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Abstract
Globally, nations are designating marine protected areas to recover and protect habi-
tats and species. With targets to protect 30% of marine areas by 2030, the effective-
ness of MPAs to protect designated space is important. In Lyme Bay (south- west UK), 
two co- located MPAs have each adopted different management styles to exclude 
mobile demersal fishing: a Special Area of Conservation (SAC) protecting the known 
extent of sensitive reef habitat and an area including a mosaic of reef and sedimen-
tary habitats where the whole site is protected from mobile demersal fishing under a 
statutory instrument (SI). Underwater videography, both towed (individuals m−2) and 
baited (MaxN), was used to enumerate change over time of reef species (number of 
taxa, total abundance, functional richness and functional redundancy) in the MPAs 
and nearby control areas (2008– 2019). Total abundance and functional redundancy of 
sessile taxa and functional richness of mobile taxa increased, while the number of ses-
sile or mobile taxa, functional richness of sessile taxa, total abundance of mobile taxa 
or functional redundancy of mobile taxa did not differ from nearby control sites. Over 
time, both management styles did result in increases in sessile and sedentary taxa 
diversity relative to open controls, with increases in total abundance of 15% and 95% 
in the “feature- based” and whole- site MPAs, respectively, alongside increases in the 
number of sessile taxa of 44% over time in the “feature- based” MPA. However, the 
mobile taxa in the whole- site MPA showed levels of functional redundancy 7% higher 
than the “feature- based” MPA, indicative of a higher community resilience inside the 
whole- site MPA to perturbations, such as storms or biological invasions. Increases 
seen in the diversity of sessile taxa were expected only in areas where mobile demer-
sal fishing was excluded (~46.8% of its areas). Therefore, if the whole “feature- based” 
MPA was consistently protected, we expected to see similar levels of increase in the 
functional extent of reef. While the “feature- based” MPA showed similar results over 
time to that of the “whole site,” the “whole site” showed higher levels of diversity, both 
taxonomical and functional.
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1  |  INTRODUC TION

The use of marine protected areas (MPAs) as a tool to protect habi-
tats and species is increasing globally (Edgar and Stuart- Smith 2014; 
Lubchenco and Grorud- Colvert 2015; Sala and Giakoumi 2018). 
MPAs have been shown to recover benthic ecosystems (Sheehan 
et al. 2013a), including increased species' biomass, catch per unit ef-
fort, diversity, density and community stability (Lester et al. 2009; 
Sciberras et al. 2013; Sheehan et al. 2013b; Mellin et al. 2016) and 
predicted benefits for carbon sequestration and climate change 
mitigation (Sala et al. 2021). MPAs are widely advocated by the 
Convention of Biological Diversity (CBD), the International Union for 
the Conservation of Nature (IUCN) and European Union (EU), with 
a current target set by the Global Ocean Alliance to protect 30% 
of marine areas by 2030 (O'Leary et al. 2016; Brander et al. 2020; 
Rees et al. 2020; Waldron et al. 2020). The effectiveness of MPAs 
at achieving defined objectives such as climate resilience, resource 
conservation, tourism or fisheries production depends on a com-
bination of being no take, large, old, isolated and well enforced 
(Carpenter et al. 2001; Lubchenco et al. 2003; Edgar and Stuart- 
Smith 2014; Roberts et al. 2017; Kerr et al. 2019). MPAs that have 
been designated but not managed appropriately are ineffective, and 
sometimes, effects are counter to their objectives (Edgar et al. 2004; 
Rife et al. 2013; Devillers et al. 2015; Claudet 2018).

In the UK, MPAs are designated as Special Areas of Conservation 
(SACs: Natura 2000 agreement and EU Habitats Directive), Special 
Protection Areas (SPAs: Natura 2000 agreement and EU Habitats 
Directive: European Commission 1992), Marine Conservation Zones 
(MCZs: Marine and Coastal Access Act) and No Take Zones (NTZ) 
(Gall and Rodwell 2016; Sheehan et al. 2016; Rees et al. 2020; 
Solandt et al. 2020; Stewart et al. 2020; Rees et al. 2021). SACs, 
SPAs and MCZs are all partially protected, where activities deemed 
to be detrimental to the health of the designated Annex I or II species 

or habitat are prohibited from areas where such features have been 
found within the MPA boundary. These types of protection are 
more acceptable to the public than full NTZs by allowing some level 
of commercial and recreational fishing. SACs, SPAs and MCZs are 
“feature- based” by only protecting a feature of interest within the 
confines of where it has been identified. However, this assumes that 
species and habitats operate in isolated patches and limits potential 
for recovery and expansion (Sheehan et al. 2013a). Furthermore, all 
remaining habitats and species within the confines are at risk of de-
structive and damaging activities despite that area being defined as 
“protected” (Rees et al. 2020; Solandt et al. 2020). This lack of pro-
tection for all habitats and species within their boundaries has meant 
that large proportions of MPAs are not protected at all (Solandt 
et al. 2020) and that “feature- based” management does not effec-
tively protect marine ecosystems, or deliver fisheries and conserva-
tion objectives (Costanza et al. 1998; Pikitch et al. 2004). Therefore, 
MPAs that protect the whole site from damaging practices and activ-
ities are being advocated as a more effective management method 
for both fisheries and conservation targets (Sheehan et al. 2013a; 
Sheehan et al. 2013b; Sheehan et al. 2016; Rees et al. 2020; Solandt 
et al. 2020).

Within Lyme Bay, in the south- west of the UK, a statutory in-
strument was used in 2008 to exclude mobile demersal fishing from 
206 km2 of the bay while allowing other static forms of fishing, such 
as scallop diving, static potting and netting (Figure 1). In 2011, a Site 
of Community Importance was also established, which later became 
a SAC. This SAC similarly excluded mobile demersal fishing and al-
lowed static forms of fishing. However, this was only applied to areas 
of Annex I reef (Natural- England 2015). This co- location of manage-
ment approaches provided the rare opportunity to compare the ef-
fectiveness of feature vs whole- site management.

Our objectives were to compare: (1) effects of the SAC to open 
controls (OC), which continued to be open to mobile demersal fishing 

F I G U R E  1  Survey locations for towed flying array (triangles) and baited remote underwater video system (squares) in the Special Area 
of Conservation (orange shapes), whole- site MPA (blue shapes) and open controls (grey shapes), and closure boundaries within Lyme Bay 
with UK map inlaid. Each location represents three replicates. The Lyme Bay whole- site MPA excluded all forms of Mobile Demersal Fishing 
from 2008 onwards, while the Special Area of Conservation excluded all forms of mobile demersal fishing from known areas of Annex I Reef 
Habitats from 2011 onwards
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on benthic and demersal fauna, and (2) the recovery trajectory of 
taxa over 5 years since protection between the SAC (“feature- based” 
SAC: Year 1 = 2012), the SI MPA (whole- site MPA: Year 1 = 2008) 
and open controls (areas open to mobile demersal fishing: Year 
1 = 2012). To assess changes in biodiversity, assemblage composi-
tion, number of taxa and total abundance were measured. To assess 
changes in ecosystem service provision and resilience of community 
to perturbations (storms, invasive species and destructive fishing: 
Tillin et al. 2006), functional richness (the number of different func-
tional traits in a community) and functional redundancy (the over-
lap of functional traits between different species in the community) 
were measured. We expected that assemblage composition in the 
SAC would shift away from the OC from before to after SAC desig-
nation, with an increase in number of taxa, total abundance, func-
tional richness and functional redundancy. Secondly, we expected 
that assemblage composition would shift significantly with age of 
protection in both the “feature- based” SAC and whole- site MPA rel-
ative to the OC, with an increase in number of taxa, total abundance, 
functional richness and functional redundancy and that the whole- 
site MPA would increase more rapidly than the “feature- based” SAC. 
The OC data were sampled to align with the SAC age of protection. 
Each hypothesis was tested twice, first using sessile and sedentary 
fauna data collected by the towed flying array (sessile taxa hence-
forth: Sheehan et al. 2013a; Sheehan et al. 2021; Davies et al. 2022) 
and second using mobile taxon data sampled by the baited remote 
underwater video systems (BRUVs) (mobile taxa henceforth: Davies 
et al. 2020; Davies et al. 2021; Davies et al. 2022).

2  |  METHODS

2.1  |  Location

Lyme Bay, in the south- west of the UK, contains nationally impor-
tant Annex I reef habitats that are home to pink sea fans Eunicella 
verrucosa, a sessile species listed under the species protection pro-
vision of the Wildlife and Countryside Act (1981). Reefs support 
many species of conservation and commercial importance, includ-
ing King Scallop Pecten maximus, Dover Sole Solea solea and Blonde 
Ray Raja brachyura. Mobile demersal fishing (e.g. scallop dredging 
and trawling) in Lyme Bay was believed to be severely degrading 
and damaging biogenic reef species and mudstone reef habitat. For 
this reason, the area has been the focus of debate between conser-
vationists and fishers since the early 1990s. Subsequently, areas of 
the reefs have been protected under voluntary agreements (7 km2 
from 2001 and 41 km2 from 2006, Jones (2012); Figure 1); a statu-
tory instrument (whole- site exclusion of mobile demersal fishing of 
206 km2 from 2008; Figure 1); local byelaws set by Devon IFCA and 
Southern IFCA; and a “feature- based” SAC that encompassed the 
SI (a 312 km2 Site of Community Importance from November 2011, 
Rees et al. (2012), and then a SAC from 2017; Figure 1).

