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Abstract 

Wave energy has the potential to contribute in the transition to decarbonized electricity generation. Extracting wave energy might 
be expected to have ecological impacts on rocky shore intertidal communities where exposure is one of the most important factors 
determining species structure and composition. With global climatic change, coastal exposure is predicted to increase with greater 
significant wave height. The wave-exposed west coast of Orkney, Scotland, UK, is the site of pre-commercial wave device testing. 
Surveys of 39 rocky shore sites along this coast identified key species and abundances, and quantified exposure-modifying topographic 
variables. A spectral wave model was constructed to compare baseline, wave extraction, climate change, and combined scenarios. 
Generalized additive modelling was used to describe the relationship between species, topography, and exposure. Results show that 
individual species differentially respond to exposure changes with ‘winners’ and ‘losers’ at site level. Overall, community responses 
are expected to be far greater following predicted climatic change than to industrial-scale wave energy extraction, depending on spatial 
scale. In combination, energy extraction may reduce the effects of climate-change-related increases in wave exposure of rocky shores. 
Predicting how location-specific biotic assemblages respond to changes in wave energy as a result of long-term forcing agents provides 
a valuable marine resource management tool. 
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Introduction 

Wave energy has the potential to make significant contribu- 
tions to decarbonization of electricity generation in the UK 

(Neill et al. 2017 , Greaves et al. 2020 , Jin and Greaves 2021 ),
with an aspiration for 22 GW of installed capacity by 2050 

(Wave Energy Road Map 2020 for the UK). Evidence on envi- 
ronmental impacts of wave energy developments is required if 
this target is to be achieved. This paper addresses the potential 
impacts of a reduction of wave energy on intertidal organisms 
on highly exposed shores likely to be downstream of wave en- 
ergy developments. 

Given the nascent state of the industry, it is not surprising 
that there is a paucity of studies using direct measurements 
to address the environmental and ecological consequences 
of wave energy developments (Frid et al. 2012 , Langhamer 
2016 ). Inferences on some types of impact may be drawn from 

studies of offshore wind farms (e.g. Wilhelmsson and Malm 

2008 , Lindeboom et al. 2011 ); this might include physical 
impacts of development on the seabed (Shields et al. 2011 ),
collision risks and behavioural disturbance to marine mam- 
mals, fish, and birds (Wilson et al. 2006 , Waggitt et al. 2016 ),
noise pollution (Farcas et al. 2016 ), and more [see Copping 
and Hemery ( 2020 ) for a full review]. ‘Downstream’ effects 
from deployment of wave energy converters (WECs), partic- 
© The Author(s) 2024. Published by Oxford University Press on behalf of Interna
article distributed under the terms of the Creative Commons Attribution License 
reuse, distribution, and reproduction in any medium, provided the original work 
larly in large-scale farms, would be expected to stem from
hanges in wave climate, principally by reducing energy lev- 
ls reaching the shoreline or interacting with the surrounding 
enthic community (Lohse et al. 2008 , Shields et al. 2011 ).
ffects are most likely to be manifested in the littoral zone,
here hydrodynamic forces from wave exposure are great- 

st (Denny 1995 , Gaylord 2000 ). Wave interactions with the
oundary layer and the benthos will increase in the nearshore
s depth decreases (Shields et al. 2011 ), creating a potentially
mportant locus for responses to wave energy extraction on 

he rocky shoreline. 
Wave energy is one of the most important factors determin-

ng the structure and composition of biological communities 
n rocky shores (Denny 1995 ). This is typically manifest
s differences in abundances and vertical distribution of 
rganisms correlated with energy exposure (Ballantine 1961 ,
ewis 1964 ). Even slight changes in exposure may result in
hifts in species distribution and morphology (Crothers 1985 ,
uuskanen and Nappu 2005 , Wolcott 2007 , Blanchette et al.
008 ). Remarkably little is known, however, of the specific
acets of exposure that form this relationship (Thomas 1986 ,
enny 1999 , Gaylord 2000 , Burel et al. 2022 ). Closer exami-
ation of exposure reveals a complex interaction of elements,

ncluding fetch (Burrows et al. 2008 ), local and distant
tional Council for the Exploration of the Sea. This is an Open Access 
( https:// creativecommons.org/ licenses/ by/ 4.0/ ), which permits unrestricted 
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eteorological conditions (Sundblad et al. 2014 ), nearshore
athymetry (Folley and Whittaker 2009 ), and shore to-
ography (Thomas 1986 ). Topographic modifiers of waves
pproaching and breaking on the shore may include slope,
rientation relative to the predominant wave direction, and
tructural complexity (Smith 2003 , Burrows et al. 2008 ,
olley and Whittaker 2009 , Sundblad et al. 2014 ). In order
o develop an understanding of the potential ecological
esponses to changes in wave climate, we must thus consider
oth incoming wave energy and dissipation of this energy by
earshore and littoral features. 
The relationship of hard substrate community composition

o wave exposure is well known and recognized as a funda-
ental distinction in marine habitat classification (Connor et

l. 2004 ). This is not to say, however, that we can expect the
cological response to a reduction of wave energy by WECs to
e a simple transition between biotopes at different locations
n an axis of wave exposure. Given the nature of the wave
esource, WECs would be expected to be located ‘upstream’
f highly exposed shores, and that such shores would likely
emain at the upper end of the exposure gradient even after
he reduction of wave energy. Understanding of the ecological
esponse to energy extraction thus depends on characterizing
elationships of species abundance within a subset of highly
xposed shores, rather than between exposed and sheltered
hores. 

