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Abstract

There is a global increase in the decommissioning of offshore oil and gas (O&G) infrastructure at the end of
its operating lifetime. However, there is strikingly limited empirical evidence for the environmental and ecologi-
cal impacts of decommissioning. Here, we employed a meta-analytical approach on an industry benthic moni-
toring database to investigate the benthic biodiversity and food web properties of structures sampled in the
short term (<1 yr; scenario 1), medium term (1-5 yr; scenario 2), and long term (>S5 yr; scenario 3) after
decommissioning. We found reduced species richness and simplified food webs in scenario 1, followed by the
first signs of recovery in scenario 2, with a slightly higher proportion of intermediate species and density of food
web connections. Food webs recovered further in scenario 3, with a much greater density of interactions, but
also more links and longer food chains, while a reduction in generalism and connectance indicated an increased
prevalence of specialist species. Our findings demonstrate disturbance risks associated with the decom-
missioning process in the short term, but a positive recovery trajectory over longer timescales. We highlight the
importance of industry collecting more extensive and long-term data at multiple time points and covering dif-
ferent decommissioning types, establishing a standardized data workflow for integrating with available monitor-
ing efforts, and improving stakeholder participation and data accessibility to support an environmentally sound
decommissioning process.

Offshore oil and gas (O&G) infrastructure has a major pres-
ence in the global shelf seas, with > 12,000 documented struc-
tures operating in 2022 (Martins et al. 2023). As O&G reserves
are depleted, > 7500 O&G structures are approaching the end
of their economic and operational purposes (Parente et al.
2006). The term “decommissioning” generally refers to the
process from cessation of production to the removal of obso-
lete infrastructure (Melbourne-Thomas et al. 2021). In many
regions, legislation prohibits the dumping of whole or partial
O&G infrastructure, and thus complete removal is required
(Fowler et al. 2020). Despite the pressing need for
decommissioning of O&G infrastructure in the near future,
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there is limited understanding of environmental and ecologi-
cal consequences, calling for a greater evidence base to sup-
port best practice in decommissioning.

Current removal policies regard O&G infrastructure as
redundant and aim at restoring the marine environment to its
pre-exploitation state through complete removal of structures.
However, this largely ignores the change in ecological context
due to the long-term presence of O&G infrastructure, with little
empirical evidence for whether complete removal is beneficial
or whether it could be an even greater disturbance to marine
ecosystems (Fowler et al. 2020). Conversely, the decadal pres-
ence of infrastructure has integrated hard-substrate habitats
into environments dominated by soft sediment, supporting the
settlement of epifaunal communities and associated biodiver-
sity and ecosystem services not originally present locally (van
der Stap et al. 2016). For example, O&G infrastructure enhances
biodeposition processes from epifaunal filter feeders which
increase organic matter flux in the sediment near the structure,
potentially leading to a higher density and diversity of
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macrofaunal communities, particularly for fragile and long-
lived benthic invertebrates sensitive to trawling (Coates
et al. 2014). Furthermore, the exclusion of fishing activities
around O&G infrastructure provides shelter for fish assem-
blages, which in turn attracts marine mammals and other top
predators as foraging grounds (Russell et al. 2014; Fujii 2015).
O&G structures can act as stepping stones for native and non-
native species, modifying the connectivity of planktonic larvae
(van der Molen et al. 2018). What is clear is that the removal of
O&G infrastructure, whether structures, wells, or pipelines, will
likely alter associated physical and ecological processes cur-
rently occurring in and across marine areas impacted by O&G
exploitation, and it is not fully clear that removal is more bene-
ficial for the marine ecosystem than the pre-infrastructure state.

The major negative environmental and ecological impacts
of O&G structures come from discharges of O&G-associated
contaminants during the O&G operating phase (MacIntosh
et al. 2021). The primary source of contaminants are
discharges of produced water and drill cuttings (Bakke
et al. 2013). Produced water consists of formation water that
becomes contaminated during extraction, containing dis-
solved hydrocarbons, heavy metals and other pollutants (Neff
et al. 2011). This water is discharged during O&G activity and
operation, often creating a plume in the water column, with
heavier particles settling on the sediment. This plume con-
tains hydrophobic compounds which may attach to sediment
particles before being dispersed within the water column
(Marappan et al. 2022). Drill cuttings are rock fragments and
sediment debris brought to the surface in the drilling, which
are typically soaked with petroleum residues and drilling lubri-
cants that also contain hydrocarbons, heavy metals, and barite
(Ellis et al. 2012). Depending on local hydrodynamics and vol-
ume discharged, the accumulation of contaminants could
extend up to 6000 m from the infrastructure (Olsgard and
Gray 1995). Elevated concentrations of hydrocarbons
and heavy metals have been observed above the environmen-
tal quality guidelines for threshold concentrations (Altin
et al. 2009). Major adverse impacts on biotic communities
generally occur within 500 m of the structure, with modified
community composition and simplified food webs (Chen
et al. 2024). Changes in food web structure are of great impor-
tance in assessing ecosystem status because they reflect not
only shifts in community composition but also the reorgani-
zation of trophic interactions that underpin ecosystem func-
tioning (Nagelkerken et al. 2020). Simplified food webs
indicate fewer energy pathways and less efficient energy
fluxes, whereas greater complexity in trophic structure is gen-
erally associated with greater resilience to secondary extinc-
tion (O’Gorman et al. 2019). Therefore, quantitative analysis
in food web structure, combined with diversity analysis, pro-
vides a more comprehensive insight for assessing the ecologi-
cal consequences of O&G decommissioning.