Originally designated as a Site of Community Importance, the 
Lyme Bay and Torbay designated Special Area of Conservation (SAC) 

encompasses a large area of Lyme Bay and Torbay, a portion of the 
south- west coastline of the UK encompassing an area of 2460 km2. 
The Lyme Bay element of the SAC, under study here, encompasses 
~270 km2 of seabed, including a 206- km2 area, which prohibited mo-
bile demersal fishing from 2008 under a statutory instrument (SI) 
(Figure 1). The area designated under the SI (whole- site MPA hence-
forth) ranges in depths from 15 to 35 m and, similar to the SAC, al-
lows less destructive fishing activities, such as recreational angling, 
potting, netting and scallop diving. The SAC only excludes mobile de-
mersal fishing from areas where Annex I rocky reef habitat (bedrock, 
boulders and cobbles) was previously found (Natural- England 2015). 
Consequently, ~33.9 km2 of other habitats (46.8% of the SAC not 
inside the SI boundary), including pebbly sand veneers that can be 
colonised by reef- associated species (Sheehan et al. 2013b), is “pro-
tected” but can be legally dredged or trawled.

2.2  |  Data collection

A long- term benthic monitoring project in Lyme Bay was established 
in 2008 to assess the recovery of the Annex I reef habitats using 
non- extractive and non- destructive underwater video surveys in 
the form of a towed flying array and baited remote underwater video 
systems (BRUVs) (Sheehan et al. 2013a; Stevens et al. 2014; Sheehan 
et al. 2016; Davies et al. 2020; Davies et al. 2021; Davies et al. 2022). 
These methods allowed the assessment of the change in benthic taxa 
from before to after designation of the SAC with appropriate control 
comparisons following a before– after control– impact assessment 
(BACI: Underwood 1991; Underwood 1992; Underwood 1994). This 
assessment style is advocated globally, yet the necessary “before” 
data for MPA assessment are rarely available (Fraschetti et al. 2002; 
Osio et al. 2007; Solandt et al. 2020).

Annual underwater video was used to survey Lyme Bay (Figure 1) 
within three management regimes: (1) the feature- based “SAC” but 
outside the whole- site MPA in areas identified as sensitive areas that 
are protected from mobile demersal fishing (found Annex I reef hab-
itat) (“SAC” henceforth); (2) inside the whole- site MPA (“whole- site 
MPA” henceforth); and (3) outside of either protection where mo-
bile demersal fishing is permitted “open controls” (“OC” henceforth). 
Areas were selected based on historic fishing effort, benthic sub-
strate/biotope, previous voluntary closure boundaries and prelimi-
nary ground truthing so that all surveys were on representative sites 
within the management regimes (Stevens et al. 2014). Areas were 
sampled annually using a towed flying array from 2008 and baited 
remote underwater video systems (BRUVs) from 2009. Surveys 
were carried out during the summer for 4 years prior (before) and 
7 years after designation of the SAC (after). All SAC areas were on 
Annex I reef habitats and therefore protected from mobile demersal 
fishing. Areas within the SAC that were open to mobile demersal 
fishing were not surveyed because they were assumed to function 
the same as OC areas. Unless otherwise stated, “designation of the 
SAC” refers to the designation in 2011, which created the Site of 
Community Importance that later became the SAC.
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A towed flying array was used to record high- definition (HD) 
video transects (~200 m × 0.5 m) over heterogeneous mudstone 
reef and pebbly sand habitats (Sheehan et al. 2010). This method 
of surveying the seafloor is cost-  and time- effective, as well as 
non- destructive and non- extractive (Sheehan et al. 2016). During 
2008– 2010, 18 areas, comprising 3 sites each, were surveyed an-
nually (1 × 200 m transect) by the towed flying array across man-
agement regimes (10 whole- site MPA and 8 OC). In 2011, when the 
SAC was designated, 4 OC areas became SAC areas and a new OC 
area was added. Therefore, during 2011– 2018, 19 areas were sur-
veyed across management regimes (10 whole- site MPA, 4 SAC and 
5 OC; Figure 1). The array (consisting of camera, lights, lasers and 
CTD profiler) was connected to a Bowtech System power supply and 
control unit by an umbilical cable, which allowed video to be mon-
itored in real time to ensure control of lights, camera aperture and 
camera focus. The camera and parallel lasers were positioned at an 
oblique angle to the seabed, with lasers set 300 mm apart, to allow 
quantification of the field of view. To analyse video transects, each 
transect was viewed at normal speed and all conspicuous taxa that 
passed through the gap between the lasers were enumerated. Next, 
to quantify abundance and enumerate remaining visible taxa, each 
video transect was extracted into frame grabs, separated by 5 s. 
Blurred or overlapping frames were removed, and 30- frame grabs 
were randomly selected for analysis. Digital quadrats of known area 
(0.25 m2) were overlaid on frames, and all taxa enumerated Davies 
et al. (2021). The density of each taxon per transect was calculated 
for video transects by dividing taxa counts by area of the transect 
(300 mm × Transect length) and for frames by dividing taxa counts by 
known quadrat area. Each taxon was only recorded by one method, 
so abundance from both methods was then combined.

Baited remote underwater video systems (BRUVs) were used to 
collect 30- min videos of mobile benthic taxa. During 2009– 2010, 
19 areas were surveyed annually, comprising 3 BRUVs deployments 
(12 whole- site MPA and 6 OC). After SAC designation, all OC areas 
became SAC, to add 6 new OC areas. Therefore, during 2011– 2019, 
24 areas were surveyed (12 whole- site MPA, 6 OC and 6 SAC; 
Figure 1). BRUVs consisted of a horizontal front- facing camera in-
side an underwater housing, connected to a source of bait (∼ 100g 
of Scomber scombrus) 1 metre in front of the camera. After an initial 
post- deployment settling period of 5 min, videos were viewed for 
30 min, while recording, the maximum number of individuals of all 
mobile benthic taxa was viewed every minute. The MaxN or relative 
abundance of each taxon was calculated as the maximum value re-
corded in any 1- min segment for that taxon over the 30- min video 
(see Bicknell et al. (2019), Davies et al. (2020) & Davies et al. (2021) 
for further details of equipment and analytical methods).

2.3  |  Univariate metric calculation

For both towed flying array and BRUVs data, number of taxa and total 
abundance were calculated. The R packages “FD” and “funrar” were 
used to calculate functional richness using the Euclidean distance 
and functional distinctiveness using the Gower distance (Laliberté 

and Legendre 2010; Laliberté et al. 2014; Grenié et al. 2017; Grenié 
et al. 2020). Both metrics are unaffected by difference in type of 
abundance values (e.g. biomass, count, percentage cover or density: 
Villeger et al. 2008). Functional richness represents the number of 
different functional trait modalities within a community, and func-
tional distinctiveness represents functional rarity of species per 
survey. Here, functional redundancy was calculated as the inverse 
of functional distinctiveness (Equation 1, Ricotta et al. 2016; Biggs 
et al. 2020). When O is functional redundancy and U is functional 
distinctiveness:

2.4  |  Statistical analysis

2.4.1  |  Hypotheses

The hypotheses for the BACI assessment were as follows:

1. Number of taxa, total abundance, functional richness and 
functional redundancy increase from before to after in the 
“feature- based” SAC, relative to the open controls.

2. Assemblage composition in the “feature- based” SAC significantly 
changes from before to after designation, becoming less similar to 
the OC over time.

The hypotheses for the age of protection assessment were as 
follows:

1. Number of taxa, total abundance, functional richness and 
functional redundancy increase with age of protection in the 
“feature- based” SAC and whole- site MPA, relative to the OC.

2. Rate of increase in number of taxa, total abundance, functional 
richness and functional redundancy with age of protection is 
higher in the whole- site MPA than in the “feature- based” SAC.

3. Assemblage composition significantly changes with age of pro-
tection in the “feature- based” SAC, becoming more similar to the 
whole- site MPA and less similar to the OC.

2.4.2  |  Diversity

Mixed- effects models were used to test for changes in univariate 
metrics for taxonomic and functional diversity using “lme4,” “lmerT-
est” and “glmmADMB” packages within R (Fournier et al. 2012; R Core 
Team 2019; Kuznetsova et al. 2020; Bates et al. 2022). Generalised 
linear mixed- effects models (GLMMs) were applied using a Poisson 
distribution for count variables (number of taxa for sessile and mo-
bile taxa, and total abundance for mobile taxa), gamma distribution 
for continuous positive variables (total abundance for sessile taxa 
and functional richness for both sessile and mobile taxa) and beta 
distribution for proportional variables between 0 and 1 (functional 
redundancy for both sessile and mobile taxa). For the BACI assess-
ment, diversity metrics were modelled as a function of Time Frame 

O = 1 − U



    |  5DAVIES Et Al.

