

The value of reef habitats and the need for their protection ultimately depends on
the occurrence of that habitat type in the area/region and the potential for hard-bottom
habitats to represent value as a resource. For example, in Denmark, although the extraction
of boulders and larger stones from reef areas has ceased, extraction of smaller stones or
gravel continues to take place, even though these hard bottom types are important habitats
for juvenile eel and cod (Gotceitas, Fraser & Brown, 1995; Christoffersen et al., 2018).

Research should provide the necessary information to allow for an effective restoration
of the functions of destroyed reefs. Studies are increasingly investigating restoration
methodologies for hard-bottom reefs (Støttrup et al., 2017; Liversage & Chapman, 2018).
However, current information is insufficient to conduct a restoration program that is not,
in itself, explorative. From a cautionary standpoint, we recommend that anthropogenic
activities degrading hard-bottom habitats should be carefully considered and weighed
against the accumulating evidence that highlights the importance of various hard-bottom
habitats for several commercially important species.

ACKNOWLEDGEMENTS
This work stemmed from an ICES working group on the Value of Coastal Habitats for
Exploited Species, and we thank all participants of the working group for discussions
leading to insights incorporated in this research.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
Hugo Flávio was supported by COST (European Cooperation in Science and Technology)
Action 15121 ‘‘Advancing marine conservation in the European and contiguous seas’’
(Katsanevakis et al., 2017), by the Horizon 2020 Framework Programme for Research
and Innovation, and by the Ministry of Environment and Food of Denmark through
the Danish Marine Coastal Fisheries Management Program (Marin Fiskepleje). Funding
to David Eggleston was provided by NSF grant OCE-1155609 and NC State University.
Jon C. Svendsen was supported via projects funded by (1) European Maritime and
Fisheries Fund and the Danish Fisheries Agency (33113-B-16-057 and 33113-B-19-142),
(2) the Danish Rod and Net Fish License Funds (39 133), (3) the Velux Foundation, (4)
Vattenfall and (5) the EU Interreg project MarGen. Josianne Støttrup was supported by the
project ‘‘Importance of reef habitats for fish, harbour porpoise and fisheries management’’
(33113-B-16-057) funded by the European Maritime and Fisheries Fund. Support for all
co-authors’ travel to ICES working group meetings was provided by the National Institute
of Aquatic Resources, Technical University of Denmark, MarCons, the Virginia Institute

Flávio et al. (2022), PeerJ, DOI 10.7717/peerj.14681 20/30

https://peerj.com
http://dx.doi.org/10.7717/peerj.14681


of Marine Science, and North Carolina State University. There was no additional external
funding received for this study. The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
European Cooperation in Science and Technology): Action 15121.
Danish Marine Coastal Fisheries Management Program.
NC State University: OCE-1155609.
Danish Fisheries Agency: 33113-B-16-057, 33113-B-19-142.
Danish Rod and Net Fish License Funds: 39 133.
Velux Foundation.
Vattenfall.
EU Interreg project MarGen.
European Maritime and Fisheries Fund: 33113-B-16-057.
National Institute of Aquatic Resources.
Technical University of Denmark, MarCons.
Virginia Institute of Marine Science.
North Carolina State University.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Hugo Flávio conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

• Rochelle Seitz conceived and designed the experiments, performed the experiments,
authored or reviewed drafts of the article, and approved the final draft.

• David Eggleston conceived and designed the experiments, performed the experiments,
authored or reviewed drafts of the article, and approved the final draft.

• Jon C. Svendsen performed the experiments, authored or reviewed drafts of the article,
and approved the final draft.

• Josianne Støttrup conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The code in the R script was used to develop results and comparisons among
various hard-bottom habitats and economically important species and is available in
the Supplementary File.

Flávio et al. (2022), PeerJ, DOI 10.7717/peerj.14681 21/30

https://peerj.com
http://dx.doi.org/10.7717/peerj.14681#supplemental-information
http://dx.doi.org/10.7717/peerj.14681


Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.14681#supplemental-information.

REFERENCES
Aneer G, Nellbring S. 1982. A SCUBA-diving investigation of Baltic herring (Clupea

harengus membras L.) spawning grounds in the Asko-Landsort area, northern Baltic
proper. Journal of Fish Biology 21:433–442 DOI 10.1111/j.1095-8649.1982.tb02849.x.

Bell N, Smith J. 1999. Coral growing on North Sea oil rigs. Nature 402:601.
Bergström L, Sundqvist F, BergströmU. 2013. Effects of an offshore wind farm on

temporal and spatial patterns in the demersal fish community.Marine Ecology
Progress Series 485:199–210 DOI 10.3354/meps10344.

Bohnsack JA. 1989. Are high densities of fishes at artificial reefs the result of habitat
limitation or behavioral preference? Bulletin of Marine Science 44:631–645.

Bombace G, Fabi G, Fiorentini L, Speranza S. 1994. Analysis of the efficacy of artificial
reefs located in five different areas of the Adriatic Sea. Bulletin of Marine Science
55:559–580.

Brock RE. 1994. Beyond fisheries enhancement: artificial reefs and ecotourism. Bulletin of
Marine Science 55:1181–1188.

Castège I, Milon E, Fourneau G, Tauzia A. 2016. First results of fauna community struc-
ture and dynamics on two artificial reefs in the south of the Bay of Biscay (France).
Estuarine, Coastal and Shelf Science 179:172–180 DOI 10.1016/j.ecss.2016.02.015.