Climate change is a crucial context for considering po-
ential impacts of wave energy extraction. This is firstly be-
ause climate-driven changes in marine ecosystems and range
hifts in marine biota are already apparent, and this is par-
icularly evident in littoral environments (Parmesan and Yohe
003 , Burrows et al. 2011 ). These observed changes may be
ue largely to increasing sea temperature, but climate mod-
ls also predict associated increases in frequency and inten-
ity of storm conditions (Collins et al. 2013 , Woolf and Wolf
013 ). Irrespective of the proximate drivers of background
hange, ecological monitoring must account for this shifting
aseline before it is possible to detect and characterize re-
ponses to wave energy extraction. The context of climate
hange is also important for predictive studies, not just be-
ause the extraction of wave energy is itself intended to re-
uce greenhouse gas emissions, but because it may also have
he potential to ameliorate the effects of increased storminess
n wave heights at a local scale. Setting aside effects of in-
reased temperatures, in this study, we predict responses of
ntertidal communities to changes in wave exposure related
o climate change and wave energy extraction, separately and
ombined. 

The rocky shores of West Mainland Orkney (WMO)
rovide an ideal case study for addressing such effects in
n area identified as highly suitable for wave energy de-
elopments (Scottish Government 2016 ). This coast is ex-
remely exposed; nearshore significant wave height is fre-
uently > 5 m and maximum wave period is frequently
 20 s (EMEC 2022 ). Predominant wind and wave direc-

ion is from the west meaning that the westerly orientated
liffs are facing the dominant direction of fetch. Spatial con-
rasts in wave energy received at the shore are determined
y nearshore bathymetry, and mediated by shore topog-
aphy. Since the WMO coast is geologically uniform and
ncompassed within a modest extent of ∼25 km north–
outh, it may be assumed that environmental drivers of
ariation in intertidal communities are local in scale (dom-
nated by wave exposure and shore topography) with-
ut confounding effects of biogeography and larger-scale
nvironmental variation. Comprehensive biological survey
ata are available for the entire stretch of this coast from a
tudy by Want (2017) , providing a unique resource for char-
cterizing intertidal communities at the upper end of the wave
xposure gradient. The area is also within the domain of a nu-
erical wave model constructed as part of the EcoWatt 2050
roject, which includes projections for large-scale wave devel-
pments with and without concurrent climate change (EcoW-
tt 2050 2017 ). 

The aims of this paper are (1) to characterize the relation-
hip between abundance of intertidal biota and wave energy
ithin a subset of high-energy sites in a location relevant to
ave energy developments; (2) to use this characterization to
redict the changes in abundance likely to result from modi-
cation of the wave climate by the presence of WECs operat-
ng in adjacent waters; and (3) to identify the separate roles of
nergy extraction and climate change in determining changes
n abundance. The overarching research question is, would
e expect a detectible biological response to wave energy

xtraction? 

ethods 

ocky shore surveys 

ocky shores were accessed at 39 sites on WMO ( Fig. 1 ). The
urvey area included rocky shores located within, and distant
rom, leasing sites for large-scale deployment of WECs (Ma-
ine Scotland 2022 ). All sites were accessed at low water of
pring tides in early summer during 2013–2015 (Want 2017 ).
urveys focussed on stable rock surfaces rather than mobile
ubstrates such as boulder fields or coarse sediments in em-
ayments. Sites were defined as discrete rock units of 10–20 m
n length, taking the form of a rock platform, stretch of cliff
ase or an emerged reef. Access by rigid-hulled inflatable boat
as required for 19 sites. All sites were surveyed by the same

urveyor (AW) during an approximate 45-min period. 
The abundance of rocky shore species was assessed at each

ite using the semi-quantitative SACFOR scale, as described by
risp and Southward (1958) and modified by Hiscock (1981) .
bundance was scored as S = superabundant, A = abundant,
 = common, F = frequent, O = occasional, R = rare, or
 = absent. Thresholds for these determinations depend on

he natural abundance scales of the different species at small
patial scales ( Appendix 1 ). SACFOR scores were determined
or 45 species selected to cover trophic levels represented by
ypical rocky shore organisms, ranging from primary produc-
rs to secondary consumers ( Appendix 2 ). All species were
valuated on open rock surfaces where they are fully subject to
xposure, rather than in the lee of rock features or in crevices
here abundance of certain species may be higher (e.g. blue
ussel, Mytilus edulis ). 
Two indices of shore topography were recorded at each

urvey site. Shore slope was defined as the angle to which
he rock surface is inclined to the horizontal plane, parallel
o the direction of dip. This was determined using a digital
rotractor at three positions considered to be characteristic
f each site. Substrate complexity was scored on a 10-point
emi-quantitative scale to assess the presence or absence
f rock features that would be expected to mediate the
nteraction between waves and the substrates on which the
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Figure 1. B ath ymetric map of rocky shore surv e y sites along WMO. Placement of terminator and attenuator type w a v e energy con v erting de vices as 
part of a proposed energy extraction scenario are indicated. 

