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Marine artificial structures (MAS), including oil and gas installations
(0&G) and offshore wind farms (OWFs), have afinite operational period.
Selecting the most suitable decommissioning options when reaching
end-of-life remains a challenge, in part because their effects are still
largely undetermined. Whether decommissioned structures could act
(sensu ‘function’) as artificial reefs (ARs) and provide desired ecological
benefitsis of particular interest. Here we use a meta-analysis approach of
531 effect sizes from 109 articles to assess the ecological effects of MAS,
comparing O&G and OWFs to shipwrecks and ARs, with a view to inform
their decommissioning. This synthesis demonstrates that while MAS can
bring ecological benefits, important idiosyncrasies exist, with differences
emerging between MAS types, habitat types, taxa and ecological metrics.

Notably, we find limited conclusive evidence that 0&G and OWFs would
provide significant ecological benefits if decommissioned as ARs. We
conclude that decommissioning options aimed at repurposing MAS into
ARs may not provide the intended benefits.

Thedirectenvironmental consequences of the Anthropoceneinclude
global climate change from emissions, habitat degradation, and loss
and homogenization of biodiversity? resulting in a global redistribu-
tion oflife**. The speed and scale of these changes underpin the inter-
national recognition that urgent action must be taken to prevent and
mitigate further degradation. Inresponse, governments have adopted
targets for habitat protection, biodiversity and emissions’. For instance,
several nations have committed to protect 30% of land and seas, to
haltand reverse biodiversity loss by 2030, and set targets of net-zero
emissions by 2050 as part of their decarbonization agenda’.

Tofulfil their energy transition and achieve their targets, govern-
ments are pushing for reduced reliance on fossil fuel®. For many coastal
nations, an option is to promote green renewable energies such as
offshore wind farms (OWFs) and other renewable energy installations,
leading to the creation of marine artificial structures (MAS)’. MAS also

include older well-known structures such as oil and gas (O&G) installa-
tionsand now represent widespread features of marine ecosystems®'°,
AlIMAS will eventually reach their ends of operational life and require
decommissioning™'?. With many O&G and some OWF installations
already at that stage, societies must make choices regarding MAS
decommissioning.

Howbest totackle the urgent but complex decommissioning prob-
lem is an on-going challenge, with several options being proposed”
and no clear scientific consensus on which option(s) might be prefer-
able. Because studies have suggested that some existing structures
might provide valuable habitat for marine organisms™™ and thus
provide similar function to artificial reefs (ARs), one option that has
gained momentum over the past two decades is the repurposing of
0&Ginstallations as ARs (for example, ‘Rigs-to-Reefs’ programmein the
USA™). Similarly, OWFs have the potential to function as ARs™', with
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the suggestion of a‘Renewables-to-Reefs’ programme". ARs are ‘sub-
merged structures deliberately constructed or placed on the seabed to
emulate some functions of anatural reef”’*, Most ARs consist of either
purpose-built structures (for example, ReefBalls) or anthropogenic
structures and materials repurposed to function as ARs (for example,
scuttled vessels or used tyres)”. They have a long history of being
deployed for societal benefits (for example, fisheries enhancement), to
protectsites from harmful orillegal activities (for example, trawling),
or to enhance habitats and ecosystems®>?. They can also be placed in
sedimentary habitats to provide ecological benefits associated with the
introduction of hard substrate and/or habitat heterogeneity or be used
in degraded natural reefs systems to restore or improve functioning
byreplicating lost features. As such, they may be animportant tool to
promote biodiversity—thus helping reach targets—and achieve envi-
ronmental net gain thatincludes wider benefits to society (forexample,
increased/improved ecosystem services and natural capital)*.

Whether repurposed O&G and OWFs function as ARs is yet to be
established with any degree of certainty. A recent systematic synthesis
describing the evidence base for the ecological effects of decommis-
sioned MAS demonstrates thatitistoo disparate and sparse to ascertain
whether they behave as ARs*’. While a plethora of studies on the effects
of standing MAS (including ARs) were identified (947 articles), just
51 were directly related to the real-world decommissioning of O&G
(which we refer to as ‘direct’ evidence)®. Given the sparsity of ‘direct’
evidence, quantifying what the effects of various decommissioning
options will be, and in particular the effects of turning MAS into ARs,
represents a substantial challenge. This is problematic when it comes
to supporting and informing decommissioning management and
associated policy decisions®.

Analternative approachis touse ‘indirect’ evidence, such as com-
paring the effects of MAS relative to before their installation or relative
to natural habitats*. Ref. 23 showed that an abundance of these data
exists, which canbe used to determine the ‘cost’ of decommissioning.
For example, complete removal would lead to the loss of ‘presence
effects’—effects that are assumed to be retained if the structure is
instead decommissioned as areef.