Cavanagh RD, Broszeit S, Pilling GM, Grant SM,Murphy EJ, AustenMC. 2016. Valuing
biodiversity and ecosystem services: a useful way to manage and conserve marine
resources? Proceedings of the Royal Society B: Biological Sciences 283:20161635
DOI 10.1098/rspb.2016.1635.

Christie H, Jørgensen NM, Norderhaug KM. 2007. Bushy or smooth, high or low;
importance of habitat architecture and vertical position for distribution of fauna on
kelp. Journal of Sea Research 58:198–208 DOI 10.1016/J.SEARES.2007.03.006.

Christie H, Norderhaug KM, Fredriksen S. 2009.Macrophytes as habitat for fauna.
Marine Ecology Progress Series 396:221–233 DOI 10.3354/meps08351.

ChristoffersenM, Svendsen JC, Kuhn JA, Nielsen A, Martjanova A, Støttrup JG. 2018.
Benthic habitat selection in juvenile European eel Anguilla anguilla: implications
for coastal habitat management and restoration. Journal of Fish Biology 93:996–999
DOI 10.1111/jfb.13807.

Claisse JT, Pondella DJ, LoveM, Zahn LA,Williams CM,Williams JP, Bull AS. 2014.
Oil platforms off California are among the most productive marine fish habitats
globally. Proceedings of the National Academy of Sciences of the United States of
America 111:15462–67 DOI 10.1073/pnas.1411477111.

Cole SG, Moksnes P-O. 2016. Valuing multiple eelgrass ecosystem services in Sweden:
fish production and uptake of carbon and nitrogen. Frontiers in Ecology and the
Environment 2:121 DOI 10.3389/fmars.2015.00121.

Flávio et al. (2022), PeerJ, DOI 10.7717/peerj.14681 22/30

https://peerj.com
http://dx.doi.org/10.7717/peerj.14681#supplemental-information
http://dx.doi.org/10.7717/peerj.14681#supplemental-information
http://dx.doi.org/10.1111/j.1095-8649.1982.tb02849.x
http://dx.doi.org/10.3354/meps10344
http://dx.doi.org/10.1016/j.ecss.2016.02.015
http://dx.doi.org/10.1098/rspb.2016.1635
http://dx.doi.org/10.1016/J.SEARES.2007.03.006
http://dx.doi.org/10.3354/meps08351
http://dx.doi.org/10.1111/jfb.13807
http://dx.doi.org/10.1073/pnas.1411477111
http://dx.doi.org/10.3389/fmars.2015.00121
http://dx.doi.org/10.7717/peerj.14681


Coolen JWP, van derWeide BB, Cuperus J, BlombergM, VanMoorsel GWNM,
Faasse MAA, Bos OG, Degraer S, LindeboomHJ. 2020. Benthic biodiversity on
old platforms, young wind farms, and rocky reefs. ICES Journal of Marine Science
77(3):250–1265 DOI 10.1093/icesjms/fsy092.

Costanza R, d’Arge R, de Groot R, Farber S, GrassoM, Hannon B, Limburg K,
Naeem S, O’Neill RV, Paruelo J, Raskin RG, Sutton P, van den Belt M. 1997. The
value of the world’s ecosystem services and natural capital. Nature 387:253–260
DOI 10.1038/387253a0.

Dahlgren C, Kellison G, Adams A, Gillanders BM, Kendall MS, Layman CA, Ley
JA, Nagelkerken I, Serafy JE. 2006.Marine nurseries and effective juvenile
habitats: concepts and applications.Marine Ecology Progress Series 312:291–295
DOI 10.3354/meps312291.

De TrochM, Reubens JT, Heirman E, Degraer S, VincxM. 2013. Energy profiling
of demersal fish: a case-study in wind farm artificial reefs.Marine Environmental
Research 92:224–233 DOI 10.1016/j.marenvres.2013.10.001.

Degraer S, Carey DA, Coolen JW, Hutchison Z, Kerckhof F, Rumes B, Vanaverbeke J.
2020. Offshore wind farm artificial reefs affect ecosystem structure and functioning.
Oceanography 33:48–57 DOI 10.5670/oceanog.2020.405.

EEC. 1992. Council Directive 92/43/EEC of 21 1992 on the conservation of natural habitats
and of wild fauna and flora. European Economic CommunityOJ L 206, 22.7.1992,
p. 7–50 (ES, DA, DE, EL, EN, FR, IT, NL, PT) Available at https://eur-lex.europa.eu/
legal-content/EN/TXT/?uri=celex%3A31992L0043.

Elliott SAM, Turrell WR, HeathMR, Bailey DM. 2017. Juvenile gadoid habitat and
ontogenetic shift observations using stereo-video baited cameras.Marine Ecology
Progress Series 568:123–135 DOI 10.3354/meps12068.

Fabi G, Manoukian S, Spagnolo A. 2006. Feeding behavior of three common fishes at an
artificial reef in the northern Adriatic Sea. Bulletin of Marine Science 78:39–56.

Fernandes PG, Cook RM. 2013. Reversal of fish stock decline in the Northeast Atlantic.
Current Biology 23:1432–1437 DOI 10.1016/j.cub.2013.06.016.

