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• Artificial rockpools can retain both
water and sediment, providing multiple
habitats for intertidal fauna

• Although higher artificial rockpools
have lower species richness, they have a
greater impact on the seawall
biodiversity

• Artificial rockpools may play a role in
mitigating impacts of sea level rise on
the intertidal zone of coastal structures
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A B S T R A C T

Eco-engineering of coastal infrastructure aims to address the insufficient intertidal habitat provided by coastal
development and flood defence. There are numerous ways to enhance coastal infrastructure with habitat fea-
tures, but a common method involves retrofitting artificial rockpools. Often these are ‘bolt-on’ units that are
fixed to existing coastal infrastructure but there is a paucity of literature on how to optimise their arrangement
for biodiversity.
In this study, 24 artificial rockpools were installed at three levels between High Water Neaps and Mean Tide

Level on a vertical concrete seawall on the south coast of the UK. The species abundance of the rockpools and
adjacent seawall were surveyed at low tide for 2 years following rockpool installation and compared. Over the
course of the study, sediment had begun to accumulate in some of the rockpools. At the 2-year mark, the
sediment was removed and assessed for macrofauna. Algal biomass of the seawall and rockpools was estimated
using previously obtained dry weight values for the dominant algae taxa.
After 2 years, it was determined that artificial rockpools successfully increase species richness of seawalls,

particularly at higher tidal levels where water-retaining refugia are crucial for many species. The rockpools
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hosted 37 sessile taxa and 9 sessile taxa were recorded on the seawall. Rockpools increased the vertical elevation
for brown canopy-forming seaweeds by providing better attachment surfaces. Although the retained sediment
only hosted 3 infaunal species, it was observed to provide shelter for shore crabs during surveys. As sea levels and
ocean and air temperatures continue to rise, vertical eco-engineering arrangements will play a crucial role in
allowing species to migrate up the tidal zone, negating habitat loss and localised extinction.

1. Introduction

The biodiversity of rocky shores may largely be attributed its struc-
tural and topographical complexity, which includes surfaces of varying
rugosity and rockpools (also known as tide pools) (Metaxas and

Scheibling, 1993). The retreat of the tide on a rocky coastline exposes
intertidal biota to the risk of desiccation stress and associated mortality,
and predation (Little et al., 2009). However, rockpools provide refuge
and resources throughout the tidal cycle (Martins et al., 2007; Firth
et al., 2013; Legrand et al., 2018) and permit species that cannot live out

Fig. 1. The rockpool location in Hamble Harbour on the south coast of the UK.

J.R. Bone et al.



Science of the Total Environment 951 (2024) 175528

3

Fig. 2. Top: the seawall in 2017 prior to rockpool installation. Bottom: the seawall during rockpool installation in October 2020.

Fig. 3. The artificial rockpool dimensions.
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of water to extend their distribution into the intertidal zone. Rockpools
are crucial to food web connectivity (Noel et al., 2009) on rocky shores,
particularly at low tide (Mendonça et al., 2018; Vinagre and Mendonça,
2023). At high tide, rockpools serve as feeding grounds for juvenile
transient fish, intertidal benthic fish and crabs (Mendonça et al., 2019;
Bone et al., 2024).

Ecological enhancement (also referred to as eco-engineering) is used
to add habitat to artificial coastal and marine structures (Bergen et al.,
2001; Mitsch and Jorgensen, 2003; Odum and Odum, 2003; Airoldi
et al., 2005) which are ecologically poor surrogates for natural hard
substrate environments (Connell and Glasby, 1999; Chapman, 2003;
Moschella et al., 2005; McKinney, 2006; Glasby et al., 2007; Vaselli
et al., 2008; Pister, 2009; Firth et al., 2013; Earp et al., 2023). There are
numerous ways this can be achieved which are well summarised (Naylor
et al., 2017; Strain et al., 2017; O’Shaughnessy et al., 2020; Evans et al.,
2021) but examples include drill-cored or hammered pits in rip-rap rock
armour (Firth et al., 2014; Evans et al., 2015; Ostale-Valriberas et al.,
2018; Chee et al., 2020), standalone pre-cast intertidal reef blocks and
pools (Firth et al., 2014; Perkol-Finkel and Sella, 2015; Waltham and
Sheaves, 2018), habitat features integrated or recessed within the
structure through bricks or form liners (Chapman and Blockley, 2009;
Chapman and Underwood, 2011; Firth et al., 2014), and retrofitted tiles,
rockpools and panels (Browne and Chapman, 2011; Browne and
Chapman, 2014; Morris et al., 2017; Hall et al., 2019; MacArthur et al.,
2019; Bishop et al., 2022; Kosova et al., 2023).

Retrofitted (installed after the construction) ‘bolt-on’ artificial
rockpools are commonly used to add ecological enhancement to existing
artificial coastal structures (Naylor et al., 2017), particularly for
research purposes (Browne and Chapman, 2011; Morris et al., 2017;
Morris et al., 2018; Hall et al., 2019; Drakard et al., 2023; Bone et al.,
2024). These precast, ‘off-the-shelf’ units are now available on a com-
mercial basis (Evans et al., 2019). However, there is a paucity of

literature on how the arrangement (i.e., number, pattern/configuration)
of retrofitted interventions can impact species abundance outcomes (but
see Loke et al., 2019).