Here we present a meta-analysis that explores the ‘indirect’ evi-
dence using a subset of studies collated in ref. 23, aiming to answer
the overarching question: (1) What are the ecological effects of MAS?
We address several related questions that guide current understand-
ing of the effects of decommissioning: (2) What are the ecological
effects of ARs? (3) Do O&G infrastructure and OWF installations act as
ARs (otherwise formulated: are all MAS in the sea de facto ARs?)? To
finally address (4) can specific decommissioning options be selected
to benefit biodiversity and promote positive ecological outcomes?

Results

Bibliographic results

In total, following outlier analysis (Supplementary Results), 109 arti-
cles were retained generating 531 effect sizes (Supplementary Fig. 1).
The geographic spread of studies (Fig. 1a) indicates that the majority
were undertaken in the USA and Europe (North Atlantic and North
Pacific Oceans). Articles were published between1985and 2020, with
aclearincreasein the number of studies published annually over time
(Fig.1b). The majority of effect sizes were associated with ARs (65%; 7.5%
shipwrecks intentionally deployed as ARs, 57.6% other purpose-built
ARs), with the remainder split between O&G (13.3%; 11.5% standing
production platforms, 1.8% decommissioned as ARs), accidental ship-
wrecks (12.3%) and OWFs (7.9%) (Fig. 1c). At the time the studies were
undertaken (and effects assessed), structures ranged in ages from
under ayear since deployment (for example, for purpose-built ARs) to
>400 years for accidental shipwrecks. Of the effect sizes, 64.4% origi-
nated from studies comparing MAS to natural reefs, while 35.6% com-
pared themto natural sedimentary habitats. The majority of effect sizes
(85%) reflected changes in abundance (43.3%) and diversity (41.7%);

alower number looked at changes in biomass (11%), with very few
relating to reproduction (2%), behaviour (1.7%) or survivorship (0.4%)
(Fig.1d). Of the 531 effect sizes calculated, 38.5% related to fish, 49.7%
toinvertebrates and 11.8% to both invertebrates and fish (combined/
undifferentiated) (Fig. 1e).

Meta-analysis results

The overallmeta-analytic model assessing the overall ecological effect
of MAS revealed asignificant moderate positive effect (Hedges'g = 0.47;
P <0.001) of MAS on ecological metrics compared with sites without
MAS present (Fig. 2 and Supplementary Table 3). However, large resid-
ual heterogeneity both between (peueen” > 58%) and within (/> > 38%)
studies was apparent.

Single moderators were sequentially included in the model to
identify key sources of variability in ecological responses and assess
the effects of different MAS across habitats and ecological metrics.

Testing the effect of MAS presence relative to natural seabed types
(that is, natural reef or natural sedimentary habitat) indicated that
some heterogeneity identified in the overall model was due to the
seabed type comparator. The subgroup model used to partition seabed
typesindicated large significant positive effects of MAS on ecological
metrics in comparison with natural sedimentary habitats, but not
compared with natural reefs without MAS present, which showed a
non-significant positive effect (Fig. 3aand Supplementary Table4). The
effects were significantly larger compared with natural sedimentary
habitats than compared with natural reefs (Omnibus test of modera-
tors: QM 5,0 = 8.77, P < 0.001).

The effects of MAS type on ecological metrics compared to sites
without MAS varied largely according to structure type (Fig. 3b and
Supplementary Tables 5 and 6). The Omnibus test of moderators
detected significant differences between MAS types (QM, s,; = 4.54,
P < 0.01) and pairwise contrasts revealed that ARs behaved signifi-
cantly differently fromall other structure types, and that shipwrecks,
OWF and O&G had similar effects to one another. While significant
very large and moderate positive effects are apparent for shipwrecks
and ARs, respectively, no significant effects detected for O&G and
OWFs. Running the same model for natural sedimentary habitat
and natural reef separately revealed that effects of structure type
differed with habitat (Fig. 4 and Supplementary Tables 7 and 8). All
structure types, except for OWFs, had significant moderate to very
large positive effects on ecological metrics compared with natural
sedimentary sites without MAS (only marginally for O&G). In con-
trast, when comparing with natural reef sites without structures,
only shipwrecks had (very large) significant positive effects, whereas
the effects of all other structure types were not statistically different
from that of natural reefs (note the limited number of data points
for OWFs and O&G).

The effects of MAS on ecological metrics varied between fish and
invertebrates (QM, ¢ = 14.85, P < 0.001) (Fig. 3c and Supplementary
Table9), withsignificantlarge positive effects on fish but no significant
effectsoninvertebrates.