Physical decommissioning typically occurs after cessation
of production and when drilling and production activities are
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suspended. It involves well plugging and abandonment, dis-
mantling and removal of facilities, and site remediation (Fam
et al. 2018). The termination of O&G exploitation halts the
release of associated contaminants, subjecting residual con-
taminants to dissipate or undergo remediation over time
(Dell’Anno et al. 2021). As contamination stress declines, ben-
thic communities are expected to gradually transition toward
background assemblages characteristic of local soft-bottom hab-
itats with minimal influence from O&G activities (Fortune and
Paterson 2018). Compared to the baseline during the O&G
operation phase, benthic recovery is anticipated to produce a
more diverse community (i.e., higher species richness) and a
more complex food web structure (i.e., increased trophic inter-
actions and greater trophic height). Although physical removal
may be beneficial in the long term, the physical disturbances
introduced during decommissioning can impose short-term
risks to benthic invertebrates near the structures, yet few quan-
titative assessments have examined these impacts. For example,
the use of explosives and cutting tools during structure removal
can physically disturb organisms through burial, alter sediment
composition, generate noise and vibration, and increase turbid-
ity in the water column (Burdon et al. 2018). While environ-
mental impact assessments of decommissioning practices
generally concluded no significant long-term environmental
harm, it remains uncertain whether short-term disturbances
further stress marine organisms prior to recovery, as this impact
has not been directly measured (Lakhal et al. 2009). In soft-
sediment communities, recovery rates depend on the ecological
state at the onset of decommissioning, larval and adult species
dispersal, residual contamination, and other disturbances such
as trawling (Schroeder and Love 2004). Studies of post-
exploitation biological recovery suggest that the restoration of
ecosystem functionality typically requires 5-10 yr (Gates and
Jones 2012; Henry et al. 2017).

In this study, we quantified the effects of decommissioning
on sediment contamination and ecological responses of
benthic invertebrate communities by comparing pre-
decommissioning (operating phase) and post-
decommissioning conditions, using a before-after-control-
impact (BACI) design. Marine benthic invertebrates have been
widely used as biological indicators to measure ecological
quality in the marine environment and assess the conse-
quences and magnitude of a variety of natural and anthropo-
genic disturbances (Borja et al. 2000). Their relatively
sedentary characteristics and variable tolerances to stress make
benthic invertebrates ideal to examine the gradient of
decommissioning impacts. We distinguish between two pro-
cesses that may influence the onset of recovery: (i) the cessa-
tion of O&G operational pressures (e.g., contamination
discharge) once production ceases, and (ii) the short-term,
localized  physical disturbance caused during the
decommissioning activities. Since decommissioning marks the
end of O&G exploitation and associated operational distur-
bances, we expect an improved chemical status in benthic
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sediment and a shift in benthic biodiversity and food web struc-
ture toward the background environment. In contrast, the
physical disturbance associated with decommissioning may
cause immediate negative impacts, so recovery of benthic
communities is more likely to be detected in the medium to
long term rather than immediately after decommissioning.
Therefore, we hypothesize that decommissioning of O&G
infrastructure will cause: (1) reduced concentrations of hydro-
carbons and heavy metals in the sediment; (2) increased total
abundance and species richness; and (3) greater food web
complexity; but with effects realized in the longer term after
decommissioning.

Materials and methods

Data compilation

Biological and chemical data were obtained from the UK
O&G industry from the published UK Benthos database of off-
shore environmental surveys: UK Benthos database v5.17
(Offshore Energies UK 2015). This database contains data from
over 700 benthic monitoring surveys from 1975 to 2015, with
samples for more than 250 O&G structures across the North
Sea and North Atlantic margin. As such, the sampling design
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and spatio-temporal scale vary across structures in the data-
base: No single O&G structure in the dataset was consistently
sampled throughout its life cycle; some were revisited at two
different time points before and after decommissioning, while
others were sampled post decommissioning at multiple time
points. Most surveys included both impact (< 500 m from the
structure) and control samples (> 500 m), but the exact dis-
tances and number of replicates varied among surveys. Follow-
ing Chen et al. (2024), we defined the impact zone for
samples collected within 500 m, while the control zone
for samples collected beyond 500 m.

Based on data availability and their sampling design, we
defined three scenarios for a total of 17 structures to assess
decommissioning effects: short-term (scenario 1, <1yr
post-decommissioning), medium-term (scenario 2, 1-5 yr post-
decommissioning), and long-term (scenario 3, >S5 yr post-
decommissioning) (Fig. 1). Note that both scenarios 1 and
3 contained samples before and after decommissioning, while
scenario 2 contained samples at two or more time points post-
decommissioning. The commencement and decommissioning
dates for each structure were obtained from industry reports
and a regulatory database (North Sea Transition Author-
ity 2024). These dates were used to define the period of
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Scenario Sampling design

Comparison baseline Count Ecological interpretation

Before Decomm -> After Decomm (<1 yr)

- Early Post Decomm -> Later Post Decomm (1-5 yrs) Early post-decomm status 14

Before Decomm -> After Decomm (>5 yrs)

Operating status 2 Short-term recovery
Medium-term recovery

Operating status 1 Long-term recovery

Fig. 1. Locations of the eligible O&G structures that were used to compare before decommissioning and short-term post-decommissioning (orange cir-
cles), early and later post-decommissioning recovery in the medium term (blue triangles), and before decommissioning and long-term post-

decommissioning (green squares).
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operation for each structure. For scenario 1, there were 2 struc-
tures containing 66 samples (29 in the impact and 10 in the
control zone before decommissioning; 21 in the impact and
6 in the control zone after decommissioning). For scenario
2, there were 14 structures containing 384 samples (134 in
the impact and 52 in the control zone at the early time
point after decommissioning; 147 in the impact and 51 in
the control zone at the later time point after
decommissioning). For scenario 3, there was 1 structure
containing 21 samples (7 in the impact and 5 in the control
zone before decommissioning; 4 in the impact and 5 in the
control zone after decommissioning).

Entries of species names and their taxonomy classifications
were verified against WoRMS (WoRMS Editorial Board 2023).
There were 995 unique benthic taxa included in our analysis:
74% (n = 739) were at the species level, 19% (n = 189) at the
genus level, and the remaining 7% (n = 67) were at the family
level. Taxa higher than family level (n = 82) were excluded due
to uncertainty in assigning feeding groups and building food
webs. We assigned an estimated individual body mass to each
taxon using a biological trait database of Northwest European
benthos (Clare et al. 2022). Total biomass for each sample was
then calculated as the sum of taxon-specific biomasses (body
mass x abundance for each taxon). From this, we estimated an
abundance-weighted mean individual body mass of inverte-
brates for each sample by dividing total biomass by total abun-
dance. We then calculated three diversity metrics of interest:
total abundance, species richness, and Pielou’s evenness. The
mean individual body mass at each sample was calculated by
dividing total biomass by total abundance. The joint use of
total abundance, mean individual body mass, species richness,
and Pielou’s evenness provides a holistic assessment of benthic
biodiversity with complementary metrics that are commonly
used in other studies (Ryu et al. 2011; Coolen et al. 2022).
Total abundance reflects the overall number of individuals in
the community; mean individual body mass characterizes the
average size of all the organisms in the community; species
richness is the number of unique taxa; and Pielou’s evenness
measures the distribution of abundance across taxa.