Optimising the arrangement of intertidal interventions is crucial for
incorporating ecological enhancement at scale, as it informs engineers
where interventions should be focussed and where they may be less
necessary. Tidal height of rockpools determines how long they remain
emersed at low tide, with those higher in elevation remaining emersed
for longer (Martins et al., 2007; Firth et al., 2013). Consequently, the
physico-chemical parameters of the retained water are impacted by
exogenous abiotic factors (solar radiation, evaporation, pool area/
depth/ volume) (Daniel and Boyden, 1975; Truchot and Duhamel-
Jouve, 1980; Huggett and Griffiths, 1986; Metaxas and Scheibling,
1993; White et al., 2014), biological processes (photosynthesis, respi-
ration), and species interactions (Underwood and Jernakoff, 1984;
Benedetti-Cecchi et al., 2000). Rockpools experience greater variations
of these physico-chemical parameters than the sea (Morris and Taylor,
1983) but a lower magnitude than that of the emergent substrate
(Metaxas and Scheibling, 1993). A rockpool at a higher tidal elevation is
likely to experience more extreme temperatures, pH, and salinity than
rockpools at a lower tidal elevation that are emersed for less time (Little
et al., 2009; Legrand et al., 2018). As a result, the biota they support is
generally limited to species that are especially tolerant of more hostile
conditions, such as Ulva sp. green algae (Legrand et al., 2018; Hall et al.,
2019). Tidal height is an important factor in deciding where in-
terventions should be placed within an artificial coastal structure or a
flood defence scheme (Firth et al., 2016; Naylor et al., 2017). Therefore,
maximising biota on a vertical seawall may be more effective at mod-
erate tidal elevations (Firth et al., 2013). Installing retrofitted in-
terventions may alter the distribution of species on the existing
structure, for example through the provision of microhabitats favoured
by grazers (Fairweather, 1988; Aguilera et al., 2014; Aguilera et al.,
2022) or by ameliorating temperature and desiccation stressors by
creating shaded, damp areas (Meager et al., 2011; Baxter et al., 2023).
Some studies have been conducted on artificial rockpools along a ver-
tical gradient (Browne and Chapman, 2014) in the northern hemisphere
(Hall et al., 2019; Bone et al., 2022) but independence between levels
and replication of rockpools was low. Otherwise, studies have favoured
a horizontal array (Browne and Chapman, 2011; Morris et al., 2017;
Morris et al., 2018; Drakard et al., 2023). In this context, an experiment
was undertaken to determine the impact of vertical distribution and

Table 1
The quadrat size and number of quadrat replicates recorded in each habitat per
rockpool.

Habitat Quadrat size Replicates

Artificial rockpool - interior 25 cm2 1 – the whole pool basin
Artificial rockpool - exterior 25 cm2 2 – one on each exterior half
Seawall 25 cm2 2 – one either side of the rockpool

Fig. 4. The placement of photo-quadrats on the adjacent seawall.

J.R. Bone et al.
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tidal height on the colonisation of ‘bolt on’ rockpools on a vertical
seawall. As part of the Marineff Project 24 artificial rockpools (Verti-
pools™) were installed in Hamble Harbour. We aimed to determine how
tidal height impacts species abundance on the seawall and artificial
rockpools and hypothesised that species abundance will be greater on
the artificial rockpools compared to the adjacent seawall.

2. Method and materials

The site was based in Hamble Harbour on the River Hamble,
Southampton Water on the south coast of England (Fig. 1), a highly
modified, muddy estuary very popular for sailing with over 3000
moorings. It is sheltered and protected from prevailing south-westerly
winds by the Isle of Wight and its location within Southampton Water.
Nearby intertidal habitats are primarily soft-sediments and those pro-
vided by artificial structures, such as seawalls. The rockpools were
affixed to a > 100-year-old intertidal vertical concrete seawall which in
some areas, due to its age, had a slight positive camber. The seawall is
western-facing and can be accessed at low tide on foot (Fig. 2). Visual
assessment of the seawall biotic community prior to rockpool installa-
tion indicated it was species poor, with some old Ascophyllum nodosum

growth dominating the bottom quarter of the wall. At the seawall toe
was thick mud and occasional rubble which provided attachment sub-
strate for fucoids and A. nodosum. Permission to install the rockpools
was provided by the asset owners Warsash Sailing Club and Hamble
Harbour Authority.

The artificial rockpools were handmade by Artecology Ltd. using
Vicat Prompt cement, sharp sand ballast (≤10 mm) and potable water.
They were pre-cast in standardised moulds to the dimensions shown in
Fig. 3. The rim and rockpool interior were made with a stippled texture,
and the exterior was finished with concave hemispherical pockets ach-
ieved using a bubble wrap form liner. A short video of the rockpool
manufacture may be viewed here (https://youtu.be/mX0YXjWotWE?
si=ubOEqQcCeMfpMh6p).