(BA: Before– After) and Management Regime (Tr: SAC and open con-
trol) with Year (11 levels for both sessile and mobile taxa) and Site 
(8 and 12 levels for sessile and mobile taxa, respectively) as random 
factors. Year was nested within BA, and Site was nested within Tr. 
The whole- site MPA was protected with no “before” data and so 
was not included in the BACI assessment. Diversity metrics were 
modelled as a function of Age of Protection (a continuous integer: 
1– 7 for sessile taxa and 2– 8 for mobile taxa, discrepancy in years 
was due to BRUVs not being deployed in the first year of survey 
and towed flying array analysis taking longer timescales to become 
available for analysis) and Management Regime (three levels: SAC, 
whole- site MPA and OC) with Year (11 levels for both sessile and 
mobile taxa) and Site (14 and 18 levels for sessile and mobile taxa, re-
spectively) as random factors. Sample vs. fitted residuals, quartile– 
quartile and autocorrelation of temporally sequential samples were 
assessed visually, to evaluate model assumptions. Stated values of 
change with management regime and/or time (BA or age of protec-
tion) were GLMM estimate means per video ± standard error. For 
BACI analyses, a significant effect of management regime relates to 
a detectable BAxTr effect.

2.4.3  |  Assemblage composition

For both the BACI and age of protection assessment, permuta-
tional multivariate analysis of variance (PERMANOVA) was used 
to test differences in assemblage composition using Primer v7 and 
PERMANOVA+ (Anderson et al. 2008; Clarke and Gorley 2015). 
Statistical models used were the same as for univariate analyses 
above. Statistical significance of variance components was tested 
using 9999 permutations under a reduced model (Anderson 2001; 
Anderson and Braak 2002). PERMANOVA is robust to unbalanced 
designs (Anderson et al. 2008) and was carried out on adjusted Bray– 
Curtis similarity matrices calculated from fourth- root- transformed 
abundance data to allow rare taxa to contribute, and further down- 
weight high- abundance taxa (Clarke et al. 2006). Distance to centroid 
was calculated for Year and Tr and then ordinated using non- metric 
multidimensional scaling (MDS).

3  |  RESULTS

Across 11 years of towed flying array and baited remote underwater 
video system (BRUVs) surveying, 147 different sessile taxa were re-
corded by the towed flying array and 52 different mobile taxa were 
recorded by the BRUVs. For the towed flying array, 113 of the 147 
taxa were recorded in the SAC, 138 in the whole- site MPA and 113 
in the OC. For the BRUVs, 36 of the 52 taxa were recorded inside the 
SAC, 49 in the whole- site MPA and 37 in OC. The most ubiquitous 
taxa recorded across all management regimes and years were as fol-
lows: Hydroids, Stolonica socialis and Cellaria fistulosa for the towed 
flying array, and Pagurus spp., Trachurus trachurus and Tritia reticulata 
for the BRUVs.

3.1  |  Before– after control– impact 
(BACI) assessment

3.1.1  |  Diversity

The number of sessile taxa was not significantly related to man-
agement regime (Table 1 and Figure 2a). However, numbers of ses-
sile taxa were higher within the SAC than OC and increased from 
before to after in both the SAC (18.3 ± 1.44 to 22.1 ± 1.21) and 
OC (16.4 ± 1.25 to 17.7 ± 0.972; Table 1 Figure 2a). Total abun-
dance changed significantly for both management regimes, with 
an increase in the SAC (51.1 ± 33 to 88.2 ± 48.6) and a marginal 
decrease in the OC (Table 1 & Figure 2b). Functional richness was 
not related to management regime from before to after designa-
tion (0.000903 ± 0.000375 to 0.00156 ± 0.000472 in the SAC and 
0.00104 ± 0.000438 to 0.00121 ± 0.000398 in the OC: Table 1 and 
Figure 2c), whereas the functional redundancy was significantly af-
fected by both management regimes, with an increase from before 
(0.747 ± 0.0122) to after (0.758 ± 0.0162) in the SAC and a decrease 
from before (0.743 ± 0.00792) to after (0.731 ± 0.0116) in the OC 
(Table 1 & Figure 2d).

Unlike the sessile taxa, there was no detectable effect to mo-
bile taxa from management regime in any of the univariate diver-
sity metrics, except for functional richness (0.0579 ± 0.0186 to 
0.0565 ± 0.0118 in the SAC and 0.0691 ± 0.0365 to 0.0581 ± 0.0116 
in the OC: Table 1 & Figure 3).

3.1.2  |  Assemblage composition

Assemblage composition of sessile taxa (surveyed by the towed 
flying array) was related to management regime (BAxTr; Table 2). 
Assemblages were similar between SAC and OC management re-
gimes from 2008 until 2012, diverged until 2015, when they be-
came similar again, and finally diverged from 2016 until 2018, with 
increased correlation with Ophiura ophiura during 2014– 2015 at OC 
sites (Figure 4a). Assemblage composition of mobile taxa (surveyed 
by the BRUVs) was not related to management regime, with only 
the interaction of random effects being significant (Si(Tr):Yr(BA); 
Table 2). Assemblage composition was similar between manage-
ment regimes every year, with no trend from before (2009, 2010 
and 2011) to after (2012:2019) designation, and correlation of higher 
abundance of Macropodia spp. in early years (Figure 4b).

3.2  |  Age of protection assessment

3.2.1  |  Diversity

The number of sessile taxa differed significantly between manage-
ment regimes (Table 3) and increased with age of protection of the 
SAC (from 18.3 ± 1.63 at age 1 to 26.3 ± 2.99 at age 8: Table 3 and 
Figure 5a) towards the higher levels of the whole- site MPA, which did 
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F I G U R E  2  Metrics (a: number of taxa, 
b: total abundance, c: functional richness 
and d: functional redundancy) of sessile 
taxa, before and after designation inside 
(orange) and outside (grey) the SAC

F I G U R E  3  Metrics (a: number of taxa, 
b: total abundance, c: functional richness 
and d: functional redundancy) of mobile 
taxa, before and after designation inside 
(orange) and outside (grey) the SAC
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not change with age of protection (24.4 ± 2.14 at age 1 to 24.8 ± 1.77 
at age 8: Table 3 and Figure 5a). The change in total abundance with 
age of protection differed significantly between the whole- site MPA 
and OC and between the SAC and whole- site MPA (Table 3 and 
Figure 5b). Total abundance in the MPA and SAC increased with age 
of protection (from 85 ± 54.1 at age 1 to 97.9 ± 57.3 at age 8 in the 
SAC and 72.8 ± 34.1 at age 1 to 142 ± 58.9 at age 8 in the whole- site 
MPA; Figure 5b), whereas the OC decreased (63.4 ± 38.5 at age 1 
to 23.9 ± 18.6; Table 3 and Figure 5b). Functional richness did not 
change with protection age or differ between management regimes 
(Table 3 and Figure 5c). Functional redundancy did not change with 
age of protection in the whole- site MPA (0.768 ± 0.00737 at age 1 to 
0.777 ± 0.012 at age 7; Table 3 & Figure 5d), but increased with age of 
protection in the SAC (from 0.752 ± 0.0152 at age 1 to 0.764 ± 0.0245 
at age 7; Table 3 and Figure 5d) and decreased with age of protection 
in the OC (0.754 ± 0.0151 at age 1 to 0.708 ± 0.0275 at age 7; Table 3 
and Figure 5d).

The number of mobile taxa did not change with age of protec-
tion or management regimes (Table 3). Total abundance of mobile 
taxa was marginally lower inside the whole- site MPA (15.6 ± 2.88: 
Table 3 and Figure 6a) than in the OC, but did not change with age 
of protection (13.6 ± 3.24 in the SAC and 18.9 ± 4.06 in the OC; 
Table 3 and Figure 6b). Like number of taxa, functional richness of 
mobile taxa did not change with age of protection or differ between 
management regimes (Table 3). Likewise, functional redundancy 
did not differ between management regimes or change with age of 
protection on functional redundancy of mobile taxa, but there was 
marginally higher functional redundancy in the whole- site MPA 
(0.756 ± 0.0181) than in the SAC and OC (0.711 ± 0.0396 in the SAC 
and 0.719 ± 0.0391 in the OC; Table 3 and Figure 6d).