As our study focused on benthic invertebrates living on or
in the sediment around structures, more mobile organisms
like fish, mammals, and pelagic species were not included in
the diversity analysis and food web construction. Fach taxon
in our dataset was assigned to one of six feeding groups
based on its primary prey and distinct feeding characteris-
tics: detritivore, filter feeder, grazer, scavenger, parasite, and
predator. We assumed the pervasive existence of nine basal
resources at all sampling sites (i.e., carrion, bacteria, CPOM,
feces, FPOM, fungi, macroalgae, microalgae, and protists)
and assigned subsets of those basal resources to primary
consumers: detritivores, filter feeders, grazers, and scaven-
gers (see Supporting Information Fig. S1). Interactions for
predators (organisms that actively hunt for prey) and para-
sites (organisms that feed on hosts without directly killing
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them) were determined from previous dietary studies in the
literature. Trophic interactions were established at the
taxon level using a metaweb approach, that is, local food
webs were drawn from a regional database of interactions
for the North Sea compiled by Chen et al. (2024). For each
sample, the local food web was constructed as the subset of
trophic interactions from this metaweb for taxa observed in
that sample. For taxa lacking species-specific diet informa-
tion, interactions were inferred from published data at
higher taxonomic levels (e.g., genus or family). Since 89%
of taxa in our dataset are resolved to the species or genus
level, we considered our metaweb approach to be robust for
reflecting biodiversity and food web responses. We calcu-
lated the following nine food web metrics using the
“cheddar” package in R: proportions of basal, intermediate,
and top species, mean trophic level, standard deviations of
normalized generality and vulnerability (herein referred to
as generality and vulnerability), link richness, linkage den-
sity, and connectance (Hudson et al. 2013). Proportions of
basal, intermediate, and top species describe the trophic dis-
tribution of taxa throughout the food web. Mean trophic
level characterizes the average vertical position of a taxon
in the food web and can be thought of as the typical dis-
tance that energy is transferred from basal resources to
organisms at higher trophic levels. Generality and vulnera-
bility reflect the average number of prey and predators,
respectively, of each taxon in the food web. The number of
links reflects the size of the food web, linkage density is the
average number of links per taxon, and connectance is a
measure of food web complexity that is often associated
with the resilience of the system to external perturbations.
The integration of these well-defined metrics provides a
holistic exploration of how food web structure changes in
response to O&G decommissioning.

Concentrations of hydrocarbons and heavy metals in the sed-
iment were measured for every sample of benthic taxa (micro-
grams per gram sediment, ugg '). Total hydrocarbon
concentrations were determined by gas chromatography, and
five metals were measured, including barium, copper, nickel,
lead, and zinc. We summed up concentrations of copper, nickel,
lead, and zinc as a proxy of total heavy metal concentration,
while barium, extracted by sodium fusion and other similar
methods, represents total concentration present in the environ-
ment regardless of its chemical form or availability to marine
organisms and was therefore considered separately. Any concen-
tration values of hydrocarbons and heavy metals below the
threshold for detection of 0.01 ug g~ ' were assigned a value of 0.

Experimental design

To account for background environmental changes
unrelated to decommissioning, we classified samples within
500 m of each structure as impact and those beyond 500 m as
control. The threshold was selected based on recent evidence
showing no major differences in hydrocarbon concentrations
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in sediment beyond 500 m (Chen et al. 2024). Recovery sig-
nals were assessed with a difference-in-differences (DiD)
design (Fig. 2). For scenarios 1 and 3, changes in the impact
were calculated as the difference between post- and pre-
decommissioning values, whereas for scenario 2, changes were
calculated as the difference between later and earlier post-
decommissioning observations. Concurrent changes in the
control were subtracted to isolate decommissioning effects.
The DiD approach compares mean changes in impact and
control samples—before and after decommissioning in scenar-
ios 1 and 3, or between early and later post-decommissioning
stages in scenario 2—thereby isolating decommissioning
effects from background temporal variability and allowing
consistent comparisons across structures with heterogeneous
sampling histories (Wing et al. 2018).

The DiD approach aims to compare mean impact
changes and control changes, both before and after
decommissioning in scenarios 1 and 3 or in both the
early and later stages post-decommissioning in scenario
2, to assess decommissioning effects while taking account
of background variability through time. The net

Calculate the mean and | -
variance in the impact
after intervention

L [ Mean change in
the impact

Calculate the mean and
variance in the impact
before intervention -

Benthic recovery after decommissioning

intervention effects (A) of decommissioning or post-
decommissioning recovery were calculated as follow:

A= (impactaﬂe, - impactbefo,e> - <controlaﬂe, — controlperore) (1)

where impacty,,, and impact,s, tepresent means of the
impact before and after intervention, while controly.p, and
controlyzr tepresent means of the control before and after
intervention. Hedge's g effect size was then calculated as a
standardized measure to quantify the significance and magni-
tude of the net intervention effects, while considering a cor-
rection for small sample sizes at each O&G structure (1< 30)
(Cohen 2013).