Prior to installation the seawall substrate was scrubbed clear of
fouling organisms to allow the rockpools to sit flush against the seawall
surface. A stainless-steel bracket and hardware were used to fix the
rockpools to the seawall in eight columns of three, with the bottom
rockpool at mean tide level, the top rockpool at high water neap tide
level, and the middle rockpool installed equidistant between both top
and bottom rockpools. A short video of the rockpool installation method
may be viewed here. Each column was installed within a section of

Fig. 5. The colonisation of column 4 at 6 months (a.), 12 months (b.), 18 months (c.) and 24 months (d.)

J.R. Bone et al.
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seawall separated by equally spaced buttresses to maintain indepen-
dence. Installation was completed in October 2020.

Monitoring surveys were undertaken in the early to mid-afternoon
on an ebbing tide at 1-, 6-, 9-, 12-, 15-, 18-, 21- and 24-month in-
tervals following completion of installation. During surveys, species
abundance data was obtained for each rockpool through visual assess-
ment of percentage cover and numeric counts of organisms to species
level wherever possible, with the rockpool interior (pool of water) and
exterior (rockpool underside) surveyed separately (Table 1). The size of
the quadrat used (25 cm2) was based on the total surface area of the
rockpool interior basin which was approximately 25 cm2. All macro-
faunal taxa within the rockpool interior basin were recorded, including
sessile taxa and mobile taxa present in the water column such as prawns.
The quadrat for the rockpool exterior covered most of each half of side/
underside surface area, and so the same area was surveyed for each
interval.

High resolution photos were taken using a Sony A7R3 CDC camera
(Sony FE 24-70 mm zoom lens) permitting high quality data collection
of photo-quadrats. For each rockpool a photo-quadrat of the seawall was
taken either side of the rockpool at the same tidal level approximately
15 cm from the rockpools (Fig. 4).

During surveys, the seawall was characterised with high abundances
of Ascophyllum nodosum at lower tidal levels and Ulva spp., Blidingia
minima at higher tidal levels, but otherwise consisted of bare concrete
and no understorey algal turf was observed. Due to a high abundance of
canopy-forming algae obscuring the underlying seawall at the lower
tidal level, it was not possible to ascertain the presence of mobile fauna
from seawall photo-quadrats and therefore mobile fauna, such as snails
and limpets, have been excluded from data analysis. All results use data
derived from sessile species abundance only. A list of mobile fauna
species identified in the artificial rockpools was collated separately.

After it became evident that sediment accretion was occurring in
some of the rockpools, extra care was taken not to disrupt the sediment
during surveys to avoid disturbance to infauna. At the final 24-month
interval survey all sediment was removed from each rockpool (n = 24)
for macrofaunal analysis and stored in formalin in labelled watertight
zip-lock bags for analysis. Sediment samples were later rinsed of
formalin under a fume hood and macrofauna were picked under a Leica
stereomicroscope and identified to highest taxonomic resolution. To
determine how much biomass grows on the rockpools compared to the
seawall, percentage cover was used to convert existing dry weight values
for algae species at the 24-month survey interval only. Dry weight values

and algal species used can be found in Supplementary material.
Abiotic data were collected at 6-, 12-, 18- and 24-month intervals. A

YSI multimeter was used for each rockpool to determine salinity (ppt)
and temperature (Celsius). A ruler was used to measure water and
sediment depth.

Table 2
Main test results for abiotic factors salinity, temperature, water depth and
sediment depth. Significant values show in bold.

Factor numDF denDF F-value p-Value

Salinity
Tidal level 2 21 1.55 0.2366
Survey interval 3 63 172.73 <0.0001
Level:interval 6 63 0.89 0.5095

Temperature
Tidal level 2 21 22.84 <0.0001
Survey interval 3 63 263.15 <0.0001
Level:interval 6 63 4.05 0.0017

Water depth
Tidal level 2 21 3.051 0.0687
Survey interval 3 63 9.611 <0.0001
Level:interval 6 63 3.031 0.0114

Sediment depth
Tidal level 2 21 46.39332 <0.0001
Survey interval 3 63 58.74117 <0.0001
Level:interval 6 63 8.20152 <0.0001

Table 3
Species recorded in the rockpool interiors, on the rockpool exteriors and on the
seawall. Mean abundance given with standard deviation (±) given in brackets.
Non-native taxa indicated with an asterisk (*). Taxa indicated with a dagger (†)
denote those recorded as numeric counts, all other taxa were recorded as per-
centage cover.

Rockpools
interior

Rockpools
exterior

Seawall

Brown seaweeds
Ascophyllum nodosum 0 0 15.1 (±28.4)
Fucus spiralis 5.7 (±16.6) 1.9 (±7.5) 1.5 (±5.7)
Fucus vesiculosus 6 (±20.6) 2.7 (±9.8) 4.5 (±13.5)
Pylaiella littoralis 14.6 (±23) 0.1 (±1.5) 0

Red seaweeds
Catanella sp. 0.01 (±0.07) 0 0.08 (±0.7)
Ceramium sp. 0.2 (±2.2) 0.01 (±0.09) 0
Dumontia contorta 0.02 (±0.1) 0 0
Porphyra sp. 0.01 (±0.1) 0.1 (±0.3) 0.003