3.2.2  |  Assemblage composition

Assemblage composition of sessile and mobile taxa was significantly 
related to management regime and changed with age of protection 
(Table 4). Assemblages differed between the whole- site MPA and the 
other two management regimes (Figure 7a,b). With age of protection, 
sessile and mobile taxon assemblages within the SAC became more 
similar to the whole- site MPA and less similar to the OC, and the differ-
ence was more pronounced for sessile taxa (Figure 7a,b). Cellopora pumi-
cosa, Phallusia mammiliata, Turf, Eunicella verucosa, Scyliorhinus stellaris, 
Ctenolabrus rupestris, Labrus mixtus and Necora puber were more promi-
nent in whole- site MPA sites, while burrowing anemones, Luidia ciliaris 
and Macropodia spp. were more prominent in early years of SAC and OC 
sites, and Pagurus spp. were more prominent in OC sites (Figure 7a,b).

4  |  DISCUSSION

Once protected, the SAC in Lyme Bay became more similar to the 
older and successful whole- site MPA already within the bay (Rees 
et al. 2010; see, for example, Sheehan et al. 2013a; Davies et al. 2021; TA
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Sheehan et al. 2021). Functional redundancy and assemblage com-
position measured within the SAC in Lyme Bay became more similar 
over time to the whole- site MPA in comparison with the OC, almost 
exclusively within sessile taxa surveyed by the towed flying array. 
Protections in both the whole- site MPA and SAC were aimed at 
protecting Annex I reef habitats, so we expected that sessile taxa 
would respond to these protections, as was found after 3 years of 
protection in the whole- site MPA (Sheehan et al. 2013a). Yet, recov-
ery of reef- associated mobile taxa, due to increased area and avail-
ability of reef habitat, is likely over much longer timescales (Kaplan 

et al. 2019). However, over 12 years of exclusion of mobile demersal 
fishing, exploited fish taxa responded positively to protection in the 
whole- site MPA (Davies et al. 2021). Furthermore, the functional ex-
tent of reef habitats inside the whole- site MPA increased over time, 
with growth of reef- associated species in previously defined non- 
reef protected areas (Sheehan et al. 2013a). The novel occurrence of 
reef- associated sessile species in areas of protected non- reef habitat 
is becoming more common as more protected areas include mosaics 
of reef and non- reef habitats (Pikesley et al. 2021). The protection 
of areas defined as non- reef and reef habitats allowed this increase. 
The ecological response in the SAC will likely only extend to the 
areas of protected features, not the SAC boundary. Currently, only 
half of the SAC, outside of the whole- site MPA, is protected, but if 
non- reef features in the SAC were also protected from mobile de-
mersal fishing, we expect similar increases in functional reef habitat 
extent.

This increased protection of a range of habitats is more likely to 
support multiple life stages of species (Blampied et al. 2022). The 
increased connectivity of seascapes is expected to be highly import-
ant for reef fish (Endo et al. 2019). This has been shown with in-
creased abundance and diversity of fish in habitats adjacent to reefs 
(Rees et al. 2018). Yet, connectivity in Europe's network of MPAs is 
considered weak (Assis et al. 2021). Therefore, future management 
measures should include connectivity of both MPAs and habitats 
within MPAs to maximise their potential benefits to biodiversity.

Simultaneous increases in the number and functional redun-
dancy of sessile taxa, along with no detectable change in functional 
richness, suggest that the traits of the novel species in the SAC pro-
tected area were not novel to the community. This increase in novel 
species with locally non- novel traits increases the level of overlap of 
functional traits in these protected sites. Therefore, mobile demer-
sal fishing may be removing benthic species with a wide variety of 
functional traits through non- selective extraction across the com-
munity. High functional redundancy in a community will promote 
resilience to perturbations, such as biological invasions and storm 
events (Tillin et al. 2006; McLean et al. 2019). Biological invasions, 
storm events and other perturbations to benthic ecosystems are ex-
pected to increase in magnitude and frequency with climate change 
(Diez et al. 2012; Hettiarachchi et al. 2018), so continuation of mobile 
demersal fishing across large areas of the marine environment will 
severely reduce the ability of these ecosystems to recover and con-
tinue providing ecosystem services, which humans rely on so heavily 
(Tillin et al. 2006). A combination of multiple functional and taxo-
nomic univariate metrics better describes the complex suite of eco-
system interactions that drive ecosystem function and health than 
a single univariate metric (Ricotta et al. 2016; Perović et al. 2018). 
Therefore, effects of mobile demersal fishing on the community can 
be assessed by monitoring the changes in a suite of univariate met-
rics (Tillin et al. 2006; Howarth et al. 2018; Mouchet et al. 2019). 
However, inter- site comparison by functional metrics used here, 
calculated with biological trait analysis, will require consistent num-
bers of traits and modalities (Villeger et al. 2008; Davies et al. 2022), 
and equivalent coverage of the ecosystem being assessed for values 

F I G U R E  4  Assemblage change over time before (triangles) 
and after (circles) for inside the SAC (orange) and outside controls 
(grey) for sessile (a) and mobile (b) taxa. Derived from distance to 
centroid values based on the Bray– Curtis similarity of fourth- root- 
transformed abundance. Arrows show species with 0.75 Pearson's 
correlation or above
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F I G U R E  5  Change in metrics (a: 
number of taxa, b: total abundance, c: 
functional richness and d: functional 
redundancy) of sessile taxa, with age 
of protection of the whole- site MPA 
(blue), SAC (orange) and OC (grey; age of 
protection based off of SAC age). Lines 
with shading show GLMM estimates and 
standard errors. Points with error bars 
show mean values and standard errors

F I G U R E  6  Change in metrics (number 
of taxa (a), total abundance (b), functional 
richness (c) and functional redundancy (d)) 
of mobile taxa, with age of protection of 
the whole- site MPA (blue), SAC (orange) 
and OC (grey; age based off of SAC age). 
Lines with shading show GLMM estimates 
and standard errors. Points with error bars 
show mean values and standard errors
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to be comparable. As biological trait information increases and be-
comes more accessible, this approach becomes more widely applica-
ble and could provide a useful tool for MPA management.

The ability to confidently assess effects of a MPA and effectively 
adapt management based on this assessment is very important for 
both fisheries and conservation (Claudet et al. 2020). Effective MPA 
assessment can be highly challenging to achieve, especially when the 
area is subject to multiple pressures and protections. Thus, the appli-
cation of spatially and temporally appropriate monitoring programs 
alongside rigorous statistical assessment is critical, to protect the 
specific area and to assess the value of MPAs and how they can be 
optimally applied in the future for resource management (Pelletier 
et al. 2005; Fox et al. 2014; Kerr et al. 2019). Globally, decisions lead-
ing to many MPA designations that were politically driven or altered 
led to the MPA being unable to attain its objectives (Rife et al. 2013; 
Devillers et al. 2015). Often, this compromise between political will 
and conservation objectives may undermine the success of MPAs. 
Other protections may have attainable objectives but struggle to 
succeed due to the level of protection offered by management poli-
cies (feature vs “whole site”; Solandt et al. 2020). Hence, to appropri-
ately plan and designate future MPAs, assessment of MPA impacts, 
both positive and negative, need to be analysed. Here, the feature- 
based MPA showed signs of achieving conservation goals, while still 
allowing certain extractive activities. This form of management is 
more widely supported by stakeholders than NTZs, even though the 
latter are often more successful at achieving conservation objectives 
(Edgar and Stuart- Smith 2014). With international targets looking 
to protect 30% of marine areas by 2030 (Brander et al. 2020), par-
tially protected MPAs such as this SAC will become more common. 
Therefore, understanding differences between management strat-
egies, such as “whole- site” vs. “feature- based,” and timescales of 
expected outcomes will be essential in global cooperative efforts to 
mitigate climate change and its effects (Solandt et al. 2020).

In conclusion, the designation of the feature- based SAC led to 
increased diversity (both taxonomic and functional) of sessile taxa 
in Lyme Bay, specifically in areas within the SAC and outside of the 
whole- site MPA, where Annex I reef habitats are found (46.8% of the 
SAC area outside of the whole- site MPA). Therefore, results only per-
tain to areas where mobile demersal fishing was excluded. The rest 
of the SAC that lies outside the whole- site MPA (53.2%) cannot be 
considered protected and rather would be expected to resemble OC 
sites. The protected feature, Annex I reef habitats, within the SAC are 
increasing in the potential to provide ecosystem services and resil-
ience to perturbations from storms, destructive fishing, or biological 
invasions. With age of protection, areas that were protected are in-
creasingly resembling areas within the whole- site MPA with number 
of exploited mobile species increasing in the SAC. As with other met-
rics, if more than the extent of the visible reef was protected within 
the SAC, like the whole- site MPA, the extent of biogenic reef habitats 
would potentially increase. Therefore, to fully ensure protection of 
Annex I reef habitats, their functional extent should be protected. 
Increased creation of MPAs, which is likely to happen globally to hit 
“'30- by- 30” goals, should take the whole site into consideration. This TA
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form of holistic management is more likely to lead to increases in bio-
diversity as many species rely heavily on a range of habitat types and 
the protected connectivity between these habitats.