A 3
Hedge's g = 1- 2
cagess Variancepooledx( 4(N—2)—1) @)
where N is the total number of samples across the impact
before, impact after, control before, and control after
decommissioning, and Varianceyseq is the pooled standard
deviation calculated as:

_| Calculate the mean and
variance in the control
after intervention

Mean change in | -
the control

Calculate the mean and
variance in the control
- before intervention

Net intervention effect = mean change in the impact — mean change in the control

L

Hedge’s g = net intervention effect / pooled standard deviation

Calculate standard error of Hedge’s g

Scenarios 1 and 2
with multiple structuM

Meta-analysis via Multilevel Linear Mixed Effect
Models using each Hedge’s g and its variance
with infrastructure identity as the random term

Scenario 3 with
only one structure

Bootstrap 1000 samples following ¢-distribution
centered on Hedge’s g and its standard error

Pooled Hedge’s g and its variance for each
environmental and ecological variable

Estimate 95% confidence interval based on bias
corrected percentile bootstrap

Fig. 2. Workflow illustrating how environmental and ecological data were processed and analyzed in the difference-in-differences framework to examine

the overall decommissioning effects on each ecological metric.
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Variancepoorea

B (n,-,;, — 1) *S%b + (n,',a — 1) *S,%a + (”c,b — 1) *Si p+(Mea—1) *S?,a
Nip+Njaf +Nep+Ne i —4

3)

where n;;, and s;;, are sample size and variance of the impact
before the intervention, n;, and s;, are sample size and vari-
ance of the impact after the intervention, n.j and s, are sam-
ple size and variance of the control before the intervention,
and n., and s., are sample size and variance of the control
after the intervention.

The standard error (SE) of the Hedge's g effect size was cal-
culated as follows:

Hedge's g2
25 (Nip+Nig+Nep+Nea)
(4)

_ (nxib +Nig+Hep+ nc,a)
SEhedgesg = \/(”i,b Jr”i,a) N (nc,b JFnc,a) +

We then simulated 1000 bias-corrected bootstrap samples
to calculate the 95% confidence intervals (Cls) assuming a ¢-
distribution centered on Hedge’s g and its SE.

Statistical analysis

We applied this method to a consistent set of response vari-
ables at each scenario, including environmental variables,
three alpha diversity metrics, mean individual body mass, and
nine food web topological metrics. All analyses were con-
ducted in R v4.4.1 (R Core Team 2025). For scenarios 1 and
2 with multiple structures, we used the “metafor” package to
calculate pooled Hedge’s g effect sizes and 95% ClIs for each
response variable using individual estimates at each structure
(Viechtbauer 2010). For scenario 3 with only one structure,
Hedge's g and its 95% ClIs at each response variable were based
on its net intervention effect. Multilevel linear mixed models
were applied for scenarios 1 and 2, with the same variety of
response variables as moderators and infrastructure identity as
a random term. Test statistics and ClIs for the fixed effects were
computed using a t-distribution. Significance was determined
when 95% ClIs did not overlap with zero. The magnitude of
Hedge’s g effect sizes follows the thresholds: |g| < 0.2 (small);
Ig| 0.5 (moderate); |g| > 0.5 (large) (Durlak 2009).

We wused generalized linear latent variable models
(GLLVMs) to examine changes in benthic community compo-
sition in the impact and control zones before and after
decommissioning, and species-level responses to decom-
missioning effects in the three scenarios (Niku et al. 2019).
We used the null model without predictors to compare with
the treatment model with decommissioning effects as the pre-
dictor, represented by the interaction between status at sam-
pling (before and after) and the distance-based treatment
(impact and control). Each model used two latent variables to
account for residuals beyond the predictors. Akaike Informa-
tion Criterion (AIC) values were used in the model selection
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process to identify the optimal model distribution and struc-
ture. Species abundance data at each sampling site were then
used to build a species abundance matrix, with rare species
sampled at fewer than 5 sites excluded from the analysis (Zuur
and Leno 2025). The species mean-variance relationship and
Dunn-Smyth residual diagnostic plots showed a high propor-
tion of zeros and overdispersion (Supporting Information
Fig. S2), supporting the use of a negative binomial distribution
as the best fit for our models.

Each GLLVM was used to examine species-level responses
to the decommissioning effects. For each species, its esti-
mated coefficient and 95% CIs were extracted to determine
the directionality and magnitude of decommissioning
effects on species abundance using the coefplot function.
Species with significant coefficients (95% ClIs excluding 0)
were selected as potential bioindicators. The top three spe-
cies with the largest positive and smallest negative coeffi-
cients were identified. We examined the community-level
responses to the decommissioning effects using Permuta-
tional Multivariate ANOVA (PERMANOVA) instead of
model-based ordination techniques in the GLLVM frame-
work to accommodate small sample sizes in some treat-
ments (n < 10) (Anderson 2001). The PERMANOVA provides
a permutation-based approach to assess differences in com-
munity compositions across treatments. The multivariate
homogeneity of group dispersions was used to analyze
influences on group variances. As PERMANOVA is based on
the Bray-Curtis dissimilarity matrix, we used the same dis-
similarity matrix to visualize the results using Principal
Coordinates Analysis (PCoA) (Abdi and Williams 2010).

Results

Chemical variables

In scenario 1, there were no significant effects of
decommissioning on concentrations of either total hydrocar-
bons or heavy metals (Fig. 3). In scenario 2, post-decom-
missioning recovery had a significant and moderate negative
effect on the concentration of total hydrocarbons (Hedge’s
&= —-0.44; p <0.05; Fig. 3), with a greater reduction in median
concentration in the impact zone (from 1835 to 635 ugg ')
than in the control zone (from 14 to 6 ug g '; Supporting
Information Table S1). In scenario 3, decommissioning had a
significant and large negative effect on concentrations of total
hydrocarbons (Hedge’'s ¢ = —1.74; p <0.001; Fig. 3), with a
reduction in median concentration in the impact zone (from
21,500 to 876 ugg ') and little change in the control zone
(from 8.2 to 35 ug g~ !; Supporting Information Table S1). For
individual metals, decommissioning in the long term had a
significant and large positive effect on the concentration of
total barium (Hedge’s g = 3.01; p < 0.001; Supporting Informa-
tion Fig. S4c), with a much greater increase in median concen-
tration in the impact zone (from 3505 to 19,088 ug g ') than
in the control zone (from 1352 to 4200 ug g~ '; Supporting
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Benthic recovery after decommissioning

scenario 1 scenario 2 scenario 3
: : :
1 1 1
1 1 1
1 1 1
Hydrocarbons A o+ ® * ——***
1 1 1
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1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
Metals - L I —Q—I —O—I
1 1 1
1 1 1
1 1 1
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Hedge's g

Fig. 3. The estimated pooled Hedge's g effect sizes and their 95% confidence intervals show the decommissioning effects on sediment concentrations
of total hydrocarbons and metals for scenarios 1, 2, and 3. Statistically significant effects were marked with asterisks (*: p < 0.05; **: p<0.01; ***:

p < 0.0071).