(±0.05)
Polysiphonia sp. 0.1 (±0.7) 0 0

Green seaweeds
Blidingia minima 0 28.2 (±41.5) 16.7 (±27.2)
Cladophora sp. 2 (±11.9) 0 0
Diatoms 0.01 7.3 (±26.0) 0
Ulva spp. 11.2 (±18.4) 14.5 (±31.8) 0.2 (±1)

Porifera
Halichondrea panacea 0.01 (±0.07) 0 0
Sycon ciliatum† 0.01 (±0.1) 0 0

Hydrozoa
Clava multicornis 0.01 (±0.07) 0 0

Annelida
Ficopomatus
enigmaticus*

0.1 (±0.4) 0 0

Spirobis spirobis 0.04 (±0.2) 0 0
Spirobranchus triqueter 0.1 (±0.2) 0 0

Crustacea
Amphipoda sp.† 0.1 (±0.5) 0 0
Anurida maritima† 0.01 (±0.1) 0 0
Austrominius modestus* 0.02 (±0.1) 1.1 (±4.3) 0.6 (±1.8)
Carcinus maenas† 0.3 (±0.6) 0.04 (±0.3) 0
Corophium volutator† 0.01 (±0.07) 0 0
Gammaridae sp.† 0.01 (±0.1) 0 0
Ligia oceanica† 0.1 (±0.3) 0.07 (±0.4) 0
Palaemon sp.† 1.6 (±3.3) 0 0
Semibalanus balanoides 0.01 (±0.07) 0.02 (±0.1) 0

Mollusca
Hydrobidae sp.† 0.02 (±0.1) 0 0
Littorina littorea† 0.1 (±0.5) 0.04 (±0.2) 0.02 (0.2)
Littorina obtusata† 0.03 (±0.2) 0.02 (±0.2) 0
Littorina saxatalis† 0 0.01 (±0.07) 0
Mytilus edulis† 0.1 (±0.4) 0 0
Steromphala umbilicalis† 0.01 (±0.07) 0.01 (±0.07) 0

Vertebrata
Lipophrys pholis† 0.02 (±0.2) 0 0
Total taxa: 32 16 9

J.R. Bone et al.
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2.1. Data analysis

To test for statistically significant differences in percent cover,
numeric counts, species richness, and between the rockpools and
seawall over time, linear mixed effect models were run using the “nlme”
package (Pinheiro et al., 2020) in R Studio (Version 1.2.1335). Only
sessile species were used in statistical analysis to limit underestimation
of species that photo-quadrats may have missed, such as mobile fauna.
Assumptions of statistical tests were verified by examination of residuals
against fitted model plots, as per Zuur et al. (2009). Where clear lack of
normality or heteroskedasticity were identified, transformations were
made to the data (log+1 transformations) before further statistical
analysis. Habitat (rockpool interior, rockpool exterior and seawall),
Level (top, middle, bottom) and Intervals (1-, 6-, 9-, 12-, 15-, 18-, 21-
and 24-months) were fixed factors. To account for repeated measures

within the rockpool and seawall, as the same rockpool and seawall
photo-quadrats were surveyed each time, rockpool and photo-quadrat
‘ID’ was included as a random factor. To test for statistically signifi-
cant differences in biomass between the habitats over different tidal
levels using only the 24-month data, generalised linear models (GLM)
were run with Habitat (rockpool interior, rockpool exterior and seawall)
and Level (top, middle, bottom) as fixed factors. Quasi-Poisson distri-
bution was used as data were over dispersed (Crawley, 2012). Pairwise
tests were run using the “emmeans” package (Lenth, 2021).

Plymouth Routines in Multivariate Ecological Research (Primer-e
v.7) was used to perform individual PERMANOVAs to test for differences
in assemblage structure between Habitat, Level and Habitat * Level
using sessile species abundance data from 24-month interval only
(Anderson, 2005). Data were square root transformed to avoid the
weighting of common species over rare. A Bray–Curtis resemblance
matrix was used with 9999 permutations and PERMANOVA run with
unrestricted permutation of raw data. Significant results were followed
by post hoc tests to determine if factors were significantly different.
Multidimensional scaling (MDS) plots were used to visually demonstrate
assemblage similarity between Habitat * Level.

3. Results

After two years in the intertidal environment, all rockpools were
present and in good repair, despite significant storms in the intervening
years since installation (Fig. 5). On the middle and top seawall sections,
it was possible to ascertain the presence of mobile fauna due to the very
low abundance of canopy-forming seaweed. Only 1 Littorina littorea was
recorded on the seawall. In and on the rockpools, 13 mobile species were
recorded (Table 3).

3.1. Abiotic

Salinity (ppt) ranged from 23.8 ‰ to 34.9 ‰ and was generally
higher in the top rockpools. Main tests showed salinity did not signifi-
cantly differ between rockpool levels, or level*interval, but it did

Fig. 6. Abiotic factors (top left, clockwise) salinity, temperature, water depth and sediment depth. Error bars show standard error. Statistically significant differences
indicated by * (<0.05), ** (<0.01) and *** (<0.001). Six, 12, 18 and 24 months correspond to April 2021, October 2021, April 2022 and October 2022 respectively.