The effects of MAS depended on the ecological response meas-
ured (QM; 5,5 =4.21, P< 0.001; Fig. 3d and Supplementary Table 10).
Pairwise contrasts revealed significant differences in effects among
all three responses measured (Supplementary Table 11). Specifically,
significant large positive effects of MAS were apparent on abundance,
significant moderate positive effects on biomass, but no significant
effect on diversity. The evidence base for the metrics survivorship,
reproduction and behaviour provided low to extremely low numbers
of effect sizes; thus any estimates may not reflect true mean effect sizes.
These metrics were therefore not subject to pairwise comparisons and
arenotdiscussed further.

The effects of different MAS across ecological metrics, taxon
and seabed type were assessed using multiple moderator analysis. An
additive model including seabed type, MAS type, taxon and outcome
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publication. ¢, Distribution of effect sizes by MAS type. d, Distribution of effect

Mediterranean Sea
(195)

North-west Pacific
19)

-&

Indian Ocean
(77)

South-west Pacific
(7)

Mixed or unspecified
shipwrecks
1.3%

Intentional shipwrecks
(as artificial reefs)
7.5%

Accidental shipwrecks
12.3%

Decommissioned
oil and gas structures
(as artificial reefs)
1.8%

Artificial reefs

Standi ducti
anding production 57 6%

oil and gas structures
11.5%

Offshore wind farms
7.9%

O Invertebrate @ Fish @ Combined

sizes by outcome (ecological metric) category. e, Distribution of effect sizes by
taxa category. The fish and starfish icons in e were made by DinosoftLabs from
www.flaticon.com and obtained from pngwing.com, respectively.

type asmoderators resulted in the best fit. This maximal model showed
that the effects of MAS on ecological metrics vary significantly with
allthe moderators considered (test of moderators (coefficients 1:11):
QM 449 = 5.09, P< 0.0001).

Compared with natural sedimentary sites without MAS (Fig. 5a,
top), sites with either MAS type supported significantly greater abun-
dances of fish but similar abundances of invertebrates. 0&G and OWFs
supported similar abundances of fish and invertebrates to natural reefs
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Fig.2|Overall ecological effect of MAS. The overall meta-analytic model shows
significant moderate positive effects of MAS on marine ecosystems compared
with sites without structures present (t,os = 3.7249, P=0.0003). a, Visualized
using an orchaRd plot. Individual effect sizes from studies are represented as
grey bubbles. The dot represents the estimated mean Hedges’ g value 0.47. The
bold error bars represent the 95% confidence interval (95% C10.22, 0.73). The thin

error bars represent the 95% prediction interval. Please note that the Claround
the meanis very smallin this instance. b, Visualized using a caterpillar plot. The
estimated mean Hedges’ g valueis depicted at the bottomin red. Individual effect
sizes are ordered by magnitude and each individual effect size is depicted by a
yellow dot with green 95% Cl bars. Based on 531 effect sizes from 109 articles.

(note the limited number of data points); ARs, however, supported
significantly more fish but similar numbers of invertebrates, while
shipwrecks supported significantly greater abundances of both fish
andinvertebrates (Fig. 5a, bottom). Details of effect size estimates are
provided in Supplementary Table 12.

No data on the effects of shipwrecks on the biomass of fish or
invertebrates compared to natural sedimentary habitats were found
(Fig. 5b, top). No other MAS types had significant effects on the bio-
mass of fish orinvertebrates, compared to either natural sedimentary
habitats or natural reefs, except for O&G which supported significantly
greater biomasses of fish compared with natural sedimentary habitats
(note the limited number of data points) and shipwrecks which sup-
ported greater biomasses of fish compared with natural reefs (Fig. 5b).
Details of effect size estimates are provided in Supplementary Table 13.

Compared with natural sedimentary habitats (Fig. 5c, top), only
ARs showed more diverse fish and invertebrates, but not 0&G, OWFs
or shipwrecks where diversities were similar (but note the limited
number of data points available for shipwrecks). Compared to natural
reefs (Fig. 4, bottom), fish diversity was similar at ARs and shipwrecks.
Invertebrate diversities were higher at ARs and shipwrecks thanin
natural reefs. No data on the effects of O&G on the diversity of fish
or invertebrates compared to natural reefs were found and only very
limited data for OWFs. Details of effect size estimates are provided in
Supplementary Table 14.

Discussion

Our meta-analysis provides a global quantitative assessment of the
ecological effects of MAS in the sea, compared to natural habitats.
Below, we use our findings to address our initial set of questions and
then discuss the limitations and implications of our work.

The ecological effects of MAS
Our results show that MAS can have positive ecological effects. Yet,
this general picture becomes intricate when adding context-based

complexity, with critical differences emerging between MAS type,
habitat type, taxon and ecological metric.