ACKNOWLEDG EMENTS
To carry out fieldwork, thanks are given to Lyme Bay Fishers John 
Walker, Robert King and Keiran Perree, and University of Plymouth 
staff and student volunteers.

CONFLIC T OF INTERE S T
The authors declare that there are no conflicts of interest.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Bede Ffinian Rowe Davies  https://orcid.
org/0000-0001-6462-4347 

R E FE R E N C E S
Anderson, M.J. (2001) Permutation tests for univariate or multivariate 

analysis of variance and regression. Canadian Journal of Fisheries 
and Aquatic Sciences, 58(3), 626– 639. http://www.nrc.ca/cgi- bin/
cisti/ journ als/rp/rp2{\_}abst{\_}e?cjfas {\_}f01- 004{\_}58{\_}ns{\_}
nf{\_}cjfas 58- 01

Anderson, M.J. & Braak, C.J.F. (2002) Permutation tests for multi- 
factorial analysis of variance. Journal of Statistical Computation and 
Simulation, 73(2), 85– 113.

Anderson, M.J., Gorley, R.N. and Clarke, K.R. (2008). PERMANOVA+ for 
PRIMER: Guide to Software and Statistical Methods.

Assis, J., Fragkopoulou, E., Serrão, E.A., Costa, B.H. e, Gandra, M. and 
Abecasis, D. 2021. Weak biodiversity connectivity in the European 
network of no- take marine protected areas. Science of the Total 
Environment 773, p. 145664.

Bates, D., Maechler, M., Bolker, B. and Walker, S. (2022). lme4: Linear 
mixed- effects models using eigen and S4. Available at: https://
github.com/lme4/lme4/.

Bicknell, A.W.J., Sheehan, E.V., Godley, B.J., Doherty, P.D. & Witt, M.J. 
(2019) Assessing the impact of introduced infrastructure at sea 
with cameras: A case study for spatial scale, time and statistical 
power. Marine Environmental Research, 147, 126– 137. https://doi.
org/10.1016/j.maren vres.2019.04.007

F I G U R E  7  Assemblage change with 
age of protection for inside the SAC 
(orange), inside the whole- site MPA (blue) 
and OC sites (grey; age based off of SAC 
age) for sessile (a) and mobile (b) taxa. 
Derived from distance to centroid values 
based on the Bray– Curtis similarity of 
fourth- root- transformed abundance. 
Arrows show species with 0.75 Pearson's 
correlation or above

https://orcid.org/0000-0001-6462-4347
https://orcid.org/0000-0001-6462-4347
https://orcid.org/0000-0001-6462-4347
http://www.nrc.ca/cgi-bin/cisti/journals/rp/rp2%7b/_%7dabst%7b/_%7de?cjfas%7b%5C_%7df01-004%7b%5C_%7d58%7b%5C_%7dns%7b%5C_%7dnf%7b%5C_%7dcjfas58-01
http://www.nrc.ca/cgi-bin/cisti/journals/rp/rp2%7b/_%7dabst%7b/_%7de?cjfas%7b%5C_%7df01-004%7b%5C_%7d58%7b%5C_%7dns%7b%5C_%7dnf%7b%5C_%7dcjfas58-01
http://www.nrc.ca/cgi-bin/cisti/journals/rp/rp2%7b/_%7dabst%7b/_%7de?cjfas%7b%5C_%7df01-004%7b%5C_%7d58%7b%5C_%7dns%7b%5C_%7dnf%7b%5C_%7dcjfas58-01
https://github.com/lme4/lme4/
https://github.com/lme4/lme4/
https://doi.org/10.1016/j.marenvres.2019.04.007
https://doi.org/10.1016/j.marenvres.2019.04.007


14  |    DAVIES Et Al.

Biggs, C.R., Yeager, L.A., Bolser, D.G., Bonsell, C., Dichiera, A.M., Hou, Z. 
et al. (2020) Does functional redundancy affect ecological stability 
and resilience? A review and meta- analysis. Ecosphere, 11(7), 1– 9. 
https://doi.org/10.1002/ecs2.3184

Blampied, S.R., Sheehan, E.V., Binney, F.C., Attrill, M.J. & Rees, S.E. 
(2022) Value of coastal habitats to commercial fisheries in 
Jersey, English channel, and the role of marine protected areas. 
Fisheries Management and Ecology, 1– 11. https://doi.org/10.1111/
fme.12571

Brander, L.M., van Beukering, P., Nijsten, L., McVittie, A., Baulcomb, C., 
Eppink, F.V. et al. (2020) The global costs and benefits of expanding 
Marine Protected Areas. Marine Policy, 116, 103953. https://doi.
org/10.1016/j.marpol.2020.103953

Carpenter, S., Walker, B., Anderies, J.M. & Abel, N. (2001) From meta-
phor to measurement: resilience of what to what? Ecosystems, 4(8), 
765– 781. https://doi.org/10.1007/s1002 1- 001- 0045- 9

Clarke, K., Chapman, M., Somerfield, P. & Needham, H. (2006) Dispersion- 
based weighting of species counts in assemblage analyses. Marine 
Ecology Progress Series, 320, 11– 27.

Clarke, K.R. and Gorley, R.N. 2015. PRIMER v7: User Manual/Tutorial.
Claudet, J. (2018) Six conditions under which MPAs might not appear ef-

fective (when they are). ICES Journal of Marine Science, 75(3), 1172– 
1174. https://doi.org/10.1093/icesj ms/fsx074

Claudet, J., Loiseau, C., Sostres, M. & Zupan, M. (2020) Underprotected 
marine protected areas in a global biodiversity hotspot. One Earth, 
2(4), 380– 384. https://doi.org/10.1016/j.oneear.2020.03.008

Costanza, R., d'Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B. 
et al. (1998) The value of the world's ecosystem services and natural 
capital. Ecological Economics, 25(1), 3– 15. https://doi.org/10.1016/
s0921 - 8009(98)00020 - 2

Davies, B.F., Holmes, L., Bicknell, A., Attrill, M.J. & Sheehan, E.V. (2022) 
A decade implementing ecosystem approach to fisheries manage-
ment improves diversity of taxa and traits within a marine pro-
tected area in the UK. Diversity and Distributions, 28(1), 173– 188.

Davies, B.F.R., Attrill, M.J., Holmes, L., Rees, A., Witt, M.J. & Sheehan, 
E.V. (2020) Acoustic Complexity Index to assess benthic biodi-
versity of a partially protected area in the southwest of the UK. 
Ecological Indicators, 111, 106019. https://doi.org/10.1016/j.ecoli 
nd.2019.106019

Davies, B.F.R., Holmes, L., Rees, A., Attrill, M.J., Cartwright, A.Y. 
& Sheehan, E.V. (2021) Ecosystem Approach to Fisheries 
Management works— How switching from mobile to static fishing 
gear improves populations of fished and non- fished species inside a 
marine- protected area. Journal of Applied Ecology, 1– 16. https://doi.
org/10.1111/1365- 2664.13986

Devillers, R., Pressey, R.L., Grech, A., Kittinger, J.N., Edgar, G.J., Ward, 
T. et al. (2015) Reinventing residual reserves in the sea: Are we fa-
vouring ease of establishment over need for protection? Aquatic 
Conservation: Marine and Freshwater Ecosystems, 25(4), 480– 504. 
https://doi.org/10.1002/aqc.2445

Diez, J.M., D'Antonio, C.M., Dukes, J.S., Grosholz, E.D., Olden, J.D., 
Sorte, C.J.B. et al. (2012) Will extreme climatic events facilitate bi-
ological invasions? Frontiers in Ecology and the Environment, 10(5), 
249– 257. https://doi.org/10.1890/110137

Edgar, G.J., Bustamante, R.H., Fariña, J.M., Calvopiña, M., Martínez, C. & 
Toral- Granda, M.V. (2004) Bias in evaluating the effects of marine 
protected areas: The importance of baseline data for the Galapagos 
Marine Reserve. Environmental Conservation, 31(3), 212– 218. 
https://doi.org/10.1017/S0376 89290 4001584

Edgar, G.J. & Stuart- Smith, R.D. (2014) Systematic global assessment of 
reef fish communities by the Reef Life Survey program. Scientific 
Data, 1, 1– 8. https://doi.org/10.1038/sdata.2014.7

Endo, C.A.K., Gherardi, D.F.M., Pezzi, L.P. & Lima, L.N. (2019) Low con-
nectivity compromises the conservation of reef fishes by marine 
protected areas in the tropical south Atlantic. Scientific Reports, 
9(1), 1– 11.

European Commission. (1992) Council Directive 92/43/EEC of 21 May 
1992 on the conservation of natural habitats and of wild fauna and 
flora (OJ L 206 22.07.1992 p. 7). Documents in European Community 
Environmental Law, 206, 7– 50. https://doi.org/10.1017/cbo97 
80511 610851.039

Fournier, D.A., Skaug, H.J., Ancheta, J., Ianelli, J., Magnusson, A., 
Maunder, M.N. et al. (2012) AD Model Builder: Using automatic 
differentiation for statistical inference of highly parameterized 
complex nonlinear models. Optimization Methods and Software, 27, 
233– 249.