Table 4
Main test results for species richness for rockpool interiors and exteriors and
seawall. Significant values show in bold.

Factor numDF denDF F-value p-Value

Rockpool exterior and seawall
Habitat 1 66 6.3426 0.0142
Tidal level 2 66 44.0404 <0.0001
Survey interval 7 654 94.0442 <0.0001
Habitat:level 2 66 7.2603 0.0014
Habitat:interval 7 654 90.6078 <0.0001
Level:interval 14 654 5.2773 <0.0001
Habitat:level:interval 14 654 2.0513 0.0127

Rockpool interior and seawall
Habitat 1 66 24.4711 <0.0001
Tidal level 2 66 35.0013 <0.0001
Survey interval 7 462 7.9857 <0.0001
Habitat:level 2 66 10.9943 0.0001
Habitat:interval 7 462 18.4841 <0.0001
Level:interval 14 462 4.2027 <0.0001
Habitat:level:interval 14 462 1.6539 0.0622

J.R. Bone et al.
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between intervals (Table 2). Temperature ranged from 13.4 ◦C to
19.0 ◦C and was again generally slightly higher in the top rockpools
(Fig. 6). At the 6- and 18-month interval (both April), the temperature
was significantly greater in the top rockpools compared to the middle
and lower rockpools, but not at the 12- and 24-month intervals (both
October).

Water depth ranged from 4.6 to 11.5 cm and varied between levels
and between intervals, with no clear trend. Water depth in the middle
rockpools was significantly greater than the top rockpools on two oc-
casions, and significantly greater in the bottom rockpools than the top
and the middle rockpools on one occasion. Water depth varied between
rockpool levels the least at the final survey interval of 24 months. The

maximum sediment depth recorded was 8.5 cm, and there is a positive
temporal trend with sediment accretion increasing every interval for the
bottom rockpools. Sediment accretion does not increase beyond 1 cm in
the middle rockpools until 24 months, when the mean sediment height
increases to 4 cm. Mean sediment height in the top rockpools does not
exceed 1 cm throughout the study period. The bottom rockpool sedi-
ment depth is significantly greater than middle and top rockpool sedi-
ment depth for all intervals, with middle rockpool significantly greater
than the top rockpool at 12- and 24-months.

Fig. 7. Mean species richness for rockpool interiors and seawall (left column) and rockpool exteriors and seawall (right column). Mean species richness is per 25 ×

25 cm quadrat. Error bars show standard error. Statistically significant differences indicated by * (<0.05), ** (<0.01) and *** (<0.001). One, 6, 9, 12, 15, 18, 21 and
24 months correspond to November 2020, April 2021, July 2021, October 2021, January 2022, April 2022, July 2022 and October 2022 respectively.

J.R. Bone et al.
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3.2. Species richness

The total number of taxa recorded in the rockpools overall was 37,
including mobile and sessile fauna and 3 species that were found in the
sediment only. Thirty-one taxa were recorded in the rockpool interiors,
and 16 on the rockpool exteriors. Two non-native species were identi-
fied; the barnacle Austrominius modestus, which occurred on both the

Fig. 8. Percent cover for rockpool interiors and seawall (left column) and rockpool exteriors and seawall (right column). Error bars show standard error. Statistically
significant differences indicated by * (<0.05), ** (<0.01) and *** (<0.001).

Table 5
Main test results for percentage cover for rockpool interiors and exteriors and
seawall. Significant values show in bold.

Factor numDF denDF F-value p-Value

Rockpool exterior and seawall
Habitat 1 66 0.0018 0.9662
Tidal level 2 66 20.3074 <0.0001
Survey interval 7 654 65.448 <0.0001
Habitat:level 2 66 4.6499 0.0129
Habitat:interval 7 654 55.2333 <0.0001
Level:interval 14 654 9.5191 <0.0001
Habitat:level:interval 14 654 2.2834 0.0047

Rockpool interior and seawall
Habitat 1 66 4.4793 0.0381
Tidal level 2 66 19.4243 <0.0001
Survey interval 7 462 9.6703 <0.0001
Habitat:level 2 66 6.6515 0.0023
Habitat:interval 7 462 18.6644 <0.0001
Level:interval 14 462 3.0848 0.0001
Habitat:level:interval 14 462 7.8868 <0.0001

Table 6
PERMANOVA main test results after 24 months for assemblages for rockpool
interiors, exteriors and seawall. Significant values show in bold.

Source df SS MS Pseudo-
F

P
(perm)

Rockpool exterior
and seawall

Level 2 55,950 27,975 21.886 0.0001
Habitat 1 47,356 47,356 37.048 0.0001
Level *
habitat

2 24,563 12,282 9.6082 0.0001

Rockpool interior
and seawall

Level 2 45,464 22,732 25.388 0.0001
Habitat 1 57,031 57,031 63.693 0.0001
Level *
habitat

2 27,602 13,801 15.413 0.0001

J.R. Bone et al.
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seawall and the rockpools, and Ficopomatus enigmaticus, a calcareous
tubeworm that occurred in the rockpools only (Table 3). Both species
have been recorded elsewhere in the harbour (unpublished data). The
climate migrant Steromphala umbilicalis was also recorded, which has
only colonised this region of the UK coast within the past 20 years
(Herbert 2023, personal communication). The top rockpool interiors
were generally the most species poor, with species richness increasing
inversely with the tidal level of rockpools. This trend was not reflected
on the rockpool exteriors. Twenty-one sessile taxa were recorded in and
on the rockpools, compared to 9 sessile taxa on the seawall.