Fowler AM, Jørgensen A-M, Svendsen JC, Macreadie PI, Jones DOB, Boon AR, Booth
DJ, Brabant R, Callahan E, Claisse JT, Dahlgren TG, Degraer S, Dokken QR, Gill
AB, Johns DG, Leewis RJ, LindeboomHJ, Linden O, May R, Murk AJ, Ottersen G,
Schroeder DM, Shastri SM, Teilmann J, Todd V, Hoey GV, Vanaverbeke J, Coolen
JWP. 2018. Environmental benefits of leaving offshore infrastructure in the ocean.
Frontiers in Ecology and the Environment 16:571–578 DOI 10.1002/fee.1827.

Fowler AM,Macreadie P, Booth DJ. 2015. Should we reef obsolete oil platforms?
Proceedings of the National Academy of Sciences of the United States of America
112:E102.

Fujii T. 2015. Temporal variation in environmental conditions and the structure of fish
assemblages around an offshore oil platform in the North Sea.Marine Environmental
Research 108:69–82 DOI 10.1016/J.MARENVRES.2015.03.013.

Flávio et al. (2022), PeerJ, DOI 10.7717/peerj.14681 23/30

https://peerj.com
http://dx.doi.org/10.1093/icesjms/fsy092
http://dx.doi.org/10.1038/387253a0
http://dx.doi.org/10.3354/meps312291
http://dx.doi.org/10.1016/j.marenvres.2013.10.001
http://dx.doi.org/10.5670/oceanog.2020.405
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A31992L0043
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A31992L0043
http://dx.doi.org/10.3354/meps12068
http://dx.doi.org/10.1016/j.cub.2013.06.016
http://dx.doi.org/10.1002/fee.1827
http://dx.doi.org/10.1016/J.MARENVRES.2015.03.013
http://dx.doi.org/10.7717/peerj.14681


Fujii T. 2016. Potential influence of offshore oil and gas platforms on the feeding ecology
of fish assemblages in the North Sea.Marine Ecology Progress Series 542:167–186
DOI 10.3354/meps11534.

Gascon D, Miller RA. 1982. Space utilization in a community of temperate reef fishes in-
habiting small experimental artificial reefs. Canadian Journal of Zoology 60:798–806
DOI 10.1139/z82-110.

GlarouM, Zrust M, Svendsen JC. 2020. Using artificial-reef knowledge to enhance
the ecological function of O_shoreWind turbine foundations: implications for
fish abundance and diversity. Journal of Marine Science and Engineering 8:332
DOI 10.3390/jmse8050332.

González-Correa JM, Bayle JT, Sánchez-Lizaso JL, Valle C, Sánchez-Jerez P,
Ruiz JM. 2005. Recovery of deep Posidonia oceanicameadows degraded by
trawling. Journal of Experimental Marine Biology and Ecology 320:65–76
DOI 10.1016/J.JEMBE.2004.12.032.

Gotceitas V, Brown JA. 1993. Substrate selection by juvenile Atlantic cod (Gadus
morhua): effects of predation risk. Oecologia 93:31–37 DOI 10.1007/BF00321187.

Gotceitas V, Fraser S, Brown JA. 1995.Habitat use by juvenile Atlantic cod (Gadus
morhua) in the presence of an actively foraging and non-foraging predator.Marine
Biology 123:421–430 DOI 10.1007/BF00349220.

van Hal R, Griffioen AB, van Keeken OA. 2017. Changes in fish communities on a small
spatial scale, an effect of increased habitat complexity by an offshore wind farm.
Marine Environmental Research 126:26–36 DOI 10.1016/j.marenvres.2017.01.009.

Hartman AR. 1987.Movement of scorpionfishes (Scorpaenidae Sebastes and Scorpaena)
in the Southern California Bight. California Department of Fish and Wildlife
73:68–79.

Holmes SJ, Millar CP, Fryer RJ, Wright PJ. 2014. Gadoid dynamics: differing percep-
tions when contrasting stock vs. population trends and its implications to manage-
ment. ICES Journal of Marine Science 71:1433–1442 DOI 10.1093/icesjms/fsu075.

HunterWR, Sayer MDJ. 2009. The comparative effects of habitat complexity on faunal
assemblages of northern temperate artificial and natural reefs. ICES Journal of
Marine Science 66:691–698 DOI 10.1093/icesjms/fsp058.

International Council for the Exploration of the Sea (ICES). 2013. ICES Science Plan,
2009–2013. Copenhagen: ICES. Available at https://www.ices.dk/sites/pub/CM%
20Doccuments/CM-2008/DEL/Del0208.pdf .

International Council for the Exploration of the Sea (ICES). 2016a. Cod (Gadus
morhua) in division VIa (West of Scotland). Copenhagen: ICES. Available at https:
//ices-library.figshare.com/articles/report/Cod_Gadus_morhua_in_Division_6_a_West_
of_Scotland_/19447889?backTo=/collections/ICES_Advice_2022/5796935.