Table 1. Substrate complexit y: semi-quantit atively scored on a scale from 1 to 10 applied to rocky shore surv e y s based on the presence and absence of 
roc k features, whic h might be e xpected to complicate the interaction betw een w a v e energy and the substrate, including broken shores, rock pools, steps, 
and offshore rocks or skerries. 

Score Description of features 

1 Uncomplicated platform featuring minimal deviation from ‘planar’ surface 
2–4 Minimal presence of low, stepped features, small and shallow rock pools, and little or no offshore rock features 
5–6 Increasingly broken shores with larger steps, deeper and more numerous rock pools, and presence of small offshore rock 

features 
7–9 Broken shores with combinations of gullies, varied rock pools, substrates providing distinct seaward and leeward surfaces, and 

large offshore rocks or skerries 
10 Unusually contorted shore with all features present in maximal level of complexity, and presence of several offshore rock 

features 

Within score ranges described later, e.g. 2–4, sites are scored dependent on how much features are shared within the category and with categories above and 
below. Representative images of rocky shore complexity scores are provided in Appendix 3 . 
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organisms were recorded ( Table 1 ; Appendix 3 ). Given lim- 
ited time available for access to shore sites, this scale was 
developed as a practicable alternative to established direct 
and indirect methods for quantifying topographic complexity 
Frost et al. 2005 , Wilding et al. 2010 ). Topographic assess-
ent at each site was completed prior to SACFOR surveys,

o avoid biases owing to preconceived associations between 

pecies’ abundance and shore exposure. 
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Figure 2. Four scenarios of present day and future wave climates on WMO, based on spectral wave modelling. Baseline: mean significant wave height 
( H s ) in 20 1 0; present day with WECs: predicted mean percentage change in H s in 20 1 0; future climate without WECs: predicted mean percentage 
change in H s in 2050; future climate with WECs: predicted mean percentage change in H s in 2050. 
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umerical wave model and projection scenarios 

 spectral wave model (DHI 2022 ) covering the WMO region
as constructed and used to simulate four scenarios: baseline

recent: 2010), with recent (2010) energy extraction (EE), with
uture (2050) climate change (CC), and with future (2050)
nergy extraction and climate change (EE + CC) ( Fig. 2 ). 

The model used an unstructured triangular mesh with a typ-
cal resolution of 150–200 m in the baseline version. The sce-
arios with energy extraction had a higher resolution around
he WECs. This regional wave model was forced by a larger-
cale model of the North Atlantic, which was in turn driven
y wind data sourced from the European Centre for Medium-
ange Weather Forecasts (ECMWF 2018 ). Wave parameters
ere output at a 30-min temporal resolution. For a detailed
escription of the baseline spectral wave models, see Venu-
opal and Nemalidinne (2015) and Venugopal et al. (2017) . 

Two types of WECs were simulated: a line attenuator type
similar to the Pelamis P2 design by Pelamis Wave Power
Yemm et al. 2012 )] and a surge-based terminator type [simi-
ar to the Oyster 800 design by Aquamarine Power (Cameron
t al. 2010 )]. A wave-structure interaction modelling tool
WAMIT 2022 ) was used to simulate small groups of devices
t a high resolution and predict the wave transmission, reflec-
ion, and absorption coefficients that should be used to de-
cribe their behaviour in the regional-scale spectral model. In
eality these parameters would depend on the sea state, but in
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Table 2. Rocky shore taxa selected for modelling of abundance in relation to exposure, with frequency of SACFOR scores across 39 shore sites on WMO. 

Frequency of SACFOR scores 

Taxon Phylum S A C F O R Not observed 

Porphyra umbilicalis Rhodophyta 6 11 15 4 0 0 3 
Palmaria palmata 8 8 6 2 4 0 11 
Corallina officinalis 8 13 16 1 1 0 0 
Mastocarpus stellatus 1 12 14 7 3 0 2 
Red turf ∗ 8 13 12 2 4 0 0 
Cladophora rupestris Chlorophyta 6 2 6 0 1 0 24 
Ulva intestinalis 3 8 12 5 2 0 9 
Scytosiphon 
lomentaria 

Ochrophyta 0 1 7 9 8 3 11 

Alaria esculenta 26 7 1 0 1 1 3 
Fucus distichus 
anceps 

6 12 6 2 2 2 9 

Fucus serratus 0 3 0 1 2 0 33 
Fucus spiralis nanus 1 7 5 2 2 0 22 
Fucus vesiculosus 
linearis 

2 7 1 1 0 0 28 

Himanthalia 
elongata 

4 6 5 2 0 2 20 

Actinia equina Cnidaria 0 4 5 1 5 2 22 
Patella vulgata Mollusca 0 0 12 6 8 0 13 
Patella ulyssiponensis 0 11 15 3 7 0 3 
Nucella lapillus 0 3 2 0 1 2 31 
Mytilus edulis 0 4 10 14 9 0 2 

∗Abundance of small rhodophytes forming a turf at mid to low shore level, predominantly Callithamnion spp., Ceramium spp. (including Ceramium shuttle- 
worthianum ), and Polysiphonia broidiei . 
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order to simulate the greatest energy extraction, and hence the 
‘worst case’ in terms of environmental impact, the values used 

were those for the sea state in which the WECs would produce 
their maximum output. For further details of this process the 
interested reader is referred to Venugopal et al. (2017) and Tay 
and Venugopal (2017) . 