Information Table S1). Decommissioning in scenario 3 had a
significant and large negative effect on the concentration of
copper (Hedge’s g = —0.99; p <0.05; Supporting Information
Fig. S4c), with a reduction in the impact zone (from 43 to
24.4 ug g~ and little change in the control zone (from 3 to
4 ug g~'; Supporting Information Table S1). Note that in com-
parison to the baseline at the pre-decommissioning levels,
total hydrocarbons significantly declined in the long term
after decommissioning (scenario 3), while there was no signifi-
cant change in the short term after decommissioning (sce-
nario 1). In comparison to the early time point post-
decommissioning, total hydrocarbons significantly declined in
the impact zone at the later time point post-decommissioning
(scenario 2). There was no significant decline in the heavy
metals for any of the three scenarios (Supporting Information
Fig. S3).

Benthic biodiversity and composition

In scenario 1, decommissioning had a significant and large
negative effect on total abundance (Hedge's g= —0.74;
p <0.05; Fig. 4a), with a smaller increase in the mean number
of invertebrates in the impact zone (from 5728 to 10,427)
than in the control zone (4388 to 11,808; Supporting Informa-
tion Table S2). Decommissioning also had a significant and
large negative effect on species richness (Hedge’s ¢ = —0.90;
p < 0.05; Fig. 4a), with a reduction in the mean number of spe-
cies in the impact zone (from 26 to 21) compared to an
increase in the control zone (from 28 to 32; Supporting Infor-
mation Table S2). In scenario 2, post-decommissioning recov-
ery had a significant and large positive effect on total
abundance (Hedge’s ¢=0.53; p<0.001; Fig. 4b), with a
smaller reduction in the mean number of invertebrates in the
impact zone (from 23,835 to 16,134) than in the control zone
(48,008 to 24,423; Supporting Information Table S2). In

scenario 2, post-decommissioning recovery also had a signifi-
cant and moderate negative effect on mean individual body
mass (Hedge's §=—-0.39; p<0.01; Fig. 4b), with a greater
reduction in mean body mass in the impact zone (from 0.119
to 0.100 g) than in the control zone (0.129-0.102; Supporting
Information Table S2). In scenario 3, decommissioning had
significant and large effects on total abundance (Hedge’s
&= 1.84; p <0.001; Fig. 4c), species richness (Hedge’s § = 1.42;
p<0.01; Fig. 4c), and Pielou’s evenness (Hedge's g=0.97;
p <0.05; Fig. 4c), with greater increases in all three metrics in
the impact zone compared to the control (Supporting Infor-
mation Table S2).

The decommissioning treatment in the GLLVM treatment
model across three scenarios showed a substantially lower AIC
value than the null treatment, indicating a significant
decommissioning effect on community composition
(Supporting Information Table S3). Consistent with this, PER-
MANOVA showed that decommissioning significantly altered
benthic community composition across the four treatments,
while the strength of differences varied across the scenarios
(Supporting Information Table S4). Only scenario 3 showed a
significant decline in the impact-control centroid distances
after decommissioning, indicating a greater similarity of ben-
thic communities between the impact and the control
(Supporting Information Fig. S5). Instead, benthic communi-
ties in scenarios 1 and 2 exhibited weak distinctions across the
four treatments, suggesting limited changes in community
composition (Fig. 4d,e).

The GLLVM identified taxa that contributed the most to
the observed community changes in each scenario
(Supporting Information Fig. S6). In scenario 1, filter feeders
(Ditrupa  arietina and Abra  prismatica) and  grazers
(Echinocardium) had the most negative responses to
decommissioning effects. In scenario 2, some pollution-
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Chen et al. Benthic recovery after decommissioning
scenario 1 scenario 2 scenario 3
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Fig. 4. (a—c) The estimated pooled Hedge's g effect size and their 95% confidence intervals show the decommissioning effects on benthic biodiversity
for scenarios 1, 2, and 3. Statistically significant effects were marked with asterisks (*: p < 0.05; **: p < 0.01; ***: p < 0.001). (d-f) Ordinations of commu-

nity composition across the four treatments for scenarios 1, 2, and 3.

intolerant detritivores including Phascolion strombus and
Thyasira sarsi had positive responses to post-decommissioning
recovery. In scenario 3, most of the taxa had negative
responses to decommissioning effects including the pollu-
tion indicator Capitella spp. and the predatory worm
Harmothoe sp. These findings align with the effect sizes of
feeding group abundance and species richness, which expe-
rienced substantial changes after decommissioning and
post-decommissioning recovery (Supporting Information
Figs. S7, $8). In scenario 1, there was a significant and large
negative effect of decommissioning on the abundance of fil-
ter feeders (Hedge's g=-0.77; p<0.05), and grazers
(Hedge’s g = —0.99; p <0.05). There was also a significant
and large negative effect of decommissioning on the species
richness of detritivores (Hedge’s § = —0.73; p < 0.05), preda-
tors (Hedge’s g = —1.17; p <0.01), and scavengers (Hedge's
g§=-0.99; p<0.05). In scenario 2, post-decommissioning
recovery had a significant and positive effect on filter

feeders (Hedge’'s g=0.43; p<0.05), detritivores (Hedge's
§=0.71; p<0.001), and predators (Hedge's g=0.51;
p <0.01). In scenario 3, decommissioning in the long term
had significant and large positive effects on detritivores (Hedge’s
§=1098; p<0.001), filter feeders (Hedge's g=1.51; p<0.01),
and scavengers (Hedge’s g = 0.95; p < 0.05).

Food web structure

In scenario 1, decommissioning had significant and large
positive effects on the proportion of basal species (Hedge’s
& =0.73; p<0.05; Fig. 5a) and connectance (Hedge’'s § = 0.82;
p <0.05; Fig. 5a), but significant and large negative effects on
mean trophic level (Hedge’s g = —0.77; p < 0.05; Fig. 5a), link
richness (Hedge's g = —0.96; p <0.01; Fig. Sa), and linkage
density (Hedge'sg= —0.71; p<0.05; Fig. 5a). In scenario
2, post-decommissioning recovery had significant and moder-
ate positive effects on the proportion of intermediate species
(Hedge’'s g=0.38; p<0.01; Fig. 5b) and linkage density
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Benthic recovery after decommissioning
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Fig. 5. (a—c) The estimated pooled Hedge's g effect sizes and their 95% confidence intervals show decommissioning effects on benthic food web topo-
logical properties. Examples are also given of a food web (d) before and after decommissioning in the short term, (e) in the early and later period of
post-decommissioning recovery, and (f) before and after decommissioning in the long term. Circles are different taxa as nodes; gray lines are feeding

interactions.