International Council for the Exploration of the Sea (ICES). 2016b.Haddock
(Melanogrammus aeglefinus) in Subarea 4 and Divisions 6a and 3a West (North
Sea, West of Scotland, Skagerrak). Copenhagen: ICES. Available at https://ices-
library.figshare.com/articles/report/Haddock_Melanogrammus_aeglefinus_in_Subarea_

Flávio et al. (2022), PeerJ, DOI 10.7717/peerj.14681 24/30

https://peerj.com
http://dx.doi.org/10.3354/meps11534
http://dx.doi.org/10.1139/z82-110
http://dx.doi.org/10.3390/jmse8050332
http://dx.doi.org/10.1016/J.JEMBE.2004.12.032
http://dx.doi.org/10.1007/BF00321187
http://dx.doi.org/10.1007/BF00349220
http://dx.doi.org/10.1016/j.marenvres.2017.01.009
http://dx.doi.org/10.1093/icesjms/fsu075
http://dx.doi.org/10.1093/icesjms/fsp058
https://www.ices.dk/sites/pub/CM%20Doccuments/CM-2008/DEL/Del0208.pdf
https://www.ices.dk/sites/pub/CM%20Doccuments/CM-2008/DEL/Del0208.pdf
https://ices-library.figshare.com/articles/report/Cod_Gadus_morhua_in_Division_6_a_West_of_Scotland_/19447889?backTo=/collections/ICES_Advice_2022/5796935
https://ices-library.figshare.com/articles/report/Cod_Gadus_morhua_in_Division_6_a_West_of_Scotland_/19447889?backTo=/collections/ICES_Advice_2022/5796935
https://ices-library.figshare.com/articles/report/Cod_Gadus_morhua_in_Division_6_a_West_of_Scotland_/19447889?backTo=/collections/ICES_Advice_2022/5796935
https://ices-library.figshare.com/articles/report/Haddock_Melanogrammus_aeglefinus_in_Subarea_4_Division_6_a_and_Subdivision_20_North_Sea_West_of_Scotland_Skagerrak_/19447943
https://ices-library.figshare.com/articles/report/Haddock_Melanogrammus_aeglefinus_in_Subarea_4_Division_6_a_and_Subdivision_20_North_Sea_West_of_Scotland_Skagerrak_/19447943
https://ices-library.figshare.com/articles/report/Haddock_Melanogrammus_aeglefinus_in_Subarea_4_Division_6_a_and_Subdivision_20_North_Sea_West_of_Scotland_Skagerrak_/19447943
http://dx.doi.org/10.7717/peerj.14681


4_Division_6_a_and_Subdivision_20_North_Sea_West_of_Scotland_Skagerrak_
/19447943.

International Council for the Exploration of the Sea (ICES). 2016c.Whiting (Merlangius
merlangus) in Division 6a (West of Scotland). Copenhagen: ICES. Available at https:
//ices-library.figshare.com/articles/report/Whiting_Merlangius_merlangus_in_Division_
6_a_West_of_Scotland_/18636146 .

Jensen A. 2002. Artificial reefs of Europe: perspective and future. ICES Journal of Marine
Science 59:S3–S13 DOI 10.1006/jmsc.2002.1298.

Johannessen A. 1986. Recruitment studies of herring (Clupea harengus L.) in Lin-
daaspollene, western Norway, 1-3. Fisk Skr Ser Havundersøkelser 18:139–240.

Kääriä J, Rajasilta M, Kurkilahti M, Soikkeli M. 1997. Spawning bed selection by the
Baltic herring (Clupea harengus membras) in the Archipelago of SW Finland. ICES
Journal of Marine Science 54:917–923 DOI 10.1006/jmsc.1996.0204.

Katsanevakis S, Mackelworth P, Coll M, Fraschetti S, Mačić V, Giakoumi S, Jones
P, Levin N, Albano P, Badalamenti F, Brennan R, Claudet J, Culibrk D, D’Anna
G, Deidun A, Evagelopoulos A, García-Charton J, Goldsborough D, Holcer D,
Jimenez C, Kark S, Sørensen T, Lazar B, Martin G, Mazaris A, Micheli F, Milner-
Gull EJ, Pipitone C, PortmanM, Pranovi F, Rilov G, Smith R, Stelzenmüller V,
Vogiatzakis I, Winters G. 2017. Advancing marine conservation in European and
contiguous seas with the MarCons Action. Research Ideas and Outcomes 3:e11884
DOI 10.3897/rio.3.e11884.

Kovalenko KE, Thomaz SM,Warfe DM. 2012.Habitat complexity: approaches and
future directions. Hydrobiologia 685:1–17 DOI 10.1007/s10750-011-0974-z.

Kristensen LD, Støttrup JG, Svendsen JC, Stenberg C, Højbjerg Hansen OK, Grønkjaer
P. 2017. Behavioural changes of Atlantic cod (Gadus morhua) after marine boulder
reef restoration: implications for coastal habitat management and Natura 2000 areas.
Fisheries Management and Ecology 24:353–360 DOI 10.1111/fme.12235.

Krone R, Gutow L, Brey T, Dannheim J, Schröder A. 2013.Mobile demersal
megafauna at artificial structures in the German Bight - Likely effects of off-
shore wind farm development. Estuarine, Coastal and Shelf Science 125:1–9
DOI 10.1016/j.ecss.2013.03.012.

Langhamer O,Wilhelmsson D. 2009. Colonisation of fish and crabs of wave energy
foundations and the effects of manufactured holes –a field experiment.Marine
Environmental Research 68:151–157 DOI 10.1016/j.marenvres.2009.06.003.

Laurel BJ, Knoth BA, Ryer CH. 2016. Growth, mortality, and recruitment signals
in age-0 gadids settling in coastal Gulf of Alaska. ICES Journal of Marine Science
73:2227–2237 DOI 10.1093/icesjms/fsw039.