WECs with a total generating capacity of ∼245 MW were 
included in the energy extraction scenarios, comprising 198 

attenuators in offshore locations (depths of 40–80 m, 3–10 km 

from the coast) and 120 terminators in inshore waters (depths 
of 10–20 m, 300–1000 m from the coast), within The Crown 

Estate’s designated lease zones for wave energy development 
off WMO (The Crown Estate 2015 ) ( Fig. 2 ). Array layouts 
were based on scoping reports for proposed wave energy 
developments, as described by O’Hara Murray and Gallego 

(2017) . 
The baseline and EE simulations were run for the year 2010.

This is considered representative of the wave climate at the 
time of the shore surveys (2013–2015). 

Future wave scenarios (CC and CC + EE) were based on 

predictions for the year 2050. Due to the stochastic nature of 
wave energy, simply running the wave models with predictions 
of winds in 2050 would have left ambiguity over whether any 
differences from the present day were due to climate change,
or due to random variations between the two years in ques- 
tion. Instead, the approach adopted was to take the forcing 
data for 2010 and scale it in line with expected changes in 

significant wave heights. Scaling was based on a global ocean 

model produced by the EU RISES-AM project (Bricheno and 

Wolf 2018 ). Data on significant wave heights were analysed 

for a 30-year baseline period centred on 1985 and a 30-year 
future period centred on 2050 based upon the IPCC RCP8.5 

climate pathway (Riahi et al. 2011 ). Percentile-based scal- 
ing factors were applied to re-map data to the projected fu- 
ture distribution. In addition, sea level rise was simulated by 
pplying a datum correction of 25 cm to the model
athymetry, based on the predicted global mean sea level rise
or 2050 under RCP8.5 (IPCC 2014 ). 

tatistical modelling of species abundance 

eneralized additive models (GAMs) were used to describe 
he relationship of species’ abundance with wave exposure 
nd topographic variables, using the mgcv package in R 

Wood 2017 , R Core Team 2018 ). SACFOR scores were
reated as ordered categories on a seven-point scale (0 = ab-
ent, 1 = Rare, through to 6 = Superabundant), considering
bundance as a logistically distributed latent (unobserved) 
ariable to be modelled as a function of environmental 
redictors. Model selection was undertaken using the ‘se- 

ect = TRUE’ option of the mgcv gam procedure, which allows
erms to be removed by being penalized to zero (Wood 2017 ).
oth main effects and first-order interactions were specified 

sing tensor product smooth terms, and the Restricted Max- 
mum Likelihood method was used for parameter estimation.

The value for the latent variable, estimated through the lin-
ar predictor for the model, is compared with cut points that
etermine the predicted category (SACFOR score) for an ob- 
ervation (Wood et al. 2016 , Wood 2017 ). Given a vector of
ut points θ for categories and a linear predictor value λj for a
et of predictor variables j , the cumulative probabilities for or-
ered categories i = 1 to I − 1 are calculated using the inverse
ogistic function: 

c i j = 

1 

1 + e −( θi −λ j ) 
. 

By definition, the cumulative probability for the last cate- 
ory, c I j , is 1. Probabilities of each score level are then easily
alculated as differences in cumulative probabilities. Given the 
mall sample size (39 sites), the full range of SACFOR scores
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Figure 3. Distributions of slope and substrate complexity values for shore 
surv e y sites in WMO. Refer to text and Table 1 for explanation of these 
topographic measures. 
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as not observed for every taxon, so the number of cut points
or the latent variable was adjusted accordingly, and the prob-
bilities of the unobserved scores were set to zero. Fitted val-
es from the GAM models were re-scaled to SACFOR scores
y using the probabilities of category membership as weights
n calculating weighted means of the values (0 to 6) assigned
o the SACFOR levels. 

reatment of environmental variables 

hree environmental variables were included in the GAM fit-
ing. Firstly, significant wave height ( H s ) was selected to rep-
esent incoming wave energy, based on monthly mean values
xtracted from the wave model outputs (see above). The res-
lution of the unstructured grid was 100–150 m close to the
hore. Littoral survey locations were adjacent to, but outside,
he margins of the model grid domain, hence model outputs
re not available at the exact survey locations. Extrapolation
eyond the model domain would likely be spurious, hence a
trategy was needed to represent the wave climate in the im-
ediate vicinity of the survey sites. Nearest neighbour val-
es were considered but appeared unduly sensitive to variabil-
ty at the grid margin, hence an averaging strategy was used
ased on water depth and distance from the survey sites. After
creening of various options, monthly averages of cell outputs
ere calculated for each site selected by a maximum distance
f 50 m and a maximum depth of 9 m. This ensured that the
alues represented the vicinity of the survey sites, inshore of
he modelled locations of wave energy extraction. Screening
ndicated that the GAM modelling was not sensitive to the
xact choice of distance and depth values, nor to the choice
f month. January was selected as representative of typical
xtreme winter conditions. During this period, wave damage
rom seasonal storms is at its most critical as an ecological
actor, although wave action during periods of larval or spore
ttachment can be more important (Vadas et al. 1990 ). 