(Hedge’'s §=0.33; p<0.05; Fig. 5Sb). In scenario 3,
decommissioning had significant and large positive effects on
the proportion of intermediate species (Hedge's g= 1.09;
p<0.05; Fig. 5¢), mean trophic level (Hedge's g=1.68;
p<0.001; Fig. 5c), vulnerability (Hedge’s g =1.32; p<0.01;
Fig. 5¢), link richness (Hedge’'s ¢=1.77; p <0.001; Fig. 5c¢),
and linkage density (Hedge’s ¢ = 2.35; p < 0.001; Fig. 5¢), but
significant and large negative effects on the proportion of
basal species (Hedge’s g = —1.38; p <0.01; Fig. 5c), generality
(Hedge's g = —1.29; p < 0.01; Fig. 5¢), and connectance (Hedge’s
g = —1.60; p <0.001; Fig. 5¢).

Discussion

Assessing potential environmental impacts and marine sen-
sitivities near decommissioning activities is a regulatory
requirement that provides essential environmental evidence
to justify the chosen decommissioning option and supports
risk-based approaches for post-decommissioning management
(Department of Business Energy and Industrial Strategy 2018).
Environmental assessments are usually proportionate to the
scale of decommissioning activities on a case-by-case basis,
but standardized regulated methods detailing the duration
and frequency of monitoring plans are lacking, and this has

contributed to an incomplete understanding of the likely
responses of the soft sediment environment and benthic com-
munities to O&G decommissioning. With limited long-term
monitoring data, it is challenging for the current knowledge
base to address whether and how the decommissioning of
O&G infrastructure achieves environmental targets, for
example, biodiversity net gains (Knights et al. 2024).
Leveraging the best currently available industrial benthic
monitoring database, this study found negative impacts of
two fully decommissioned O&G structures within the first
year, followed by a subtle recovery process after full
decommissioning over 1-5 yr, and some positive effects of a
partially removed structure in the longer term as a case
study for the longer-term effects of decommissioning. Dif-
ferences in the availability of before/after sampling, the
extent of decommissioning, and the number of structures
involved at each timescale make it difficult to disentangle
the trajectory of recovery from potential confounding
effects of the sampling design. Thus, our study also high-
lights the importance of gathering more environmental and
ecological data around decommissioned O&G infrastructure
to better understand potential impacts associated with the
removal process and the long-term trajectory of recovery
across different decommissioning options (e.g., partial or
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full removal). This is important to guide ecologically robust
management strategies for future decommissioning
practices.

Decommissioning effects on oil-associated contamination

The study found mixed results with regard to sediment
contaminants. Specifically, there was a significant reduction
in total hydrocarbon concentration in the post-decom-
missioning recovery (scenario 2) and long-term
decommissioning (scenario 3), albeit with no significant
change in some metal concentrations (i.e., zinc, lead,
nickel) across all scenarios, which do not support the
hypothesis of lower concentrations of all contaminants in
the long term after decommissioning. The decline in total
hydrocarbon concentration could be attributed to a number
of factors, including the loss of low molecular weight com-
pounds through volatilization (Chen et al. 2021), disper-
sion, emulsification, and solubilization in the water column
(Zhao et al. 2015), and sinking to benthic sediments to bio-
degrade or become buried (Leahy and Colwell 1990; Xu
et al. 2018). With the cessation of O&G production in the
decommissioning phase, new hydrocarbon inputs from oil
spills and waste discharges are no longer introduced, leav-
ing the remaining residues to decline through a combina-
tion of physical transport, chemical dissolution, and
biological degradation.

Many metals, on the other hand, appear to persist in the
environment in the long term after decommissioning. For off-
shore sediments, metals are generally bound to mineral matri-
ces and organic matter such as barite, bentonite, iron, and
manganese oxides (de Azevedo et al. 2025). Without favorable
physio-chemical conditions, these stable chemical forms
reduce their bioavailability and solubility (Costa et al. 2023),
while only a small labile and bioavailable fraction would dis-
perse in the environment and interact with benthic
detritivores and filter feeders (Yan and Wang 2002). The sedi-
ment quality guideline was used to assess the toxicity of
hydrocarbons and metals present in the sediment (Long
et al. 1995). Even in the long term of scenario 3, the median
concentrations of lead and zinc were above the threshold
values of the lower tenth percentile of concentration levels
associated with adverse biological impacts (Supporting Infor-
mation Table S1), which suggests potential environmental
risks for benthic organisms and the environment. Barium, in
the form of barite, is frequently used as a weighting material
for drilling fluids and therefore has a substantial presence in
the drill cuttings (Ellis et al. 2012). Even after cessation of pro-
duction, barium (together with other metals including lead,
zinc, and copper) may still have residual concentrations pre-
sent near drilling sites (Olsgard and Gray 1995). This might be
due to their adsorption to sediment particles or organic com-
pounds near drilling sites, allowing them to accumulate in the
benthic environment (Zhang et al. 2014).