Unsurprisingly, the ecological effects of MAS differed between
the types of natural habitat they were compared to. When consider-
ing all data grouped only by natural habitat type (but undifferenti-
ated by structure type, taxon or metric), MAS have overall statistically
positive ecological effects across natural sedimentary habitats but not
when compared to natural reefs. Ergo, they offer additional ecologi-
cal benefits over natural sedimentary habitats but can also replicate
the ecological benefits of natural reefs. Previously, ref. 25 argued that
MAS could represent ‘oases in the desert’, with sedimentary habitats
considered a ‘sea of sand’ of low diversity and ecological value com-
pared withreefhabitats. Itis unsurprising thatintroducing MAS leads
to different ecological outcomes compared with unmodified natural
sedimentary habitats, given that these structures are afundamentally
different substrate. The complexity introduced to natural sedimentary
systems by MAS has long been known to affect diversity* and the poten-
tial effects have been reinforced here. MAS can also provide similar
ecological benefits to natural reefs, which is surprising given previous
well-documented concerns over MAS’s ability to replicate natural
features”. This finding might be reassuring if we wish to consider
MAS (and not solely ARs) as potential restoration and/or biodiversity
enhancement tools in heavily degraded environments.

The ecological effects of ARs

ARs are deployed for multiple purposes; although the exact objec-
tives of individual ARs are not always clearly articulated®, they include
protecting living resources and enhancing/restoring biodiversity.
For those ARs deployed to enhance/restore ecosystems and boost
biodiversity, what should the aim be: (1) habitat creation; (2) ecological
enhancement compared with natural sedimentary habitats; (3) similar
levels of ecological functioning as natural reefs; or (4) for ARs to out-
performall types of natural habitat? Here we consider that to ‘actas an
AR’, a structure must provide similar levels of ecological functioning
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Fig. 3| Effects of MAS across habitats and ecological metrics - results of
subgroup analyses. Orchard plots for each single-moderator meta-analytic
model. a, Seabed type as moderator. The model shows significant positive
effects of MAS when compared with natural sedimentary habitats without
structures (55, = 4.0798, P < 0.0001), but not when compared with natural
reefs without structures (¢5,, = 1.8431, P= 0.0659). Natural sedimentary habitat:
g=0.69(95%C10.36,1.03). Natural reef: g = 0.29 (95% C1 -0.02, 0.60).b, MAS as
moderator. The model shows significant very large and large positive effects of
shipwrecks (g=1.0; 95% C10.45,1.56; t5,, = 3.5549, P= 0.0004) and of artificial
reefs (g=0.45;95% C10.13,0.77; t5,,=2.7903, P= 0.0055) on ecological metrics
compared with sites without structures present, but no significant effects of
oil and gas infrastructure (g = 0.52; 95% C1-0.12, 1.16; t,, = 1.5914, P= 0.1121)

or offshore wind farms g = 0.04; (95% CI -0.68, 0.76; ts,, = 0.1113, P= 0.9114).

¢, Taxon type as moderator. The model shows significant large positive effects
of MAS on fish (g=0.77;95% C1 0.47,1.06; t,.s = 5.1397, P < 0.0001), but no
significant effect oninvertebrates (g=-0.08; 95% CI-0.39, 0.24; t ;s = —0.4713,
P=0.6377).d, Outcome (ecological response type) as moderator. The model

-5 5 10
Hedges' g

shows significant large positive effects of MAS on abundance (g = 0.60; 95% CI
0.33, 0.87; t5,s=4.3376, P < 0.0001), significant moderate positive effects on
biomass (g=0.48;95% C10.09, 0.87; t;,s = 2.4034, P= 0.0166), but no significant
effect ondiversity (g =0.21;95% CI-0.09, 0.50; ts,s = 1.3754, P= 0.1696). Note
that survivorship, reproduction and behaviour had low to extremely low sample
sizes; hence estimates may not reflect true effect sizes. For each plot, the
coloured bubbles represent individual effect sizes from studies, the circled dots
represent the estimated mean Hedges’ g values, the bold error bars represent
the 95% Cls, and the thin error bars represent the 95% predictioninterval.
krepresents the number of effect sizes included for each group; in brackets is
the number of studies they originated from. Asterisk denotes groups for which
significant effects were detected. For each plot, groups that do not share a letter
(for example, (a)) are significantly different from each other. The starfish icon
was obtained from pngwing.com. The fish, oil rig, offshore wind, shipwreck and
artificial reeficons were made by DinosoftLabs, Freepik, Ultimatearm, Amethyst
prime and Eucalyp, respectively, all from www.flaticon.com.
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Fig. 4 |Ecological effects of MAS type by structure and seabed type. Orchard
plots for the single-moderator meta-analytic models using ‘structure type’ as
moderator applied to the data split by seabed type. The natural sedimentary
habitat model (top) shows significant moderate to large positive effects of