Lefcheck JS, Hughes BB, Johnson AJ, Pfirrmann BW, Rasher DB, Smyth AR,Williams
BL, BeckMW, Orth RJ. 2019. Are coastal habitats important nurseries? A meta-
analysis. Conservation Letters 12:e12645 DOI 10.1111/conl.12645.

Leitão F, Santos MN, Erzini K, Monteiro CC. 2008. Fish assemblages and rapid coloniza-
tion after enlargement of an artificial reef off the Algarve coast (Southern Portugal).
Marine Ecology 29:435–448 DOI 10.1111/j.1439-0485.2008.00253.x.

Flávio et al. (2022), PeerJ, DOI 10.7717/peerj.14681 25/30

https://ices-library.figshare.com/articles/report/Haddock_Melanogrammus_aeglefinus_in_Subarea_4_Division_6_a_and_Subdivision_20_North_Sea_West_of_Scotland_Skagerrak_/19447943
https://ices-library.figshare.com/articles/report/Haddock_Melanogrammus_aeglefinus_in_Subarea_4_Division_6_a_and_Subdivision_20_North_Sea_West_of_Scotland_Skagerrak_/19447943
https://peerj.com
https://ices-library.figshare.com/articles/report/Haddock_Melanogrammus_aeglefinus_in_Subarea_4_Division_6_a_and_Subdivision_20_North_Sea_West_of_Scotland_Skagerrak_/19447943
https://ices-library.figshare.com/articles/report/Haddock_Melanogrammus_aeglefinus_in_Subarea_4_Division_6_a_and_Subdivision_20_North_Sea_West_of_Scotland_Skagerrak_/19447943
https://ices-library.figshare.com/articles/report/Whiting_Merlangius_merlangus_in_Division_6_a_West_of_Scotland_/18636146
https://ices-library.figshare.com/articles/report/Whiting_Merlangius_merlangus_in_Division_6_a_West_of_Scotland_/18636146
https://ices-library.figshare.com/articles/report/Whiting_Merlangius_merlangus_in_Division_6_a_West_of_Scotland_/18636146
http://dx.doi.org/10.1006/jmsc.2002.1298
http://dx.doi.org/10.1006/jmsc.1996.0204
http://dx.doi.org/10.3897/rio.3.e11884
http://dx.doi.org/10.1007/s10750-011-0974-z
http://dx.doi.org/10.1111/fme.12235
http://dx.doi.org/10.1016/j.ecss.2013.03.012
http://dx.doi.org/10.1016/j.marenvres.2009.06.003
http://dx.doi.org/10.1093/icesjms/fsw039
http://dx.doi.org/10.1111/conl.12645
http://dx.doi.org/10.1111/j.1439-0485.2008.00253.x
http://dx.doi.org/10.7717/peerj.14681


LindeboomHJ, Kouwenhoven HJ, BergmanMJN, Bouma S, Brasseur S, Daan R,
Fijn R C, de Haan D, Dirksen S, van Hal R, Hille Ris Lambers R, ter Hofstede R,
Krijgsveld K L, LeopoldM, Scheidat M. 2011. Short-term ecological effects of an
offshore wind farm in the Dutch coastal zone; a compilation. Environmental Research
Letters 6:035101 DOI 10.1088/1748-9326/6/3/035101.

Lindholm JB, Auster PJ, RuthM, Kaufman L. 2001.Modeling the effects of fish-
ing and implications for the design of marine protected areas: Juvenile fish
responses to variations in seafloor habitat. Conservation Biology 15:424–437
DOI 10.1046/j.1523-1739.2001.015002424.x.

Lipcius RN, Eggleston DB, Fodrie FJ, van der Meer J, Rose KA, Vasconcelos RP, van de
Wolfshaar KE. 2019.Modeling quantitative value of habitats for marine and estuar-
ine populations. Frontiers in Marine Science 6:280 DOI 10.3389/fmars.2019.00280.

Liversage K, Benkendorff K. 2013. A preliminary investigation of diversity, abundance,
and distributional patterns of chitons in intertidal boulder fields of differing rock
type in South Australia.Molluscan Research 33:24–33
DOI 10.1080/13235818.2012.754145.

Liversage K, ChapmanM. 2018. Coastal ecological engineering and habitat restoration:
incorporating biologically diverse boulder habitat.Marine Ecology Progress Series
593:173–185 DOI 10.3354/meps12541.

Liversage K, Cole V, Coleman R, McQuaid C. 2017. Availability of microhabitats
explains a widespread pattern and informs theory on ecological engineering of
boulder reefs. Journal of Experimental Marine Biology and Ecology 489:36–42
DOI 10.1016/J.JEMBE.2017.01.013.

LoveMS, Schroeder DM, LenarzW,MacCall A, Bull AS, Thorsteinson L. 2006.
Potential use of offshore marine structures in rebuilding an overfished rockfish
species, bocaccio (Sebastes paucispinis). Fish B-NOAA 104:383–390.

MacCall AD. 1990. Dynamic geography of marine fish populations. In:Washington sea
grant program. Seattle: University of Washington Press.

Malek AJ, Collie JS, Taylor DL. 2016. Trophic structure of a coastal fish community de-
termined with diet and stable isotope analyses. Journal of Fish Biology 89:1513–1536
DOI 10.1111/jfb.13059.