Secondly, shore complexity and shore slope were selected
o represent aspects of the shore that would modify the ex-
osure of littoral organisms to incoming wave energy. Shore
omplexity was considered because it would be expected that
issipation of hydrodynamic energy caused by interaction
f the incoming wave with the shore surface would increase
ith topographic complexity (Smith 2003 , Lowe et al. 2007 ).
ote that, while structural complexity would be expected

o increase the availability of shelter at small spatial scales
Johnson et al. 1998 ), restriction of SACFOR determination
o open rock surfaces (see above) means that this component
f modified exposure is not relevant for the survey data. Shore
lope was considered because the dynamics of breaking and
lamming forces associated with incoming wave movements
ould be expected to be strongly related to slope (Peregrine
983 , Smith 2003 ), in ways that would not be captured
y the bathymetry of the wave model domain. Shore slope
as represented in the GAM models by the average of the

hree measurements made at each site. Other environmental
ariables recorded for the survey sites by Want (2017) , such
s wave fetch values and shore aspect, were not included
n the GAM models, as these are considered as proxies for
ncoming wave energy accounted for by modelled H s values. 

Projections of the wave model for EE, CC, and EE + CC
cenarios used H s values processed in the same way as those
rom the baseline model. Site-specific shore complexity and
lope values remained unchanged in the model projections. 

odel inference on response of species abundance 

o changes in wave climate 

hilst the smooth terms estimated in the GAM models are of
nterest in showing the nature of responses to exposure and
opographic variables, it is of more interest to explore overall
odel inferences over ranges of current environmental con-
itions and scenarios of change. This approach is also better
uited for exploring the influence of interaction terms in the
odels, and for quantifying the risks/probabilities of specific

esponses occurring. 
Exploratory analyses were undertaken using bootstrap

ampling of the data set coupled with model averaging based
n Akaike weights (Burnham and Anderson 2002 ). However,
he final approach used was posterior inference, as described
y Wood (2017) , based on the penalized fitting procedure
escribed above. This involved mapping of model coefficients
o fitted curves to obtain linear predictors for ranges of
nvironmental variables, simulation of coefficient vectors
rom their posterior distribution (multivariate normal) and
pplication of these vectors to the linear predictor matrix to
btain model predictions for each replicate. We applied the
osterior simulation approach with 10 000 replicates. Model
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Figure 4. Changes in significant w a v e height applying to shore surv e y sites on WMO for scenarios of wave EE, CC, and the two combined (CC + EE). 
Dashed lines are fitted smoothing splines for the relationship between change and baseline values. 
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predictions were then re-scaled to SACFOR scores, as de- 
scribed above. 

As noted by Wood (2017) , posterior simulation is prefer- 
able to bootstrapping, partly because the latter is more ex- 
pensive in processing time, but also because the appearance 
of data more than once in a bootstrap set leads to under- 
smoothing. For our small dataset ( n = 39), bootstrapping was 
also problematic because of lack of contrast in response vari- 
ables in some samples. Allowing terms to be penalized to zero 

in fitting the model was also more efficient than averaging over 
the hierarchy of models with different combinations of envi- 
ronmental variables, although this is at the expense of some 
loss of efficiency in specifying main effects separately from in- 
teraction terms. 

Metrics of ecological response 

Model predictions and posterior inference were used to ex- 
plore model behaviour and the sensitivity of species’ responses 
to ranges of environmental variables. The same approach was 
used to evaluate effects of changed wave conditions using pro- 
jections of the wave model under scenarios of EE, CC, and a 
combination of the two (CC + EE) (see above). Distributions 
of response metrics across posterior simulation replicates were 
summarized by percentiles at 2.5%, 50%, and 97.5%, esti- 
mated using the default method for the R quantile function,
providing measures of central tendency, and 95% confidence 
intervals. 

Model behaviour was summarized by SA CFOR -scaled re- 
sponses to the observed range of significant wave heights, H s .
To capture the effects of first-order interactions between the 
environmental variables, these responses were represented for 
ow, mid, and high values of shore slope and complexity, based
n their observed ranges. 
Three metrics were used to summarize the responses of each

pecies to the scenarios of change. Firstly, for each scenario,
e considered the risk of observing an ‘important’ change in

bundance. An operational definition of an ecologically im- 
ortant change in rocky shore species abundance in response 
o environmental change could be characterized as one that is
etectable by survey, i.e. an average SACFOR score changing 
y one unit or more. The risk can thus be calculated in terms
f the proportion of posterior simulation replicates for which 

aseline and projected SACFOR values differ by one or more
nits: 