all MAS (artificial reefs: g = 0.69; 95% C10.33,1.06; t,, = 3.8391, P= 0.0004;
shipwrecks: g=0.85;95% C10.23,1.46; t,o, = 2.7652, P= 0.0062), except for
offshore wind farms (g = 0.10; 95% CI -0.10, 0.60; t,o, = 0.3886, P= 0.6980), but
only marginally for oil and gas (g = 0.44;95% CI 0, 0.89; t,6, = 1.9999, P= 0.0469).
The natural reef model (bottom) shows significant positive effects only for
shipwrecks (g=1.21;95% C10.38, 2.05; t3,¢0 = 2.8503, P= 0.0046). All other MAS
types had no significant effects (statistically similar to natural reefs; artificial
reefs: g=0.35;95% C1-0.13, 0.84; t;,, = 1.4426, P= 0.1501; oil and gas: g = 0.58;
95% CI1-1.35,2.50; t3,6 = 0.5911, P= 0.5549; offshore wind farms: g =—0.10; 95% CI
-2.25,2.06; t;s=-0.0888, P=0.9296). Note the low number of effect sizes found
for offshore wind farms and oil and gas. For each plot, the coloured bubbles
representindividual effect sizes from studies, the circled dots represent the
estimated mean Hedges’ gvalues, the bold error bars represent the 95% Cls, and
the thin error bars represent the 95% prediction interval. krepresents the number
of effect sizes included for each group;in brackets is the number of studies
they originated from. Asterisk denotes groups for which significant effects
were detected. For each plot, groups that do not share a letter are significantly
different from each other. The oil rig, offshore wind farm, shipwreck and artificial
reeficons were made by Freepik, Ultimatearm, Amethyst prime and Eucalyp,
respectively, all from www.flaticon.com.

to natural reefs. Our meta-analyses showed that ARs support similar
invertebrate abundances but a greater abundance of fish, and similar
biomass of both fish and invertebrates compared to natural sedimen-
tary habitats and natural reefs. ARs support greater diversities of fishes
and invertebrates than natural sedimentary habitats, but similar fish

diversity and lower invertebrate diversity than natural reefs. This sug-
geststhat ARs mostly doindeed ‘act as ARs’, except that they host lower
invertebrate diversity than natural reefs. This, in turn, suggests that
ARs can serve as enhancement tools but that their effects might be
limited. Other MAS might provide benefits of greater magnitude, such
asaccidental shipwrecks which appear to at times outperform natural
reefs (enhancing fish and invertebrate abundances).

Our findings for the effects of ARs on fish compared to natural
reefs are mostly in agreement with a previous meta-analysis®, which
also found that ARs exhibited similar fish biomass and diversity to
natural reefs. However, it is worth noting that while we separated 0&G
and ARs into two distinct categories, they included O&G in their AR
category, which might have confounded the effects. Although not
accounted for in our analyses, some of the variability in the results
stemming fromindividual studies is probably linked with location and
local environmental conditions®®*",

The ecological effects of offshore energy structures
O&Ginfrastructures and OWF installations: between oases in the desert
anddefactoartificial reefs? On face value, our results suggest that dif-
ferent types of MAS can provide similar enhanced ecological functions
over natural sedimentary habitats and replicate or even exceed the
benefits of natural reefs. However, when considering each structure,
metric and taxon separately (thereby adding complexity), there are
some clear structure-specific positive and negative effects of different
types of MAS for fish and invertebrates with respect to local abundance,
biomass and diversity.

Compared with natural sedimentary habitats, 0&G and OWFs
increase fish abundance but not invertebrate abundance in the area.
Locally, O&G also support higher fish biomass than natural sedimen-
tary habitats but OWFs do not and neither support higher invertebrate
biomass. Surprisingly, diversity was not greater at 0&G, OWFs or ship-
wrecks than at natural sedimentary sites (unlike what was apparent
for ARs). These results suggest that only ARs (which in addition to
supporting greater fish abundance also supported greater fish and
invertebrate diversities), but not O&G and OWFs, may represent ‘oases
in the desert’”. This was surprising given recent studies showing that
0&G and OWFs can benefit the surrounding animal communities®>*,
Several reasons could explain the differences between structure types
and their ability to provide ecological benefits compared with natural
sedimentary habitats. Among others, the material used®, the complex-
ity of the structure’®, the depth of deployment® and the distance to
the coast or to the nearest natural reef (that is, source of supply)* can
affectecological outcomes. As ARs tend to be deployed in very different
environmental conditions from those of 0&G and OWFs (and accidental
shipwrecks, which also tend tobe alot older and at amore mature suc-
cessional stage) and designed differently, it is perhaps unsurprising
that their efficacy would differ. For example, ARs are often placed in
shallower waters and closer to shore, where environmental conditions
were probably appraised during their site selection process**°, and
canbe purpose-built to enhance ecological benefits through increased
complexity and selection of specific material*.