Main tests showed significant results for all factors and interactions
for both rockpool interior and seawall and rockpool exterior and
seawall, except for habitat:level:interval for rockpool exterior and
seawall (Table 4). Mean species richness peaked at 24 months for the
rockpool interiors at all levels and at 18 months for the top and middle
rockpool exteriors and 12 months for the bottom rockpool exteriors
(Fig. 7). From about 12 months onwards, the top and middle rockpool
interiors and exteriors are significantly more species rich than the
adjacent seawall. For the bottom rockpools, species richness is only
significantly greater than the seawall in the rockpool interiors at 21
months. Seawall species richness is only significantly greater than
rockpool species richness on seven occasions, and this predominantly
occurs when comparing the seawall to the rockpool exterior during the
first two survey intervals. Seawall species richness does not significantly
exceed that of the rockpools after 9 months.

3.3. Abundance

Sessile percentage cover was highly variable throughout the study
period with no linear trend observable (Fig. 8). However, the pattern of
abundance for both rockpool interior and exterior broadly follows a
seasonal succession pattern, with initial colonisation of the rockpools
dipping around the 12-month interval (October 2021) as boreal autumn
and winter occurs. Percentage cover then increases from approximately
18 months (April 2022) onwards as new settlement and growth occurs,
particularly perennial and slower growing species such as fucoid algae.

Main tests showed significant results for all factors and interactions
for both rockpool interior and seawall and rockpool exterior and
seawall, except for habitat for rockpool exterior and seawall (Table 5).
For the bottom rockpools, abundance on the seawall is significantly
higher at 9-, 12-, and 15-months than for the rockpool interior and at 1-
and 15-months on the rockpool exterior. At no point is abundance within
the rockpool interiors and exteriors higher than the seawall. However,
abundance in the rockpools is significantly greater than the seawall for
the middle and top rockpools, particularly from 21-months onwards.

3.4. Assemblages

The seawall was dominated by the green algae B. minima and

A. nodosum, and this remained stable over the course of the study. The
exterior of the middle and lower rockpools were dominated by Fucus
spiralis and Fucus vesiculosis on the rockpool rim and the barnacle
A. modestus on the shaded underside. The upper rockpool exteriors were
relatively devoid of fucoid algae and dominated by B. minima. All
rockpool interiors were dominated by the brown filamentous algae
Pylaiella littoralis, though the proportion of its dominance decreased
with rockpool tidal level.

After 24-months, PERMANOVA main tests (Table 6) indicated that
assemblage structures between both rockpool interiors and exteriors was
significantly different to the seawall at tidal level, habitat and lev-
el*habitat. Post hoc tests (Table 7) show only the assemblages on the top
rockpool exterior were not significantly different to the seawall and had
an average similarity of 61.3 %, which can be attributed to the low
species richness and shared dominance of the green algae B. minima.
Otherwise, all other results were significant (Table 7). Rockpool in-
teriors and seawall overall shared less average similarity than rockpool
exteriors and the seawall. Average similarity between rockpool habitat
and the adjacent seawall assemblages decreased linearly with tidal
height. Grazing halos around the rockpools were observed (Fig. 5) but
the organism responsible was not identified.

The MDS plots (Fig. 9) for the rockpool interiors and seawall indicate
that the assemblages of each habitat remain consistently divergent
throughout the study period. The similarity between the rockpool in-
teriors appears greater than the similarity between the seawall quadrats,
even across tidal levels. By 24-months, the bottom rockpool interior
assemblages appear most similar to the seawall, whereas the rockpool
interiors of other tidal levels remain more distant from their seawall
counterparts. However, the MDS plots for the rockpool exteriors show
greater similarity to the seawall throughout.

3.5. Sediment infauna

Ten taxa were recorded in the rockpool sediment (Table 8) at 24
months. The species identified are fairly typical of an intertidal estuary,
such as shore crabs Carcinus maenas and prawns Palaemon sp., but
infaunal species, such as bivalves and polychaete worms, were rare.
Mean species richness increased inversely with tidal height, with the
most species occurring in the bottom rockpools (Fig. 10). The sediment
was mostly comprised of fine mud, with the occasional empty mussel
shell or crab moult.

3.6. Biomass

After 24 months, main tests show significant differences for all fac-
tors for mean dry weight of sessile biota (Table 9), with tidal level
contributing to variance the most (48.5 %). The biomass on the rock-
pools significantly exceeds that on the seawall for middle level, but on
the bottom level, biomass is significantly greater on the seawall
(Fig. 10). The mean dry weight of the bottom rockpools is the same as a
single 25× 25 cm quadrat on the adjacent seawall but the biomass of the
seawall is more variable than that found on the rockpools. Mean biomass
for the rockpool interior and exterior is relatively equal across tidal
heights, each approximating half of the biomass for the whole rockpool
(Fig. 11).