R 

s = 

∑ I 
i =1 

∑ J 
j=1 r 

s 
i j 

I × J 
, 

here R 

s is the risk for scenario s , I is the number of posterior
imulation replicates and J is the number of sites. r s i j takes the
alue of 1 if | P s i j − B i j | ≥ 1 , where P s i j is the projected SACFOR
core for replicate i and site j under the conditions of scenario
 , and B i j is the baseline fitted SACFOR score for replicate i
nd site j under current conditions, otherwise is zero. This is
asily modified to calculate the risk of changes in a positive or
egative direction. 
Secondly, directional change in abundance was calculated 

or each posterior simulation replicate: 

D 

s 
i = 

∑ J 
j=1 

(
P s i j − B i j 

)

J 
, 

here D 

s 
i is the change metric for replicate i in scenario s . 
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Thirdly, the magnitude of shift in abundance was calculated
s: 

S s i = 

∑ J 
j=1 

∣∣∣P s i j − B i j 

∣∣∣
J 

, 

here S s i is the shift metric for replicate i in scenario s . The
hange and shift metrics are calculated as averages across sites,
epresenting responses at the scale of the overall study area.
he distributions of D 

s 
i and S s i across replicates were summa-

ized by percentiles, as above. 

esults 

pecies abundance and environmental data 

ineteen taxa were recorded sufficiently frequently across the
9 survey sites, and with sufficient contrast in abundance lev-
ls to merit further analysis ( Table 2 ). These comprised 14 al-
ae and 5 animal taxa. Alaria esculenta was the most abun-
ant taxon, being recorded as ‘Superabundant’ at two thirds
f survey sites. 
Shore slope ranged from 2.2 

◦ to 19.0 

◦ relative to the hor-
zontal, with an average value of 9.3 

◦( ± 0.68 

◦SE) ( Fig. 3 a).
omplexity scores ( Table 1 ) ranged from 1 (surface close to
lanar) to 7 (broken, with rock features), with the distribution
kewed towards the lower (least complex) end of this range
 Fig. 3 b). Slope and complexity were uncorrelated (Spear-
an’s rank correlation r s = −0.012, df = 37, P = 0.943). 
Mean January significant wave heights ( H s ) varied between

ites from 0.035 to 1.7 m, with an overall mean of 0.62 m ( ±
.072 m SE) and values skewed towards the lower end of this
ange ( Fig. 4 ). The distribution of values was shifted slightly
ownwards by energy extraction (scenario EE), substantially
pwards by climate change (scenario CC), and slightly up-
ards when the effects of climate change were moderated by

nergy extraction (scenario CC + EE). The amount of change
nder each scenario varied between sites, those with the high-
st baseline H s values tending to show the largest decreases
EE and CC + EE) or smallest increases (scenario CC). Aver-
ge site-specific changes were: EE, −0.085 m; CC, + 0.13 m;
C + EE, + 0.030 m. 

AM outcomes 

ignificant wave height and shore topography accounted for
p to 52% of the deviance in the SACFOR scores for each
f the 19 taxa considered ( Table 3 ). The estimated degrees
f freedom in Table 3 indicate the complexity of the smooth
erms: zero represents a term weighted out of the model, a
alue close to 1 indicates an approximately linear term, higher
umbers represent more complex curves. According to the ap-
roximate chi-square tests for the model terms reported by
he mgcv gam procedure, terms including H s were significant
t P < 0.05 for 16 out of 19 taxa considered, and at P < 0.1
or all ( Table 4 ). In twelve taxa, the effects of H s were sig-
ificantly modified through interaction with shore topogra-
hy, while for the remaining seven H s was primarily a main
ffect. 

Model projections based on posterior simulation are illus-
rated for three example taxa in Appendix 4 , focussing on
he SACFOR response to H s . The effects of interactive model
erms are illustrated through plots at low, mid, and high levels
f shore slope and complexity, based on the ranges of val-
es present in the data set (slope 2 

◦, 9 

◦, and 19 

◦; complexity
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Table 4. Summary of contributions of significant w a v e height ( H s ) to the GAM models for abundance of rock shore taxa on WMO. 

Taxon 
H s main effect 

only 
H s modified by 

shore slope 
H s modified by 

shore complexity 

Porphyra umbilicalis × ×
Palmaria palmata ( ×) 
Corallina officinalis ×
Mastocarpus stellatus ×
Red turf ×
Cladophora rupestris ×
Ulva intestinalis × ( ×) 
Scytosiphon lomentaria ×
Alaria esculenta ×
Fucus distichus anceps ×
Fucus serratus ×
Fucus spiralis nanus ×
Fucus vesiculosus linearis ( ×) 
Himanthalia elongata ×
Actinia equina ×
Patella vulgata ( ×) 
Patella ulyssiponensis × ×
Nucella lapillus ×
Mytilus edulis ×
Significance of H s as a main effect is indicated only for models in which interactions with shore slope or complexity were not significant at P < 0.1 or better. 
×, term significant at P < 0.05 or better; (x), term significant at P < 0.1. 
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score 1, 3, and 7). SACFOR for A. esculenta is projected to 

be high over a wide range of H s values but shows declines at 
very low values for some combinations of slope and complex- 
ity ( Appendix 4 –D1 ). Fucus distichus anceps shows a more 
straightforward relationship, with highest SACFOR scores 
projected for intermediate levels of H s , with shore topogra- 
phy contributing minor scaling of the curve ( Appendix 4 –
D2 ). In contrast, projections for Patella ulyssiponensis indi- 
cate a much more complex interaction with shore topography 
( Appendix 4 –D3 ). In this case, highest SACFOR values are 
generally projected for high values of H s , but with very vari- 
able effects at lower values of H s . 