Alack of studieslimited our assessment of the effects of 0&G and
OWFs on abundance, biomass or diversity compared to natural reefs.
This in turn prevented us from drawing robust conclusions about
whether these structuresactas de facto ARs (sensu function as natural
reefs), asis often argued*.

Implications for decommissioning MAS

This analysis was designed to shed light on the ecological effects of
different MAS with a view to inform the management and decommis-
sioning of 0&G and OWFs. Given the notable paucity of direct evidence
of decommissioning effects”***, our objective was to determine whether
indirect evidence might be avaluable source ofinformation to identify
potential decommissioning options that promote positive ecological
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Fig. 5| Orchard plots for the full complex model showing the effects of MAS
on ecological metrics. a-c, Effects on the abundance (a), biomass (b) and
diversity (c) of fish and invertebrates, compared to natural sedimentary habitat
(top) and to natural reef (bottom). For each plot, the coloured bubbles represent
individual effect sizes from studies, the circled dots represent the estimated
mean Hedges’ g values, the bold error bars represent the 95% Cls, and the thin
error bars represent the 95% prediction interval. krepresents the number of

effect sizes included for each group; in brackets is the number of studies they
originated from. Asterisk denotes groups for which significant effects were
detected. Note that some groups had low to extremely low sample sizes; hence
estimates may not reflect true effect sizes. The starfish icon was obtained from
pngwing.com. The fish, oil rig, offshore wind farm, shipwreck and artificial reef
icons were made by DinosoftLabs, Freepik, Ultimatearm, Amethyst prime and
Eucalyp, respectively, all from www.flaticon.com.

outcomes. Intheory, if 0&G and OWFs ‘acted as ARs’ (sensu function as
natural reefs), decommissioning them by toppling, topping or reefing
theminsitu or after relocation® could assist nations in reaching their
environmental targets and achieve environmental net gain*>. However,
we found no evidence to support or rebut the common assumption
that these structures function as ARs. Beyond simply assessing their
ability to replicate the functions of natural reefs, our meta-analysis
also assessed the environmental value of 0&G and OWFs compared
to natural sedimentary habitats, highlighting only limited ecological
benefits (if reefed) or loss (if removed)—elevated local abundance of
fishatboth O&Gand OWFs, and elevated local biomass of fishat 0&G.

Overall, we found limited evidence to support the argument that
alternative decommissioning options to complete removal of 0&G
and OWFs might be used to promote healthy productive ecosystems,
and no evidence that they might benefit biodiversity. We also show
that other MAS, such as intentionally deployed ARs and accidental
shipwrecks, may be more effective at providing ecological benefits.
Hence, decommissioning options aimed at repurposing O&G and
OWFs in the sea to function as ARs (either in situ or after relocation)
may not provide the intended levels of benefits, at least not to the same
levels as other MAS. With that said, we found no evidence that reefing
them would cause ‘harm’ or be detrimental (for example, by reducing
local biodiversity); thus, they may provide a viable option to enhance
ecological benefits on natural sedimentary habitats, notwithstanding
potential unforeseen consequences such as facilitating the spread of
invasive species®.

Froman environmental perspective, decisions regarding decom-
missioning options must be score-based against pre-defined ecological
objectives (such asbiodiversity enhancement) that are assessed against

specific comparators (natural habitats). In one of the simpler models,
we found that unsurprisingly, given that MAS are afundamentally dif-
ferentsubstrate, theirintroductioninto natural sedimentary habitats
affected (mostly enhanced) ecological outcomes, whereas the compari-
son of MAS against natural reefs indicated similar ecological outcomes.
These findings raise two questions. First, should positive effects of MAS
based on comparison with fundamentally different habitats be usedin
decommissioning decision-making? If so, the costs and benefits should
be made explicitly clear. Second, given the limited evidence that sup-
ports MAS functioning as ARs, is the evidence base sufficiently strong
to justify any potential change in policy/legislation which at present
largely stipulates complete removal at decommissioning***? While not
discussed here, we also acknowledge that environmental considera-
tions are only one piece of the decommissioning puzzle and that the
involvement of other sectors (economic, social, technical and soon) is
critical to the decision-making process. Indeed, evenif the ecological
benefits of reefing structures may not appear to be high, benefits to
humans and societies may be important***” and should be incorporated
into a whole-ecosystem approach to managing decommissioning.

Limitations, research gaps and future directions
This meta-analysis is based on the best available evidence as of early
2021, when the searches for the systematic map®’ ended, but several
aspects considered clearly lacked sufficient quantified effects. Evidence
from studies published since (see refs. 33,34,36 for examples) may,
however, shed additional light.