Martin CS, Vaz S, Ellis JR, Lauria V, Coppin F, Carpentier A. 2012.Modelled distribu-
tions of ten demersal elasmobranchs of the eastern English Channel in relation to the
environment. Journal of Experimental Marine Biology and Ecology 418–419:91–103
DOI 10.1016/j.jembe.2012.03.010.

Mathers EM, Houlihan DF, CunninghamMJ. 1992. Estimation of saithe Pollachius
virens growth rates around the Beryl oil platforms in the North Sea: a comparison
of methods.Marine Ecology Progress Series 86:31–40 DOI 10.3354/meps086031.

McArthur LC, Boland JW. 2006. The economic contribution of seagrass to sec-
ondary production in South Australia. Ecological Modelling 196:163–172
DOI 10.1016/J.ECOLMODEL.2006.02.030.

Flávio et al. (2022), PeerJ, DOI 10.7717/peerj.14681 26/30

https://peerj.com
http://dx.doi.org/10.1088/1748-9326/6/3/035101
http://dx.doi.org/10.1046/j.1523-1739.2001.015002424.x
http://dx.doi.org/10.3389/fmars.2019.00280
http://dx.doi.org/10.1080/13235818.2012.754145
http://dx.doi.org/10.3354/meps12541
http://dx.doi.org/10.1016/J.JEMBE.2017.01.013
http://dx.doi.org/10.1111/jfb.13059
http://dx.doi.org/10.1016/j.jembe.2012.03.010
http://dx.doi.org/10.3354/meps086031
http://dx.doi.org/10.1016/J.ECOLMODEL.2006.02.030
http://dx.doi.org/10.7717/peerj.14681


Moher D, Libersti A, Tetzla J, Altman DG, Group TP. 2009. Preferred reporting items
for systematic reviews and meta-analyses: the PRISMA statement. PLOS Medicine
6:e1000097 DOI 10.1371/journal.pmed.1000097.

Neves Santos M, Costa Monteiro C. 1998. Comparison of the catch and fishing yield
from an artificial reef system and neighbouring areas off Faro (Algarve, south
Portugal). Fisheries Research 39:55–65 DOI 10.1016/S0165-7836(98)00169-6.

Norderhaug HM, Christie H, Fosså JH, Fredriksen S. 2005. Fish–macrofauna inter-
actions in a kelp (Laminaria hyperborea) forest. Journal of the Marine Biological
Association of the United Kingdom 85:1279–1286 DOI 10.1017/S0025315405012439.

Ocean Studies Board & National Research Council,. 2002. Effects of trawling and
dredging on seafloor habitat, August 9. National Academies Press.

Olsen EM,Moland E. 2011. Fitness landscape of Atlantic cod shaped by harvest selection
and natural selection. Evolution and Ecology 25:695–710
DOI 10.1007/s10682-010-9427-9.

OSPAR Commission,. 2017.OSPAR inventory of offshore installations –2015. London:
OSPAR Commission.

Pickering H,Whitmarsh D, Jensen A. 1999. Artificial reefs as a tool to aid rehabilita-
tion of coastal ecosystems: investigating the potential.Marine Pollution Bulletin
37:505–514 DOI 10.1016/S0025-326X(98)00121-0.

Pihl L, Wennhage H. 2002. Structure and diversity of fish assemblages on rocky and
soft bottom shores on the Swedish west coast. Journal of Fish Biology 61:148–166
DOI 10.1111/j.1095-8649.2002.tb01768.x.

Pullin AS, Stewart GB. 2006. Guidelines for systematic review in conservation and
environmental management. Conservation Biology 20:1647–1656
DOI 10.1111/j.1523-1739.2006.00485.x.

Reubens JT, De Rijcke M, Degraer S, VincxM. 2014. Diel variation in feeding and
movement patterns of juvenile Atlantic cod at offshore wind farms. Journal of Sea
Research 85:214–221 DOI 10.1016/j.seares.2013.05.005.

Reubens JT, Degraer S, VincxM. 2014. The ecology of benthopelagic fishes at off-
shore wind farms: a synthesis of 4 years of research. Hydrobiologia 727:121136
DOI 10.1007/s10750-013-1793-1.

Reubens JT, Vandendriessche S, Zenner AN, Degraer S, VincxM. 2013. Offshore wind
farms as productive sites or ecological traps for gadoid fishes? - Impact on growth,
condition index and diet composition.Marine Environmental Research 90:66–74
DOI 10.1016/j.marenvres.2013.05.013.

Rilov G, Benayahu Y. 2000. Fish assemblage on natural versus vertical artificial reefs: the
rehabilitation perspective.Marine Biology 136:931–942 DOI 10.1007/s002279900250.

Rodríguez-Cabello C, Sánchez F, Serrano A, Olaso I. 2008. Effects of closed trawl fishery
areas on some elasmobranch species in the Cantabrian Sea. Journal of Marine Systems
72:418–428 DOI 10.1016/j.jmarsys.2007.09.010.