Projections for scenarios of energy extraction and 

climate change 

Risks of an ecologically ‘important’ response to the changes in 

H s for each scenario are illustrated in Fig. 5 . Positive and neg- 
ative changes are distinguished by filled and open bars, respec- 
tively, and the combined length of the bar indicates the overall 
risk. In general, the risk of a change by one SACFOR unit or 
more appears low ( < 5%) for most taxa under Scenario EE,
much higher under Scenario CC, and only slightly moderated 

from this level under Scenario CC + EE. The moderating effect 
of energy extraction on the response to climate change only is 
seen mostly at the higher levels of response. For example, in 

Fucus vesiculosus linearis the overall risk of an important re- 
sponse is reduced from 28% (CC) to 22% (CC + EE), similar 
scales of change applying to the positive and negative direc- 
tional components of this risk. Other responsive taxa such as 
Himanthalia elongata are somewhat similar, although in this 
case the response to energy extraction is predominantly pos- 
itive. Examination of the distribution of responses between 

survey sites (not shown) indicates that the existence of both 

positive and negative risk for the responsive taxa is due to 

variation between sites rather than uncertainty about the na- 
ture of the response, i.e. there are ‘winners’ and ‘losers’ across 
the WMO coastline, depending on the spatial distribution of 
changes in wave climate. 
Projected responses to energy extraction and climate 
hange are further characterized by ordination diagrams 
howing average shifts and changes in SAFCOR for each sce-
ario ( Fig. 6 ). ‘Shift’ represents the overall responsiveness 
f taxa across sites, whereas ‘change’ represents the direc- 
ional component (see the ‘Methods’ section). In most cases,
s shown by 95% confidence bounds overlapping with the 
aseline, a directional component to the response is not ap-
arent when considered across all survey sites, further indi- 
ating that both losses and gains would be expected with the
verall change in wave climate. Again, responses to CC are
uch greater than to EE, and the former is not much moder-

ted by the latter (CC + EE), except at more wave exposed
ites ( Fig. 4 ). Note, however, the scaling of the axes in Fig. 6 ,
ndicating that the scale of projected response is not dramatic.
his is consistent with the view of ecologically important risk
resented in Fig. 5 . Note also that whilst the two ecologi-
al response metrics, ‘shift’ and ‘change’, may appear similar,
hey are of value in separating responses that are largely direc-
ional across all sites, typifying the animal taxa (bottom row in
ig. 6 ), from those where gains and losses balance out across
he set of sites, exemplified by Rhodophyta and Chlorophyta 
axa (top row in Fig. 6 ). 

iscussion 

ocky shore survey data and wave modelling outputs for 
MO have provided a unique opportunity to assess the likely

ature and scale of ecological response to extraction of wave
nergy. The location is in an area where WECs are being
ested, and where commercial-scale deployment of these de- 
ices may occur in the future (Marine Scotland 2022 ). The
esults of our study show that even among sites that would all
e classed as highly exposed, distinctions in the exact level
f exposure are ecologically meaningful in determining the 
resence and abundance of rocky shore species. Between-site 
eterogeneity of effective exposure is indicated as being due 
o two sources, namely variations in incoming wave energy 
nd onshore topography. First, nearshore bathymetry and 
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Figure 5. Projected responses of species abundance to changes in significant wave height under scenarios for (a) energy extraction (EE), (b) climate 
change (CC), and (c) climate change and energy extraction combined (CC + EE). Responses are characterized as risk of change in SACFOR score of one 
unit or more in either direction, measured across 10 0 0 0 posterior simulations of the GAM model and across all 39 survey sites. Taxon codes: Pum, 
Porphyra umbilicalis ; Ppa, Palmaria palmata ; Cof, Corallina officinalis ; Mst, Mastocarpus stellatus ; Rtu, red turf; Cru, Cladophora rupestris ; Uin, Ulva 
intestinalis ; Slo, Scytosiphon lomentaria ; Aes, Alaria esculenta ; Fda, Fucus distichus anceps ; Fse, Fucus serratus ; Fsn, Fucus spiralis nanus ; Fvl, Fucus 
vesiculosus linearis ; Hel, Himanthalia elongata ; Aeq; Actinia equina ; Pvu, Patella vulgata ; Pul, Patella ulyssiponensis ; Nla, Nucella lapillus ; Med, Mytilus 
edulis . 
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oastline aspect, in our study accounted for within the wave
odel, determine wave climate approaching the littoral envi-

onment, causing substantial variation in average wave height
etween sites. Second, our results also highlight the impor-
ance of shore topography in determining effective local ex-
osure to incoming wave energy, as represented by the abun-
ance of characteristic species. The potential for ecologically
mportant responses to changes in wave climate thus needs to
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Figure 6. Ordination of species projected species response to scenarios of (a) energy extraction, (b) climate change and (c) climate change combined 
with energy extraction. “Shift” represents the overall responsiveness of taxa across sites, whereas “change” represents the directional component 
(see Methods). Taxon codes (see Fig. 5 legend) are located at the median of change and shift in SACFOR score across 10 0 0 0 posterior simulations of 
the GAM model, averaged across all sites. Vertical and horizontal bars represent 95% confidence intervals (2.5 and 97.5 percentiles of the distribution of 
simulated values) for shift and change statistics, respectively. For clarity, the plots are separated into Rhodophyta and Chlorophyta (top ro w), Ochroph yta 
(middle row) and animals (bottom row). 
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be considered at a local scale, taking account of topograph- 
ical modifiers of exposure, here represented in terms of the 
structural complexity and slope of the shore. 