Among the six metrics with sufficient available literature to
warrant further investigations as part of this meta-analysis, quanti-
fied effects were severely lacking for several of them (reproduction,

Nature Sustainability | Volume 7 | April 2024 | 485-495

491


http://www.nature.com/natsustain
http://pngwing.com
http://www.flaticon.com

Analysis

https://doi.org/10.1038/s41893-024-01311-z

behaviour, survivorship), limiting our analyses to only three metrics
with relatively more data (biomass, abundance, diversity). Even for
those, further subgroup analyses were limited. For instance, we found
no studies with extractable and/or usable data on the effects of 0&G
onthediversity of either fish orinvertebrates and very limited data on
the effects of OWF on the diversity of fish or invertebrates, compared
to natural reefs. Furthermore, it is evident from this work that MAS
have mainly been compared to natural sedimentary sites and much
less often to natural reefs (except for ARs). This limits our understand-
ing and interpretation of how these structures perform compared to
natural reefs.

Many lines of evidence identified in the systematic map could not
beincluded here, either because of a lack of evidence or due to inap-
propriate study designs. For instance, effects on trophic structure or
larval dispersal*®, which were identified in the map as knowledge gaps,
could shed valuable light on the ecological effects of MAS. In addi-
tion, numerous studies collated in ref. 23 were only descriptive of the
MAS and contained no appropriate comparison to natural habitats.
While experimental designs using set comparators (such as control-
impact, before-after, or before-after-control-impact) are becoming
more standard practice, studies describing solely the structures (no
comparator) are still being produced, limiting the interpretation of
structure effects.

There are clear research gaps that restrict the interpretation of
presence effects of MAS, in particular O&G and OWFs. Even when con-
sidering ‘indirect’ evidence, as we do here, our understanding of decom-
missioning effects is patchy at best, requiring substantial investment
and robust environmental policy to ensure future studies have appro-
priate experimental designs to provide the necessary data to evaluate
the impacts of decommissioning options. Ideally, this would be by
producing ‘direct’ evidence via undertaking case studies of structures
being decommissioned onthe basis of abefore-after-control-impact
monitoring design. Additional indirect evidence for the presence effects
of O&G and OWFs could also be produced, such as quantifying the
effects on metrics other than abundance, biomass and diversity, and
comparing them to natural sedimentary and reef habitats.

If reefing of obsolete structures becomes anincreasingly popular
decommissioning optioninthe future, eco-engineering concepts, such
asthose already tested for coastal artificial structures* and for a very
limited number of active offshore renewable energy installations***?,
could be applied either prospectively or retrospectively to maximize
ecological benefits and contribute to environmental net gain. While
this practiceis gaining traction in coastal environments, it isunknown
how such techniques would function when scaled up geographically
and over longer timescales*. Applying them to decommissioned struc-
tures would therefore require careful considerations to avoid the risk
of being promoted as appropriate mitigation to environmental dam-
age and used to enable easier access to alternative decommissioning
options to complete removal or facilitate easing of decommissioning
policy*. Future research should address this avenue.

Importantly, through shifting baseline syndrome®, human per-
ceptions of what is the normal state of the environment are becoming
skewed towards the degraded and the artificial*’. With urbanization
of the global ocean, humans are accustomed to extremely heavily
modified coastal environments®®, and they are on the brink of doing
the same in offshore environments. As explained in ref. 49, perhaps
one of the most insidious environmental threats is that the artificial
legacy humans will leave behind—here with the decommissioning of
offshore MAS using alternative options to complete removal—might
inthelongtermre-position baseline perceptions and standards of the
statein which the planet should be left for future generations.

Methods
We used a systematic approach to our meta-analysis, following
as closely as possible the guidelines set by the Collaboration for

Environmental Evidence Guidelines and Standards for Evidence Syn-
thesis®*. We built on the output of recent systematic evidence synthesis
work, using the published systematic map of ref. 23 as the evidentiary
basis for this meta-analysis (full methodological details available**)
and briefly describe our process here (full details can be found in Sup-
plementary Methods).

We further defined our research questions from the one asked
inref. 23 (“What published evidence exists for the effects of marine
[artificial] structures, while in place and after decommissioning, on the
marine ecosystem?”) by focusing onthe research clustersidentifiedin
their map (that is, based on the number of articles retrieved for each
category examined). Our meta-analysis was thus centred around the
following primary question and four secondary questions: (1) What are
the ecological effects of MAS? (2) How do their effects differ between
the types of natural site they are compared to (natural sedimentary
habitat, natural reef)? (3) How do their effects differ between the types
of structure (O&G, OWF, AR and shipwrecks, as well asdecommissioned
O&G structures used as AR)? (4) How do their effects differ between
taxonomic groups (fish, invertebrates)? Finally (5) how do their effects
differ between ecological metrics (diversity, abundance, biomass,
behaviour, reproduction, survivorship)?