4. Discussion

This study demonstrates that from mean tide level to high water
neaps, artificial rockpools can enhance the species abundance of con-
crete seawalls and the magnitude of this impact is greater at higher tidal
levels where refugia are more fundamental to survival. Chapman and
Blockley (2009) found similar results, with the addition of pools on
intertidal seawalls at lower shore levels less different to the seawall in
terms of species richness than those at mid and upper shore. The addi-
tion of a pool created a new assemblage not found on the seawall in

Table 7
PERMANOVA post-hoc test results after 24 months for assemblages for rockpool
interiors, exteriors and seawall. Significant values show in bold.

Level Groups t P
(perm)

Unique
perms

Average
similarity

Top Exterior *
seawall

1.7809 0.0547 9901 61.3 %

Middle Exterior *
seawall

2.443 0.0018 9945 40.1 %

Bottom Exterior *
seawall

5.566 0.0001 9945 12.2 %

Top Interior *
seawall

9.7818 0.0001 9951 21.4 %

Middle Interior *
seawall

8.5799 0.0001 9941 19.3 %

Bottom Interior *
seawall

9.3761 0.0001 9943 17.7 %
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Fig. 9. Multidimensional scaling plots indicating rockpool interiors and seawall (left column) and rockpool exteriors and seawall (right column), with 6 months (a.,
b.), 12 months (c., d.), 18 months (e., f.), and 24 months (g., h.) using species abundance data. Triangles correspond to rockpools and squares correspond to the
seawall. Red indicates top level, blue indicates middle level and grey indicates bottom level.
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Hamble Harbour, in addition to sediment accretion that further pro-
vided habitat for a small number of infaunal taxa.

In the final surveys, species abundance for rockpool exterior and the
seawall followed a similar pattern which was likely due to the high
coverage of fucoid algae, predominantly Fucus spiralis and to a lesser
extent Fucus vesiculosus, that developed on the rockpools. Species rich-
ness was greatest in the middle and bottom rockpools, which may be
influenced by the less extreme temperature and salinity values recorded
during the study. This reflects trends observed in natural (Raffaelli and
Hawkins, 1996; Little et al., 2009; Legrand et al., 2018) and artificial
rockpools (Firth et al., 2013). Further, species richness was significantly
greater in the top rockpool interiors compared to the seawall just one
month post instalment, which highlights the immediate benefits of
refugia in the environmentally challenging artificial upper shore. These

data suggest that artificial rockpools can supply ecological benefits
across tidal levels and optimal placement of ecological enhancements is
dependent on the desired outcome.

It is clear from these results that artificial rockpools can facilitate the
vertical elevation of sessile organisms that are typically found in the
lower shore or recorded only at the base of the seawall, which is
reflective of the existing literature (Hall et al., 2019). The brown canopy-
forming seaweed A. nodosumwas restricted to the lower seawall, but was
recorded on rockpools of all levels, though rarely on the top rockpools.
The succession of opportunistic green algae to dense fucoid canopy on
the middle and lower rockpools was also reported in Hall et al. (2019).
The holdfasts of seaweeds F. spiralis and F. vesiculosus on the rockpools
were observed almost exclusively on the rockpool rim. The horizontal,
rough-textured rim surface likely provided an ideal attachment surface
(Fletcher and Callow, 1992) with good sunlight exposure, and this
topographical pattern of fucoid colonisation has been observed on
similar artificial rockpools elsewhere in the UK (Drakard et al., 2023).
The incorporation of these features has facilitated the vertical migration
of fucoid seaweed further up the tidal zone where it was otherwise ab-
sent. The vertical arrangement of the rockpools may have also impacted
the assemblages that formed on them, due to varying exposure to sun-
light. However, the aspect of the seawall meant that the shadows created
by overhanging rockpools were usually cast on the adjacent seawall as
opposed to rockpools below (Fig. 5).

The rockpools were also able to support more faunal species than the
seawall, with a wide range of morphologies and traits, such as the
delicate hydroid Clava multicornis. Most sessile faunal species were
found exclusively in the rockpools, with only the non-native barnacle
Austrominius modestus recorded on the seawall. Browne and Chapman
(2014) found similar results, with only 2 sessile species on a vertical
seawall in Sydney, but 7 in their bolt-on rockpools. Although mobile
fauna was excluded from data analysis, they were abundant in the
rockpools, particularly crabs Carcinus maenas and prawns Palaemon sp.
Mobile organisms found in the rockpools, such as prawns and shanny
Lipophrys pholis, would not survive on the seawall without water
retaining features. The rockpools may also facilitate a halo effect
(Fairweather, 1988; Johnson et al., 1998), where grazers that would
otherwise struggle to survive on a vertical seawall lacking microhabitats
(Chapman, 2006; Moreira, 2006; Jackson et al., 2008) can find refuge at
low tide and graze the immediate surrounding seawall, impacting the
assemblage composition of the structure they’re fixed to. In a warming
climate, fucoid cover may be of particular value to indigenous Northern
species, such as Patella vulgata (Hawkins et al., 2008).