Rosemond R, Paxton A, Lemoine H, Fegley SR, Peterson CH. 2018. Fish use of reef
structures and adjacent sand flats: implications for selecting minimum buffer

Flávio et al. (2022), PeerJ, DOI 10.7717/peerj.14681 27/30

https://peerj.com
http://dx.doi.org/10.1371/journal.pmed.1000097
http://dx.doi.org/10.1016/S0165-7836(98)00169-6
http://dx.doi.org/10.1017/S0025315405012439
http://dx.doi.org/10.1007/s10682-010-9427-9
http://dx.doi.org/10.1016/S0025-326X(98)00121-0
http://dx.doi.org/10.1111/j.1095-8649.2002.tb01768.x
http://dx.doi.org/10.1111/j.1523-1739.2006.00485.x
http://dx.doi.org/10.1016/j.seares.2013.05.005
http://dx.doi.org/10.1007/s10750-013-1793-1
http://dx.doi.org/10.1016/j.marenvres.2013.05.013
http://dx.doi.org/10.1007/s002279900250
http://dx.doi.org/10.1016/j.jmarsys.2007.09.010
http://dx.doi.org/10.7717/peerj.14681


zones between new artificial reefs and existing reefs.Marine Ecology Progress Series
587:187–199 DOI 10.3354/meps12428.

Ross SW, RhodeM, Quattrini AM. 2015. Demersal fish distribution and habitat use
within and near Baltimore and Norfolk Canyons, US middle Atlantic slope. Deep Sea
Research Part I: Oceanographic Research Papers 103:137–154.

Santos MN,Monteiro CC, Lasserre G. 2005. Observations and trends on the
intra-annual variation of the fish assemblages on two artificial reefs in Al-
garve coastal waters (southern Portugal). Scientia Marina 69(3):415–426
DOI 10.3989/scimar.2005.69n3415.

Sarno B, Glass CW, Smith GW. 1994. Differences in diet and behaviour of sym-
patric saithe and pollack in a Scottish sea loch. Journal of Fish Biology 45:1–11
DOI 10.1111/j.1095-8649.1994.tb01080.x.

Šaškov A, Šiaulys A, Bučas M, Daunys D. 2014. Baltic herring (Clupea harengus
membras) spawning grounds on the Lithuanian coast: current status and shaping
factors. Oceanologia 56:789–804 DOI 10.5697/oc.56-4.789.

SeamanW, Sprague LM. 1991. Artificial habitat practices in aquatic systems. In: Seaman
W, Sprague LM, eds. Artificial habitats for marine and freshwater fisheries. Academic
Press, 1–29.

Seitz RD. 2014. Value of coastal habitats for exploited species: introduction to a theme set
of articles. ICES Journal of Marine Science 71:636–637 DOI 10.1093/icesjms/fst180.

Seitz RD,Wennhage H, BergströmU, Lipcius RN, Ysebaert T. 2014. Ecological value of
coastal habitats for commercially and ecologically important species. ICES Journal of
Marine Science 648–665 DOI 10.1093/icesjms/fst152.

Siceloff L, Howell WH. 2013. Fine-scale temporal and spatial distributions of Atlantic
cod (Gadus morhua) on a western Gulf of Maine spawning ground. Fisheries
Research 141:31–43 DOI 10.1016/j.fishres.2012.04.001.

Simon T, Joyeux J-C, Pinheiro HT. 2013. Fish assemblages on shipwrecks and natural
rocky reefs strongly differ in trophic structure.Marine Environmental Research
90:55–65 DOI 10.1016/J.MARENVRES.2013.05.012.

Smith JA, LowryMB, Suthers IM. 2015. Fish attraction to artificial reefs not always
harmful: a simulation study. Ecology and Evolution 5:4590–602
DOI 10.1002/ece3.1730.

Soldal A, Svellingen I, Jørgensen T, Løkkeborg S. 2002. Rigs-to-reefs in the North Sea:
hydroacoustic quantification of fish in the vicinity of a & quot;semi-cold & quot;
platform. ICES Journal of Marine Science 59:S281–S287
DOI 10.1006/jmsc.2002.1279.

Stål J, Pihl L, Wennhage H. 2007. Food utilisation by coastal fish assemblages in
rocky and soft bottoms on the Swedish west coast: inference for identifica-
tion of essential fish habitats. Estuarine, Coastal and Shelf Science 71:593–607
DOI 10.1016/j.ecss.2006.09.008.

Stenberg C, Støttrup JG, van Deurs M, Berg CW, Dinesen GE, Mosegaard H, Grome
TM, Leonhard SB. 2015. Long-term effects of an offshore wind farm in the

Flávio et al. (2022), PeerJ, DOI 10.7717/peerj.14681 28/30

https://peerj.com
http://dx.doi.org/10.3354/meps12428
http://dx.doi.org/10.3989/scimar.2005.69n3415
http://dx.doi.org/10.1111/j.1095-8649.1994.tb01080.x
http://dx.doi.org/10.5697/oc.56-4.789
http://dx.doi.org/10.1093/icesjms/fst180
http://dx.doi.org/10.1093/icesjms/fst152
http://dx.doi.org/10.1016/j.fishres.2012.04.001
http://dx.doi.org/10.1016/J.MARENVRES.2013.05.012
http://dx.doi.org/10.1002/ece3.1730
http://dx.doi.org/10.1006/jmsc.2002.1279
http://dx.doi.org/10.1016/j.ecss.2006.09.008
http://dx.doi.org/10.7717/peerj.14681


North Sea on fish communities.Marine Ecology Progress Series 528:257–265
DOI 10.3354/meps11261.