Peer-reviewed published literature was searched systematically as
part of the systematic map work undertakeninrefs. 23,55 up to Febru-
ary 2021. The list of studies catalogued in this map is freely available
online as part of their supplementary files. No additional literature
search was undertaken specifically for this work. Details of the litera-
ture search and study selection steps behind the systematic map are
available in their published protocol® and map report®, and a brief
summary provided in Supplementary Methods. From the pool of 979
articles collated in the systematic map, we identified 377 as being rel-
evant to our research questions (that is, relevant comparators, MAS
types, taxonomic groups, ecological metrics assessed and intervention
types) and retained 110 that provided the necessary information (an
estimate of means, ameasure of variance (standard deviation, standard
error, confidenceintervals) and the sample size for the different levels
considered) to calculate one or multiple effect sizes. From the initial
979 articles tothe 377 relevant articles identified, many were excluded
due toinappropriate study designs, whereby the study did not use an
appropriate comparator, if at all (Supplementary Methods). The full
list of 377 articles is presented in Supplementary File 1, along with the
reason for exclusion from the remaining 110 retained articles.

For these 110 articles retained, effect sizes for each comparison
between a MAS and a natural site were calculated separately for each
outcome metric and for each taxon, using Hedges’ g as the effect size
(Cohen’s d corrected for small sample sizes using the bias correction
element)). Details of calculations of g are available in the Supplemen-
tary Methods and Supplementary File 2. gis generally interpreted as
follows:|g| < 0.2 (small); 0.2 < |g| < 0.5 (moderate); 0.5 < |g| < 0.8 (large);
lgl = 0.8 (very large). Data were visualized using orchard plots created in
Rwiththe ‘orchard’ package™. Effect sizes were considered significant
whentheir 95% confidence intervals did not overlap with zero. A posi-
tive value of g means that the effect is larger at the MAS site than the
naturalssite (and vice versa), whileagof zero indicates no differencein
response between the MAS site(s) and the natural site(s). The dataset
used for calculating effect sizes and the one used for statistical analyses
are presented in Supplementary Files 2 and 3, respectively.

We employed state-of-the-art meta-analytical techniques tointer-
pret our data. As part of the systematic map, meta-data were coded
for arange of study qualifiers, such as MAS type, geographic location,
taxonomicgroups, ecological metric assessed, MAS age and MAS depth.
These potential modifiers were used in meta-analyses to account for dif-
ferencesbetween studies, and thus effect datawere extracted and coded
inamanner thatallowed ease of analyses. Inaddition, weincorporated
the following moderator: type of natural site the MAS is compared to
(categorized as either natural sedimentary site or natural reef). We
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initially ran an overall meta-analytic model using all the effect sizes
obtained to estimate the overall ecological effect of MAS on their sur-
rounding environment (without any moderators; thatis, all MAS types
combined, all taxa combined, all ecological metrics combined, both
typesofnaturalsites combined). We then ran separate single-moderator
models to investigate the effects of potential a priori modifiers. More
complex models with multiple moderators were also built to explain
the remaining heterogeneity. The following were considered a priori
modifiers: MAS type, taxon, ecological metric, type of natural site. Due
tothe nature of our data, effect sizes were not allindependent (multiple
effect sizes arising fromasingle study, for instance, due to multiple MAS
assessed, multiple outcomes being reported or multiple sites studied).
Thus, allmeta-analyses were performed using multilevel mixed-effects
models that included the following random components: effect size
uniqueidentifier, nested within the study unique identifier. The random
effect structure was chosen by comparing the fit of different models
using the Akaike Information Criterion (AIC). All statistical analyses
wererunintheR environment (Rv.4.2.1)” using the rma.mv() functionin
the ‘metafor’ package (v.3.8.1)*%. Test statistics and confidence intervals
for the fixed effects were computed using ¢ distributions. Statistical
significance was assumed when 95% confidence intervals around the
meta-analytic means did not overlap with zero. Pairwise contrasts were
conducted using the ‘btt="argument within each model. The dataset
andcodeusedareavailablein Supplementary Files 3and 4, respectively,
both deposited in the online repository, Zenodo*.

Full methodological details, including literature searches, study
selection, effect size calculation and R scripts, can be found in Sup-
plementary Information.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Alldatasupporting the findings of this study and used to produce the
figures are available within the paper and its Supplementary Informa-
tion (Supplementary Files 2 and 3). All data sheets (Supplementary
Files1-3) have been deposited to the online repository, Zenodo®.

Code availability

The R code used in the analyses is available in Supplementary File 4.
Correspondence and requests for materials should be addressed to
A.J.L. The R code (Supplementary File 4) has been deposited to the
online repository, Zenodo®.
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