Benthic recovery after decommissioning

Decommissioning effects on benthic biodiversity

Our results supported the hypothesis that total abundance
and species richness increased in the long term after
decommissioning, suggesting evidence of nature recovery. The
results showed a complex response from adverse effects on
species richness in the short term of two fully decom-
missioned structures, followed by a partial recovery in the
medium term of post-decommissioning for multiple struc-
tures, to more diversified communities in the long term after
decommissioning for a single structure as a case study (Fig. 4;
Supporting Information Figs. S5, S9). The results are limited to
the currently available structures in the specific context, call-
ing for more data to identify generalized patterns. One possi-
ble explanation for negative impacts in the short term could
be due to the debilitating nature of decommissioning activities
(Odum et al. 1979). For example, dismantling of infrastructure
components is likely to cause detrimental impacts to the sur-
rounding benthic environment and organisms, for example,
through resuspension of drill cuttings and other oil-associated
contaminants from the sediment back into the water column
and interacting directly with the seabed and organisms living
on or in the sediments. In our case, benthic filter feeders and
grazers were the groups that were most negatively affected
(Supporting Information Fig. S7). In this period, ecosystems
may experience further degradation rather than intermediate
recovery following decommissioning (Rapport and Whitford
1999). In addition to that, decommissioning also alters the
ecology of local ecosystems into which O&G infrastructure
has become integrated (Spielmann et al. 2023). Removal of
infrastructure is associated with the loss of epifaunal commu-
nities originally colonizing hard, complex substrates, alter-
ation of local hydrodynamic regimes and sedimentary
characteristics, and changes in contamination concentration
in the surrounding sediment. The altered habitat baselines will
have cascading effects on local seabed benthic invertebrates
adapted to different resources and environmental conditions
(Coates et al. 2014).

Contrasting ecological responses in benthic communities
between the short and long term after decommissioning sug-
gest temporal dependence of recovery in benthic communi-
ties. Yet, limited studies described the characteristics of
benthic succession in the context of O&G decommissioning.
Pearson and Rosenberg (1978) provided a useful framework to
describe benthic recovery patterns in response to organic
enrichment, showing an initial dominance of opportunistic
organisms, followed by increasingly more diverse communi-
ties with greater fluctuations and progressing toward a state of
equilibrium containing many more sensitive species. In our
case, decommissioning also indicated the abatement of
organic inputs, whereas there exists a variety of unique com-
plexities that influence benthic successional trajectory and a
novel state of equilibrium that is different from the pre-
infrastructure one. These include the persistence of legacy
contamination in the sediment (Woodward-Rowe et al. 2025),
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alteration of local hydrodynamics, hard substratum, and foul-
ing communities associated with removal (Nicolette
et al. 2023), and potential disturbances associated with the
removal process (Fortune et al. 2024). These stressors associ-
ated with O&G decommissioning confound a predictable and
gradual recovery process, which differs from previous recovery
studies in dredging (Cooper et al. 2007) and trawling (Wang
et al. 2021). Gade et al. (2024) found that redox-driven min-
eral weathering in cutting piles could enrich the surface sedi-
ment with metals despite its low lability state. During
decommissioning, the disturbance-driven resuspension of
weathered sediments could potentially increase the bioavail-
ability of sequestered contaminants. This poses adverse
impacts on marine benthos, explaining the further degrada-
tion in the short term before the ecosystem has fully recov-
ered. Notably, a significant reduction in mean body mass in
the impact zone post-decommissioning recovery suggests that
initial colonizers tend to be small opportunists with rapid
reproduction and a short life span (Ryu et al. 2011), with
larger organisms only establishing in the longer term
(Rosenberg 2001). Henry et al. (2017) found that benthic
recovery after the cessation of drilling in the northern North
Sea required over 6.8yr, while recovery in the central
North Sea took over 8 yr.

Partial recovery was detected in the long term after
decommissioning, with a significant increase in both total
abundance and species richness in the impact zone (Fig. 4).
Changes in benthic community composition were most stark
in scenario 3, whereby impact and control communities were
homogenized following decommissioning, with no significant
difference in beta diversity (Supporting Information Fig. S9).
The opportunistic polychaete Capitella spp. was the most
abundant species in the impact zone before decommissioning,
which are typical pollution bioindicators in organic-enriched
and disturbed environments (Tomassetti et al. 2016). Commu-
nities in scenario 3 became more diverse with the colonization
of more pollution-sensitive species, including the brittle stars
T. sarsi and P. strombus and the heart urchin Echinocardium
cordatum (Supporting Information Fig. S6), reflecting improved
benthic habitat quality (Borja et al. 2000; Rosenberg et al.
2002). The positive responses of many pollution-intolerant
taxa, including T. sarsi and P. strombus, in the post-
decommissioning recovery of scenario 2 were consistent with
an improving environment. Our results align with previous
assessments showing a decrease in polychaetes and a concur-
rent increase in pollution-intolerant taxa after decom-
missioning (OSPAR Commission 2019). This highlights the
potential for the recovery of benthic communities after
decommissioning, albeit only at a single O&G structure due to
the absence of long-term monitoring in current industry
datasets. It should also be noted that observed benthic recov-
ery in scenario 3 is relative to its ecological state prior to
decommissioning, given the pre-construction baseline data
are not available, highlighting a gap in industry data

Benthic recovery after decommissioning

collection. Thus, the baseline for scenario 3 was already in an
ecologically stressed condition, but lacking the pre-
construction baseline, we still found increased biodiversity
and food web complexity and, therefore, improved commu-
nity status. The recovery is therefore not a simple return to a
“pristine” pre-construction state but rather depends on local
environmental conditions evident in the control treatment.
Time-series analysis shows a non-linear complex process for
benthic communities to approach a new equilibrium by
adjusting to new resources and environmental conditions
(Supporting Information Figs. S10, S11).

Reorganization of trophic architecture: Gains or losses?

The significant increase in link richness, linkage density,
and mean trophic level supported our hypothesis of greater
food web complexity in the long term after decommissioning
(Fig. 5). The significant decrease in connectance and generality
seems counterintuitive at first glance, but actually indicates a
greater proportion of specialist consumers in the food web.
Since less connected dietary specialists are more prone to
extinction and dietary generalists are more likely to thrive
under environmentally stressful conditions (Laske et al. 2018),
the decreasing connectance and generality in the long term
after decommissioning suggest an improved environment that
can cater to a wider range of trophic niches. The improved
communities were also consistent with a more diversified
community composition with increased abundance across
feeding groups in the impact zone after decommissioning
(Supporting Information Fig. S7). The increase in vulnerability
also indicates a greater number of predators in the commu-
nity, which is consistent with the higher mean trophic level.
The increase in link richness and linkage density demonstrates
increased energy availability and more redundancy in energy
flow (Scotti et al. 2009). Nevertheless, the decrease in con-
nectance may be associated with reduced resilience to distur-
bances through an increased risk of secondary extinctions or
invasions (Dunne et al. 2002b). However, the paucity of avail-
able data for fully decommissioned structures makes it difficult
to ascribe beneficial effects on long timescales given the par-
tial removal used in this scenario, which contrasts with the
full removal in scenarios 1 and 2. Therefore, it is unclear if
the beneficial effects on diversity and food webs in scenario
3 are down to the longer timescale allowed for recovery, or
the lower initial disturbance to the surrounding sediment
from leaving the footings of the decommissioned platform in
place. Future studies are encouraged to examine how different
decommissioning options affect ecological responses in the
long term.