Støttrup JG, Dahl K, Niemann S, Stenberg C, Reker J, Stamphøj EM, Göke C,
Svendsen JC. 2017. Restoration of a boulder reef in temperate waters: strat-
egy, methodology and lessons learnt. Ecological Engineering 102:468–482
DOI 10.1016/J.ECOLENG.2017.02.058.

Støttrup JG, Stenberg C, Dahl K, Kristensen LD, Richardson K. 2014. Restoration of a
temperate reef: effects on the fish community. Open Journal of Ecology 4:1045–1059
DOI 10.4236/oje.2014.416086.

Thiel M, Ullrich N. 2002.Hard rock versus soft bottom: the fauna associated with
intertidal mussel beds on hard bottoms along the coast of Chile, and considera-
tions on the functional role of mussel beds. Helgoland Marine Research 56:21–30
DOI 10.1007/s10152-001-0098-3.

Todd VLG, Lavallin EW,Macreadie PI. 2018. Quantitative analysis of fish and inverte-
brate assemblage dynamics in association with a North Sea oil and gas installation
complex.Marine Environmental Research 142:69–79
DOI 10.1016/J.MARENVRES.2018.09.018.

Todd VL, PearseWD, Tregenza NC, Lepper PA, Todd IB. 2009. Diel echolocation
activity of harbour porpoises (Phocoena phocoena) around North Sea offshore gas in-
stallations. ICES Journal of Marine Science 66:734–745 DOI 10.1093/icesjms/fsp035.

Tupper M, Boutilier RG. 1995. Effects of habitat on settlement, growth, and postsettle-
ment survival of Atlantic cod (Gadus morhua). Canadian Journal of Fisheries and
Aquatic Sciences 52:1834–1841 DOI 10.1139/f95-176.

Tuya F, Haroun R, Espino F. 2014. Economic assessment of ecosystem services: mone-
tary value of seagrass meadows for coastal fisheries. Ocean & Coastal Management
96:181–187 DOI 10.1016/J.OCECOAMAN.2014.04.032.

Valavanis VD. 2008. Preface: European commission’s scientific support to policies
action EnviEFH: environmental approach to essential fish habitat designation.
Hydrobiologia 612:1–3 DOI 10.1007/s10750-008-9494-x.

Wehkamp S, Fischer P. 2013. Impact of coastal defence structures (tetrapods) on a dem-
ersal hard-bottom fish community in the southern North Sea.Marine Environmental
Research 83:82–92 DOI 10.1016/j.marenvres.2012.10.013.

Wennhage H, Pihl L. 2002. Fish feeding guilds in shallow rocky and soft bot-
tom areas on the Swedish west coast. Journal of Fish Biology 61:207–228
DOI 10.1111/j.1095-8649.2002.tb01772.x.

Whitmarsh D, Santos MN, Ramos J, Monteiro CC. 2008.Marine habitat modification
through artificial reefs off the Algarve (southern Portugal): an economic analysis
of the fisheries and the prospects for management. Ocean & Coastal Management
51:463–468 DOI 10.1016/j.ocecoaman.2008.04.004.

Wieland K, Pedersen EMF, Olesen HJ, Beyer JE. 2009. Effect of bottom type on catch
rates of North Sea cod (Gadus morhua) in surveys with commercial fishing vessels.
Fisheries Research 96:244–251 DOI 10.1016/J.FISHRES.2008.11.010.

Flávio et al. (2022), PeerJ, DOI 10.7717/peerj.14681 29/30

https://peerj.com
http://dx.doi.org/10.3354/meps11261
http://dx.doi.org/10.1016/J.ECOLENG.2017.02.058
http://dx.doi.org/10.4236/oje.2014.416086
http://dx.doi.org/10.1007/s10152-001-0098-3
http://dx.doi.org/10.1016/J.MARENVRES.2018.09.018
http://dx.doi.org/10.1093/icesjms/fsp035
http://dx.doi.org/10.1139/f95-176
http://dx.doi.org/10.1016/J.OCECOAMAN.2014.04.032
http://dx.doi.org/10.1007/s10750-008-9494-x
http://dx.doi.org/10.1016/j.marenvres.2012.10.013
http://dx.doi.org/10.1111/j.1095-8649.2002.tb01772.x
http://dx.doi.org/10.1016/j.ocecoaman.2008.04.004
http://dx.doi.org/10.1016/J.FISHRES.2008.11.010
http://dx.doi.org/10.7717/peerj.14681


Wikan A, Eide A. 2004. An analysis of a nonlinear stage-structured cannibalism model
with application to the Northeast Arctic cod stock. Bulletin of Mathematical Biology
66:1685–1704 DOI 10.1016/j.bulm.2004.03.005.

Wilhelmsson D, ÖhmanMC, Ståhl H, Shlesinger Y. 1998. Artificial reefs and dive
tourism in Eilat, Israel. Ambio 27:764–766.

Wilhelmsson D, Yahya SAS, ÖhmanMC. 2006. Effects of high-relief structures on cold
temperate fish assemblages: a field experiment.Marine Biology Research 2:136–147
DOI 10.1080/17451000600684359.

Flávio et al. (2022), PeerJ, DOI 10.7717/peerj.14681 30/30

https://peerj.com
http://dx.doi.org/10.1016/j.bulm.2004.03.005
http://dx.doi.org/10.1080/17451000600684359
http://dx.doi.org/10.7717/peerj.14681