Sediment had accumulated in most of the middle and bottom

Table 8
Species recorded in the rockpool sediment at 24 months with mean abundance
given.

Top Middle Bottom

Annelida
Hediste diversicolour 0.0 0.0 0.1
Polychaeta sp. 0.0 0.1 0.3

Crustacea
Carcinus maenas 0.3 0.3 0.4
Palaemon sp. 0.5 2.1 5.3

Mollusca
Bivalve 0.0 0.3 0.0
Hydrobidae sp. 4.6 1.4 9.4
Littorina littorea 0.0 0.3 0.3
Littorina obtusata 0.3 0.9 3.1
Mytilus edulis 0.0 0.0 0.1

Vertebrata
Lipophrys pholis 0.0 0.0 0.1
Total taxa: 4 7 9

Fig. 10. Mean species richness of rockpool sediment at 24 months (n = 24).
Error bars show standard error.

Table 9
Main test results for biomass on the rockpools and seawall after 24 months. Bold
values indicate significant result.

Factor Df Deviance Resid.
Df

Resid.
Dev

P %
Explained

Biomass
Habitat 2.0 118.8 93.0 1331.9 <0.0001 8.2
Tidal level 2.0 703.0 91.0 628.8 <0.0001 48.5
Habitat *
level

4.0 211.3 87.0 417.5 <0.0001 14.6

Fig. 11. Mean dry weight (g) of organisms for rockpool exterior and interior at
24 months. Error bars show standard error. Statistically significant differences
indicated by * (<0.05), ** (<0.01) and *** (<0.001).
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rockpools by the end of the study, which has been recorded in other
artificial rockpools (Firth et al., 2016; Waltham and Sheaves, 2018; Bone
et al., 2022). Previous work on a similar model artificial rockpool on the
south UK coast has indicated that retained sediment can successfully
host an infaunal assemblage comparable to that of a disturbed estuary
(Bone et al., 2022), but that was not realised in this study. Although 3
infaunal taxa (Hediste diversicolor, unidentified polychaete, unidentified
bivalve) were recorded, their abundance was rare, and the assemblage
was instead dominated by crabs and prawns. The deposited mud was not
particularly deep (≤ 7 cm) or compact, and so the low volume may have
reduced its ability to provide a habitat analogous to a mudflat. The
presence of crabs and fish in the sediment suggest it may get bioturbated
by their movements and predation of infauna by crabs may limit their
capacity to proliferate. However, the unintended retention of mud still
plays a role as shelter, as crabs would bury themselves within the
retained mud when disturbed during surveys.

4.1. Application

Sea levels are rising and will continue to rise (IPCC, 2022),
combining with coastal development and land reclamation (Dugan
et al., 2011; Duarte et al., 2013; Duarte, 2014) which results in coastal
squeeze and intertidal habitat loss (Bugnot et al., 2021). Sea level rise
scenarios (IPCC, 2022) indicate that the top rockpools installed at high
water neaps may in future be at lower tidal levels and will continue to
deliver sufficient habitat for intertidal fauna where there previously was
none. Spreading eco-engineering interventions across the vertical tidal
zone will ensure that intertidal habitat remains available in the future,
providing vital steppingstones to species’ survival and ecological resil-
ience. This also emphasises the requirement for interventions to be in-
tegrated into coastal development and engineering at the design and
planning phase, as bolt-on interventions may not possess the required
multidecadal longevity due to their often-protruding design and
elevated risk of dislodgement. For example, Browne and Chapman
(2014) lost several bolt-on ‘flowerpot’ artificial rockpools to wave action
in Sydney Harbour, Australia.

To facilitate straightforward and accurate surveying, the rockpools
in this study were devoid of macroscale features. In future, their design
could be optimised by adding overhangs or ledges on the rim to create
shaded areas, and a deeper pool to ameliorate extreme temperature
values. This is particularly important in tropical regions, where rock-
pools have a higher risk of become ecological traps due to exceeding
species’ thermal limits during heatwave events (Vinagre et al., 2018).
Browne and Chapman (2014) found intertidal assemblages in rockpools
with two different depths were not significantly different on the upper
shore, and so the impact of rockpool depth may not be as great on upper
shore levels. However, design choices can be made to meet a variety of
ecological needs and engineering standards. Consultation and collabo-
ration with the appropriate experts are fundamental to implementing
successful and climate resilient eco-engineering interventions.

5. Conclusion

This study has demonstrated that artificial rockpools can provide
valuable hard and soft substrate habitats between high water neaps and
mean tide level on a concrete seawall by retaining water and sediment.
The rockpools provided crucial refugia to a wide range of species that
were not otherwise present on the seawall and extended the vertical
elevation of habitat-forming species such as canopy-forming brown
seaweed. Installation of rockpool interventions should be incorporated
across the tidal zone, including the upper shore where their presence
will be of greater importance in the coming decades due to climate-
change induced sea level rise and warming. Retrofitted, bolt-on rock-
pools have adequately demonstrated proof of concept and so future in-
terventions should be integrated into the initial design phase of coastal
infrastructure, negating the requirement for retrofitting.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.175528.
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