Fox, H.E., Holtzman, J.L., Haisfield, K.M., McNally, C.G., Cid, G.A., Mascia, 
M.B. et al. (2014) How are our MPAs doing? Challenges in assess-
ing global patterns in marine protected area performance. Coastal 
Management, 42(3), 207– 226. https://doi.org/10.1080/08920 
753.2014.904178

Fraschetti, S., Terlizzi, A., Micheli, F., Benedetti- Cecchi, L. & Boero, 
F. (2002) Marine protected areas in the Mediterranean 
sea: Objectives, effectiveness and monitoring. Marine 
Ecology, 23(SUPPL. 1), 190– 200. https://doi.org/10.1111/
j.1439- 0485.2002.tb000 18.x

Gall, S.C. & Rodwell, L.D. (2016) Evaluating the social acceptability of 
Marine Protected Areas. Marine Policy, 65, 30– 38. Available at:. 
https://doi.org/10.1016/j.marpol.2015.12.004

Grenié, M., Denelle, P. and Tucker, C. (2020). Funrar: Functional rarity 
indices computation. Available at: https://rekyt.github.io/funra r/.

Hettiarachchi, S., Wasko, C. & Sharma, A. (2018) Increase in flood 
risk resulting from climate change in a developed urban water-
shed –  The role of storm temporal patterns. Hydrology and Earth 
System Sciences, 22(3), 2041– 2056. https://doi.org/10.5194/
hess- 22- 2041- 2018

Howarth, L.M., Waggitt, J.J., Bolam, S.G., Eggleton, J., Somerfield, P.J. 
& Hiddink, J.G. (2018) Effects of bottom trawling and primary 
production on the composition of biological traits in benthic as-
semblages. Marine Ecology Progress Series, 602, 31– 48. https://doi.
org/10.3354/meps1 2690

Jones, P.J.S. (2012) Marine protected areas in the UK: Challenges 
in combining top- down and bottom- up approaches to gover-
nance. Environmental Conservation, 39(3), 248– 258. https://doi.
org/10.1017/S0376 89291 2000136

Kaplan, K.A., Yamane, L., Botsford, L.W., Baskett, M.L., Hastings, A., 
Worden, S. et al. (2019) Setting expected timelines of fished pop-
ulation recovery for the adaptive management of a marine pro-
tected area network. Ecological Applications, 29, e01949. https://
doi.org/10.1002/eap.1949

Kerr, L.A., Kritzer, J.P. & Cadrin, S.X. (2019) Strengths and limitations 
of before- After- control- impact analysis for testing the effects of 
marine protected areas on managed populations. ICES Journal of 
Marine Science, 76(4), 1039– 1051. https://doi.org/10.1093/icesj ms/
fsz014

Kuznetsova, A., Bruun Brockhoff, P. and Haubo Bojesen Christensen R. 
2020. lmerTest: Tests in linear mixed effects models. Available at: 
https://github.com/runeh aubo/lmerT estR.

Laliberté, E. & Legendre, P. (2010) A distance- based framework for 
measuring functional diversity from multiple traits. Ecology, 91, 
299– 305.

Laliberté, E., Legendre, P. and Shipley, B. (2014). FD: Measuring func-
tional diversity (FD) from multiple traits, and other tools for func-
tional ecology. Available at: https://CRAN.R- proje ct.org/packa 
ge=FD.

Lester, S.E., Halpern, B.S., Grorud- Colvert, K., Lubchenco, J., Ruttenberg, 
B.I., Gaines, S.D. et al. (2009) Biological effects within no- take ma-
rine reserves: a global synthesis. Marine Ecology Progress Series, 
384, 33– 46 Available at: www.int- res.com/artic les/suppl/

Lubchenco, J. & Grorud- Colvert, K. (2015) Making waves: The science 
and politics of ocean protection. Science, 350(6259), 382– 383. 
https://doi.org/10.1126/scien ce.aad5443

https://doi.org/10.1002/ecs2.3184
https://doi.org/10.1111/fme.12571
https://doi.org/10.1111/fme.12571
https://doi.org/10.1016/j.marpol.2020.103953
https://doi.org/10.1016/j.marpol.2020.103953
https://doi.org/10.1007/s10021-001-0045-9
https://doi.org/10.1093/icesjms/fsx074
https://doi.org/10.1016/j.oneear.2020.03.008
https://doi.org/10.1016/s0921-8009(98)00020-2
https://doi.org/10.1016/s0921-8009(98)00020-2
https://doi.org/10.1016/j.ecolind.2019.106019
https://doi.org/10.1016/j.ecolind.2019.106019
https://doi.org/10.1111/1365-2664.13986
https://doi.org/10.1111/1365-2664.13986
https://doi.org/10.1002/aqc.2445
https://doi.org/10.1890/110137
https://doi.org/10.1017/S0376892904001584
https://doi.org/10.1038/sdata.2014.7
https://doi.org/10.1017/cbo9780511610851.039
https://doi.org/10.1017/cbo9780511610851.039
https://doi.org/10.1080/08920753.2014.904178
https://doi.org/10.1080/08920753.2014.904178
https://doi.org/10.1111/j.1439-0485.2002.tb00018.x
https://doi.org/10.1111/j.1439-0485.2002.tb00018.x
https://doi.org/10.1016/j.marpol.2015.12.004
https://rekyt.github.io/funrar/
https://doi.org/10.5194/hess-22-2041-2018
https://doi.org/10.5194/hess-22-2041-2018
https://doi.org/10.3354/meps12690
https://doi.org/10.3354/meps12690
https://doi.org/10.1017/S0376892912000136
https://doi.org/10.1017/S0376892912000136
https://doi.org/10.1002/eap.1949
https://doi.org/10.1002/eap.1949
https://doi.org/10.1093/icesjms/fsz014
https://doi.org/10.1093/icesjms/fsz014
https://github.com/runehaubo/lmerTestR
https://cran.r-project.org/package=FD
https://cran.r-project.org/package=FD
https://www.int-res.com/articles/suppl/
https://doi.org/10.1126/science.aad5443


    |  15DAVIES Et Al.

Lubchenco, J., Palumbi, S.R., Gaines, S.D. & Andelman, S. (2003) Plugging 
a hole in the ocean: The emerging science of marine reserves. 
Ecological Applications, 13(1 SUPPL), 3– 7.

Grenié, M., Denelle, P., Tucker, C.M., Munoz, F. & Violle, C. (2017) 
Funrar: An R package to characterize functional rarity. Diversity and 
Distributions, 23(12), 1365- 1371. Available at: 10.1111/ddi.12629/
abstract

McLean, M., Auber, A., Graham, N.A.J., Houk, P., Villéger, S., Violle, C. 
et al. (2019) Trait structure and redundancy determine sensitivity 
to disturbance in marine fish communities. Global Change Biology, 
25, 1– 14. https://doi.org/10.1111/gcb.14662

Mellin, C., Aaron Macneil, M., Cheal, A.J., Emslie, M.J. & Julian Caley, 
M. (2016) Marine protected areas increase resilience among coral 
reef communities. Ecology Letters, 19(6), 629– 637. https://doi.
org/10.1111/ele.12598

Mouchet, M., Poirson, M., Morandeau, F., Vogel, C., Méhault, S. & Kopp, 
D. (2019) Using a trait- based approach to understand the efficiency 
of a selective device in a multispecific fishery. Scientific Reports, 
9(1), 1– 8. https://doi.org/10.1038/s4159 8- 019- 47117 - 4

Natural- England (2015). Site Improvement Plan: Lyme Bay and Torbay. 
Available at: http://publi catio ns.natur aleng land.org.uk/publi catio 
n/59322 17985 40083 2?categ ory=57555 15191 689216.

O'Leary, B.C., Winther- Janson, M., Bainbridge, J.M., Aitken, J., Hawkins, 
J.P. & Roberts, C.M. (2016) Effective Coverage Targets for Ocean 
Protection. Conservation Letters, 9(6), 398– 404. https://doi.
org/10.1111/conl.12247

Osio, G.C., Borsini, C., Gambaccini, S., Micheli, F., Bertocci, I., Romano, 
F. et al. (2007) Cascading human impacts, marine protected areas, 
and the structure of mediterranean reef assemblages. Ecological 
Monographs, 75(1), 81– 102. https://doi.org/10.1890/03- 4058

Pelletier, D., García- Charton, J.A., Ferraris, J., David, G., Thébaud, O., 
Letourneur, Y. et al. (2005) Designing indicators for assessing the 
effects of marine protected areas on coral reef ecosystems: A 
multidisciplinary standpoint. Aquatic Living Resources, 18, 15– 33. 
https://doi.org/10.1051/alr:2005011

Perović, D.J., Gámez- Virués, S., Landis, D.A., Wäckers, F., Gurr, G.M., 
Wratten, S.D. et al. (2018) Managing biological control services 
through multi- trophic trait interactions: review and guidelines for 
implementation at local and landscape scales. Biological Reviews, 
93(1), 306– 321. https://doi.org/10.1111/brv.12346

Pikesley, S.K., Solandt, J.- L., Trundle, C. & Witt, M.J. (2021) Benefits be-
yond 'features': Cooperative monitoring highlights MPA value for 
enhanced seabed integrity. Marine Policy, 134, 104801.