In the short term after decommissioning, completely
opposing patterns to the long-term recovery were found, with
a significant increase in the proportion of basal species and
connectance, and a significant decrease in mean trophic level,
link richness, and linkage density (Fig. 5). The reduction in
mean trophic level indicates a greater dominance of basal
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species, which suggests inadequate resources to support
energy transfer to higher trophic levels (Kaunzinger and
Morin 1998). The decrease in the number and density of food
web interactions reconciles with the loss of species richness,
which leads to lower trophic redundancy. Higher connectance
suggests increased resilience against disturbances (Dunne
et al. 2002a), however, whereby a simplified but more tightly
connected food web may act as a stabilizing mechanism that
prevents communities from experiencing secondary extinc-
tions following a perturbation (Nordstrom and Bonsdorff
2017), which is also a typical manifestation in a stressed eco-
system (Nagelkerken et al. 2020). Despite the lack of pre-
infrastructure surveys to inform baseline conditions at the
structures, the trajectory of benthic recovery was found with
positive effects on the proportion of intermediate species and
linkage density (Fig. 5). However, the lack of significant dis-
tinction in community compositions suggests that benthic
recovery is relatively subtle in the 1-5 yr timeframe (Fig. 4).

Recommendations for monitoring of decommissioning

The preparation and implementation of decommissi-
oning in the North Sea is a lengthy regulatory process that
requires environmental appraisals to support proposed
decommissioning options and their potential impacts on the
marine environment. Environmental surveys are needed to
tulfill regulatory requirements, provide an evidence base prior
to cessation of production for potential impacts and their con-
sequences to the environment, and to justify the chosen
option having minimal environmental impacts (Department
of Business Energy and Industrial Strategy 2018). Currently,
there is no statutory requirement specifying the implementa-
tion of long-term monitoring and recommended frequency of
key time points, which means there is a lack of consistent
environmental and ecological data for monitoring the impacts
of decommissioning on marine ecosystems. Using survey data
before and after decommissioning at different temporal scales,
we attempted to show a variability in benthic diversity and
food web responses. To better accommodate the needs of
investigating long-term decommissioning effects, we propose
the following recommendations concerning (i) the prioritiza-
tion of monitoring long-term decommissioning consequences;
(ii) a standardized data workflow to integrate with available
databases, and (iii) enhanced stakeholder participation in the
decommissioning decision-making and accessibility and trans-
parency of monitoring data.

i. The absence of continuous long-term monitoring surveys
post-decommissioning made it difficult to implement a
trend-based approach to understand the trajectory of ben-
thic recovery at different successional stages. Our results
found that negative effects on benthic biodiversity and food
webs persisted in the short timescale (within 12 months),
followed by signals of recovery in the medium (1-5 yr) and
long term (over 5yr). This illustrates how future post-

Benthic recovery after decommissioning

decommissioning sampling strategies should account for
monitoring at key timepoints (e.g., within 12 months, then
after 2, 3, 5, and 10 yr) to provide an adequate temporal
range to detect the potential environmental and ecological
consequences of decommissioning.

ii. Standardization in the sampling protocol would be benefi-
cial not only to the comparative analysis between historical
baseline data with planned monitoring, but also to allow
the integration of existing surveys beyond the industrial
sector, including government agencies and research institu-
tions. The methodologies and principles established by
existing standardized benthic sampling protocols, for
example, the regional seabed monitoring program devel-
oped by Cooper and Barry (2017), could be further
improved by accounting for the uniqueness and difficul-
ties of sampling O&G infrastructure. For example, the
distinction of sampling should consider different opera-
tional phases of O&G infrastructure, including baseline
sampling prior to exploitation, sampling during the
operational stage, and post-decommissioning sampling.
Important factors should be recorded at each sampling
location, such as the transect, angle in direction, and
water depth. It would be beneficial to establish an inte-
grated framework to unify the efforts of industry,
research institutions, and government to participate in
benthic monitoring, which would improve knowledge
and decision-making around decommissioning.

iii. It is essential to collect environmental and ecological
information to identify the optimal decommissioning sce-
nario that brings environmental and societal gains. With-
out the evidence, there is a risk that the substantial costs
in decommissioning do not yield desirable outcomes for
the industry and the public. There is also a need
for improving data transparency of environmental
appraisals submitted for decommissioning approvals, as
these assessments tend to be summarized in reports,
with raw survey data remaining inaccessible, particularly
for decommissioned O&G infrastructure. The UK Ben-
thos database offers valuable historical data to under-
stand the impacts of offshore hydrocarbon exploitation.
However, a lack of post-decommissioning data con-
strains the ability to compare benthic conditions before
and after decommissioning, as well as to evaluate post-
decommissioning recovery relative to baseline condi-
tions prior to hydrocarbon exploitation. Our scenario-
based approach requires comprehensive and long-term
benthic monitoring to validate the trajectory of post-
decommissioning recovery of benthic communities.

Conclusion

This study reveals environmental and ecological impacts of
O&G decommissioning on marine ecosystems. Hydrocarbons,
especially those with lower molecular weight, degrade
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relatively rapidly after decommissioning, while heavy metals
may persist longer in the sediment at levels that could impact
benthic organisms. There were detrimental impacts of
decommissioning in the short term, with a loss of species rich-
ness and simplified food webs. Increases in the proportion of
intermediate species and linkage density in the medium-term
post-decommissioning suggest some recovery is happening,
but community composition exhibits greater inertia over this
timescale. The greater food web complexity in the long term
after decommissioning indicated longer pathways of energy
flux and more trophic redundancy in the face of further per-
turbations, with impact zone communities sharing a similar
composition to those of background controls. Given that the
data underpinning our findings are limited to scenarios with
different structures and decommissioning options, the study
highlights the critical need for more systematic long-term
monitoring of O&G decommissioning to better inform future
practices.
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