Pikitch, E.K., Santora, C., Babcock, E.A., Bakun, A., Bonfil, R., Conover, 
D.O. et al. (2004) Ecosystem- based fishery management. Science, 
305, 346– 347.

R Core Team. (2019) R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing. URL 
https://www.R- proje ct.org/

Rees, E. et al. (2021) An evaluation of the social and economic im-
pact of a Marine Protected Area on commercial fisheries Si a. 
Fisheries Research, 235, 105819. https://doi.org/10.1016/j.fishr 
es.2020.105819

Rees, M.J., Knott, N.A. & Davis, A.R. (2018) Habitat and seascape 
patterns drive spatial variability in temperate fish assemblages: 
Implications for marine protected areas. Marine Ecology Progress 
Series, 607, 171– 186.

Rees, S. et al. (2020) Emerging themes to support ambitious UK marine 
biodiversity conservation. Marine Policy, 117, 103864. https://doi.
org/10.1016/j.marpol.2020.103864

Rees, S.E., Attrill, M.J., Austen, M.C., Mangi, S.C., Richards, J.P. & 
Rodwell, L.D. (2010) Is there a win- win scenario for marine na-
ture conservation? A case study of Lyme Bay, England. Ocean and 
Coastal Management, 53(3), 135– 145. Available at:. https://doi.
org/10.1016/j.oceco aman.2010.01.011

Rees, S.E., Attrill, M.J., Austen, M.C., Mangi, S.C. & Rodwell, L.D. (2012) 
A thematic cost- benefit analysis of a marine protected area. Journal 

of Environmental Management, 114, 476– 485 Available at: https://
ac.els- cdn.com/S0301 47971 20056 09/1- s2.0- S0301 47971 20056 
09- main.pdf?{\_}tid=caaba 8bb- 41f4- 4ec7- b379- d975f 1876b 
b2{\&}acdna t=15238 67890 {\_}d634d 47dd0 ff028 2388c c25f0 
030592b

Ricotta, C., Bello, F., Moretti, M., Caccianiga, M., Cerabolini, B.E.L. 
& Pavoine, S. (2016) Measuring the functional redundancy 
of biological communities: a quantitative guide. Methods 
in Ecology and Evolution, 7(11), 1386– 1395. https://doi.
org/10.1111/2041- 210X.12604

Rife, A.N., Aburto- Oropeza, O., Hastings, P.A., Erisman, B., Ballantyne, 
F., Wielgus, J. et al. (2013) Long- term effectiveness of a multi- use 
marine protected area on reef fish assemblages and fisheries land-
ings. Journal of Environmental Management, 117, 276– 283. Available 
at:. https://doi.org/10.1016/j.jenvm an.2012.12.029

Roberts, C.M., O'Leary, B.C., McCauley, D.J., Cury, P.M., Duarte, C.M., 
Lubchenco, J. et al. (2017) Marine reserves can mitigate and pro-
mote adaptation to climate change. Proceedings of the National 
Academy of Sciences of the United States of America, 114(24), 6167– 
6175. https://doi.org/10.1073/pnas.17012 62114

Sala, E. et al. (2021) Protecting the global ocean for biodiversity, food 
and climate. Nature, 592(7854), 397– 402. Available at:. https://doi.
org/10.1038/s4158 6- 021- 03371 - z

Sala, E. & Giakoumi, S. (2018) No- take marine reserves are the most ef-
fective protected areas in the ocean. ICES Journal of Marine Science, 
75(3), 1166– 1168. https://arxiv.org/abs/1611.06654

Sciberras, M., Jenkins, S.R., Kaiser, M.J., Hawkins, S.J. & Pullin, A.S. 
(2013) Evaluating the biological effectiveness of fully and partially 
protected marine areas. Environmental Evidence, 2(1), 1– 31. https://
doi.org/10.1186/2047- 2382- 2- 4

Sheehan, E.V., Vaz, S., Pettifer, E., Foster, N.L., Nancollas, S.J., Cousens, 
S. et al. (2016) An experimental comparison of three towed under-
water video systems using species metrics, benthic impact and per-
formance. Methods in Ecology and Evolution, 7(7), 843– 852. https://
doi.org/10.1111/2041- 210X.12540

Sheehan, E.V., Cousens, S.L., Nancollas, S.J., Stauss, C., Royle, J. & Attrill, 
M.J. (2013a) Drawing lines at the sand: Evidence for functional 
vs. visual reef boundaries in temperate Marine Protected Areas. 
Marine Pollution Bulletin, 76, 194– 202 Available at: https://ac.els- 
cdn.com/S0025 326X1 30054 07/1- s2.0- S0025 326X1 30054 07- 
main.pdf?{\_}tid=bf9ee f7e- 3c19- 4431- 8e28- b292c f078c 55{\&}
acdna t=15238 67908 {\_}e4e58 1d50b 5985a f9572 6bb66 befa1eb

Sheehan, E.V., Holmes, L.A., Davies, B.F.R., Cartwright, A., Rees, A. & 
Attrill, M.J. (2021) Rewilding of protected areas enhances resil-
ience of marine ecosystems to extreme climatic events. Frontiers in 
Marine Science, 8, 671427.

Sheehan, E.V., Stevens, T.F. & Attrill, M.J. (2010) A quantitative, non- 
destructive methodology for habitat characterisation and ben-
thic monitoring at offshore renewable energy developments. PLoS 
One, 5(12) Available at: http://journ als.plos.org/ploso ne/artic le/
file?id=10.1371/journ al.pone.00144 61{\&}type=print able, e14461.

Sheehan, E.V., Stevens, T.F., Gall, S.C., Cousens, S.L., Attrill, M.J. & 
Fulton, C.J. (2013b) Recovery of a temperate reef assemblage in a 
marine protected area following the exclusion of towed demersal 
fishing. PLoS One, 8(12), e83883 Available at: http://journ als.plos.
org/ploso ne/artic le/file?id=10.1371/journ al.pone.00838 83{\&}
type=print able

Solandt, J.- L., Mullier, T., Elliott, S. & Sheehan, E. (2020) Managing ma-
rine protected areas in Europe. Marine Protected Areas, 1, 157– 181. 
https://doi.org/10.1016/b978- 0- 08- 10269 8- 4.00009 - 5

Stevens, T.F., Sheehan, E.V., Gall, S.C., Fowell, S.C. & Attrill, M.J. (2014) 
Monitoring benthic biodiversity restoration in Lyme Bay ma-
rine protected area: Design, sampling and analysis. Marine Policy, 
45, 310– 317 Available at: https://ac.els- cdn.com/S0308 597X1 
30020 30/1- s2.0- S0308 597X1 30020 30- main.pdf?{\_}tid=89fd0 
08b- 50a1- 47de- 8afb- ca2c6 ddd69 c0{\&}acdna t=15238 67901 {\_}
e5d90 61e1d 28534 09ea8 a9f4a f1bcd34

https://doi.org/10.1111/ddi.12629/abstract
https://doi.org/10.1111/ddi.12629/abstract
https://doi.org/10.1111/gcb.14662
https://doi.org/10.1111/ele.12598
https://doi.org/10.1111/ele.12598
https://doi.org/10.1038/s41598-019-47117-4
http://publications.naturalengland.org.uk/publication/5932217985400832?category=5755515191689216
http://publications.naturalengland.org.uk/publication/5932217985400832?category=5755515191689216
https://doi.org/10.1111/conl.12247
https://doi.org/10.1111/conl.12247
https://doi.org/10.1890/03-4058
https://doi.org/10.1051/alr:2005011
https://doi.org/10.1111/brv.12346
https://www.r-project.org/
https://doi.org/10.1016/j.fishres.2020.105819
https://doi.org/10.1016/j.fishres.2020.105819
https://doi.org/10.1016/j.marpol.2020.103864
https://doi.org/10.1016/j.marpol.2020.103864
https://doi.org/10.1016/j.ocecoaman.2010.01.011
https://doi.org/10.1016/j.ocecoaman.2010.01.011
https://ac.els-cdn.com/S0301479712005609/1-s2.0-S0301479712005609-main.pdf?%7b%5C_%7dtid=caaba8bb-41f4-4ec7-b379-d975f1876bb2%7b%5C&%7dacdnat=1523867890%7b%5C_%7dd634d47dd0ff0282388cc25f0030592b
https://ac.els-cdn.com/S0301479712005609/1-s2.0-S0301479712005609-main.pdf?%7b%5C_%7dtid=caaba8bb-41f4-4ec7-b379-d975f1876bb2%7b%5C&%7dacdnat=1523867890%7b%5C_%7dd634d47dd0ff0282388cc25f0030592b
https://ac.els-cdn.com/S0301479712005609/1-s2.0-S0301479712005609-main.pdf?%7b%5C_%7dtid=caaba8bb-41f4-4ec7-b379-d975f1876bb2%7b%5C&%7dacdnat=1523867890%7b%5C_%7dd634d47dd0ff0282388cc25f0030592b
https://ac.els-cdn.com/S0301479712005609/1-s2.0-S0301479712005609-main.pdf?%7b%5C_%7dtid=caaba8bb-41f4-4ec7-b379-d975f1876bb2%7b%5C&%7dacdnat=1523867890%7b%5C_%7dd634d47dd0ff0282388cc25f0030592b
https://ac.els-cdn.com/S0301479712005609/1-s2.0-S0301479712005609-main.pdf?%7b%5C_%7dtid=caaba8bb-41f4-4ec7-b379-d975f1876bb2%7b%5C&%7dacdnat=1523867890%7b%5C_%7dd634d47dd0ff0282388cc25f0030592b
https://doi.org/10.1111/2041-210X.12604
https://doi.org/10.1111/2041-210X.12604
https://doi.org/10.1016/j.jenvman.2012.12.029
https://doi.org/10.1073/pnas.1701262114
https://doi.org/10.1038/s41586-021-03371-z
https://doi.org/10.1038/s41586-021-03371-z
https://arxiv.org/abs/1611.06654
https://doi.org/10.1186/2047-2382-2-4
https://doi.org/10.1186/2047-2382-2-4
https://doi.org/10.1111/2041-210X.12540
https://doi.org/10.1111/2041-210X.12540
https://ac.els-cdn.com/S0025326X13005407/1-s2.0-S0025326X13005407-main.pdf?%7b%5C_%7dtid=bf9eef7e-3c19-4431-8e28-b292cf078c55%7b%5C&%7dacdnat=1523867908%7b%5C_%7de4e581d50b5985af95726bb66befa1eb
https://ac.els-cdn.com/S0025326X13005407/1-s2.0-S0025326X13005407-main.pdf?%7b%5C_%7dtid=bf9eef7e-3c19-4431-8e28-b292cf078c55%7b%5C&%7dacdnat=1523867908%7b%5C_%7de4e581d50b5985af95726bb66befa1eb
https://ac.els-cdn.com/S0025326X13005407/1-s2.0-S0025326X13005407-main.pdf?%7b%5C_%7dtid=bf9eef7e-3c19-4431-8e28-b292cf078c55%7b%5C&%7dacdnat=1523867908%7b%5C_%7de4e581d50b5985af95726bb66befa1eb
https://ac.els-cdn.com/S0025326X13005407/1-s2.0-S0025326X13005407-main.pdf?%7b%5C_%7dtid=bf9eef7e-3c19-4431-8e28-b292cf078c55%7b%5C&%7dacdnat=1523867908%7b%5C_%7de4e581d50b5985af95726bb66befa1eb
http://journals.plos.org/plosone/article/file?id=10.1371/journal.pone.0014461%7b%5C&%7dtype=printable
http://journals.plos.org/plosone/article/file?id=10.1371/journal.pone.0014461%7b%5C&%7dtype=printable
http://journals.plos.org/plosone/article/file?id=10.1371/journal.pone.0083883%7b%5C&%7dtype=printable
http://journals.plos.org/plosone/article/file?id=10.1371/journal.pone.0083883%7b%5C&%7dtype=printable
http://journals.plos.org/plosone/article/file?id=10.1371/journal.pone.0083883%7b%5C&%7dtype=printable
https://doi.org/10.1016/b978-0-08-102698-4.00009-5
https://ac.els-cdn.com/S0308597X13002030/1-s2.0-S0308597X13002030-main.pdf?%7b%5C_%7dtid=89fd008b-50a1-47de-8afb-ca2c6ddd69c0%7b%5C&%7dacdnat=1523867901%7b%5C_%7de5d9061e1d2853409ea8a9f4af1bcd34
https://ac.els-cdn.com/S0308597X13002030/1-s2.0-S0308597X13002030-main.pdf?%7b%5C_%7dtid=89fd008b-50a1-47de-8afb-ca2c6ddd69c0%7b%5C&%7dacdnat=1523867901%7b%5C_%7de5d9061e1d2853409ea8a9f4af1bcd34
https://ac.els-cdn.com/S0308597X13002030/1-s2.0-S0308597X13002030-main.pdf?%7b%5C_%7dtid=89fd008b-50a1-47de-8afb-ca2c6ddd69c0%7b%5C&%7dacdnat=1523867901%7b%5C_%7de5d9061e1d2853409ea8a9f4af1bcd34
https://ac.els-cdn.com/S0308597X13002030/1-s2.0-S0308597X13002030-main.pdf?%7b%5C_%7dtid=89fd008b-50a1-47de-8afb-ca2c6ddd69c0%7b%5C&%7dacdnat=1523867901%7b%5C_%7de5d9061e1d2853409ea8a9f4af1bcd34


16  |    DAVIES Et Al.

Stewart, B.D., Howarth, L.M., Wood, H., Whiteside, K., Carney, W., 
Crimmins, É. et al. (2020) Marine conservation begins at home: 
how a local community and protection of a small bay sent waves 
of change around the UK and beyond. Frontiers in Marine Science, 7, 
1– 14. https://doi.org/10.3389/fmars.2020.00076

Tillin, H.M., Hiddink, J.G., Jennings, S. & Kaiser, M.J. (2006) Chronic bot-
tom trawling alters the functional composition of benthic inverte-
brate communities on a sea- basin scale. Marine Ecology Progress 
Series, 318, 31– 45 Available at: www.int- res.com

Underwood, A.J. (1991) Beyond BACI: Experimental designs for detect-
ing human environmental impacts on temporal variations in nat-
ural populations. Marine and Freshwater Research, 42(5), 569– 587. 
https://doi.org/10.1071/MF991 0569

Underwood, A.J. (1992) Beyond BACI: the detection of envi-
ronmental impacts on populations in the real, but vari-
able, world. Journal of Experimental Marine Biology and 
Ecology, 161, 145– 178 Available at: papers2://publication/
uuid/58D141EA- 0260- 4014- 99B7- D63A470D2A46.

Underwood, A.J. (1994) On beyond BACI: Sampling designs that might 
reliably detect environmental disturbances. Ecological Society of 
America, 4(1), 3– 15.

Villeger, S., Mason, N.W.H. & Mouillot, D. (2008) New multidimen-
sional functional diversity indices for a multifaceted framework 
in functional ecology. Ecology, 89(8), 2290– 2301. https://doi.
org/10.1890/07- 1206.1

Waldron, A., Adams, V., Allan, J., Arnell, A., Asner, G. & Al, E. (2020) 
Protecting 30% of the planet for nature: costs, benefits and 
economic implications areal protection in the draft post- 2020 
Global Biodiversity Framework. TE Lovejoy, 49, 1– 58. https://doi.
org/10.13140/ RG.2.2.19950.64327

Wildlife and Countryside Act (1981) Wildlife and Countryside Act. 1– 
134. Available at: http://www.legis lation.gov.uk/ukpga/ 1981/69/
pdfs/ukpga {\_}19810 069{\_}en.pdf.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Davies, B. F. R., Holmes, L., Attrill, M. 
J. & Sheehan, E. V. (2022) Ecosystem benefits of adopting a 
whole- site approach to MPA management. Fisheries 
Management and Ecology, 00, 1– 16. https://doi.org/10.1111/
fme.12581

https://doi.org/10.3389/fmars.2020.00076
https://www.int-res.com
https://doi.org/10.1071/MF9910569
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1890/07-1206.1
https://doi.org/10.13140/RG.2.2.19950.64327
https://doi.org/10.13140/RG.2.2.19950.64327
http://www.legislation.gov.uk/ukpga/1981/69/pdfs/ukpga%7b/_%7d19810069%7b/_%7den.pdf
http://www.legislation.gov.uk/ukpga/1981/69/pdfs/ukpga%7b/_%7d19810069%7b/_%7den.pdf
https://doi.org/10.1111/fme.12581
https://doi.org/10.1111/fme.12581

	Ecosystem benefits of adopting a whole-site approach to MPA management
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Location
	2.2|Data collection
	2.3|Univariate metric calculation
	2.4|Statistical analysis
	2.4.1|Hypotheses
	2.4.2|Diversity
	2.4.3|Assemblage composition


	3|RESULTS
	3.1|Before–after control–impact (BACI) assessment
	3.1.1|Diversity
	3.1.2|Assemblage composition

	3.2|Age of protection assessment
	3.2.1|Diversity
	3.2.2|Assemblage composition


	4|DISCUSSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