The wave modelling outputs used here include projections 
for scenarios of commercial-scale energy extraction and cli- 
mate change, allowing corresponding projection of the ecolog- 
ical response. At higher levels of exposure, energy extraction 

is expected to cause substantial decreases in wave height, irre- 
spective of climate change with more sheltered sites predicted 

to remain relatively unaffected. Energy extraction is expected 

to decrease the scale of ecological responses to climate driven 
hanges in significant wave heights, at least in locations in the
mmediate lee of WECs. At a broader scale, the effects of cli-
ate change on significant wave heights are predicted to out-
eigh energy extraction as a driver of ecological change, with

he latter expected slightly to decrease the scale of response to
he former. 

The wave energy extraction modelled in the current stud- 
es is based on plausible commercial-scale deployments of line 
ttenuator and surge-based terminator technologies. How- 
ver, because the energy absorption of WECs can be highly
requency-dependant and does not necessarily vary linearly 
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ith incoming wave power, the actual effects on shorelines
ill depend on the specific WEC design and the specific wave

onditions in a more complex way than is modelled here. For
xample, some WECs are designed to minimize their energy
bsorption during storms to avoid damage (Coe et al. 2018 ).
hese devices would attenuate everyday waves while allowing

he highest energy storms to reach the shoreline almost unaf-
ected, and so increase the difference in shoreline wave action
etween reduced energy in summer and unaffected high en-
rgy in winter. This could have consequences for species with
ighly seasonal patterns of growth where life processes dur-

ng less energetic seasons are critical for persistence (Want et
l. 2014 ). For species whose presence and abundance are pri-
arily driven by acute, extreme events, extraction of wave

nergy during only more moderate conditions may have lit-
le direct consequence. Furthermore, although small changes
n fetch have been shown to produce morphological changes
n fucoids (Ruuskanen et al. 1999 ), and, similarly, such con-
equences might be expected from wave extraction, it is not
orrect to assume that WEC deployment results in a perma-
ently limited or constrained level of exposure (analogous to
etch reduction) for the duration of a development’s presence.

In the current study, January was selected as typifying win-
er conditions, when it is assumed that wave exposure is most
ritical as an ecological factor for many rocky shore species.
aveRider buoys deployed by the European Marine Energy
entre to monitor the wave resource at Billia Croo, WMO
ave recorded H max in winter storms of up to 19 m (EMEC
022 ). While the current studies have not modelled extreme
aves during storm events, it has been shown that in extreme

vents, over 10% of annual wave energy can arrive offshore
n a storm lasting < 24 h (Folley and Whittaker 2009 ). How-
ver, how changes in storm events might affect the community
s not well understood (Thomas 1986 , Blanchette et al. 2008 )
ut may depend upon whether species are more responsive
o changes in average, long-term wave exposure or to acute,
xtreme storm events (Siddon and Witman 2003 , Ruuskanen
nd Nappu 2005 , Wolcott 2007 ). While beyond the bound-
ries of the current study, companion work focused on sea-
onal differences in wave exposure impacts using this wave
odel would be welcomed. 
Because of the small number of sites used in the analysis, it

s inevitable that overfitting should be a concern in the GAM
utputs. This is particularly the case given the inclusion of in-
eraction terms in the model, which are necessary to account
or the possible modification of received wave climate by shore
opography. To some extent, overfitting is at least reduced by
he model selection procedure applied, which should weight
he contribution of each model term according to the evidence
n the data to support it. However, it is undoubtedly true that
 larger data set would provide a more robust basis for in-
erence. Thus, for example, the complexity of the projected
esponse of the limpet Patella ulyssiponensis to changes in
ave energy under different combinations of shore complex-

ty and slope ( Appendix 4 –D3 ) does not bear close interpreta-
ion, whilst at the same time this model output still represents
he best inference given the available evidence. The constraint
ere—and the novelty—is that we are restricting the analysis
o compare within a set of difficult-to-access high-exposure
ites within a small region. This has the strength that the sites
re representative of those likely to be affected by extraction of
ave energy, and for which changes in wave climate have been
odelled, whilst minimizing contrasts in biogeography, water
emperature and geology. Evidence on littoral species’ re-
ponse to wave energy extraction would certainly be im-
roved, and generalised, by extension of shore surveys, wave
odelling and analysis for other regions. 
Another caveat for this modelling concerns the validity of

he absolute H s immediately adjacent to the shore given that
athymetric data are not available at these shallow depths. We
ssume, however, that the relative scaling of H s values between
ites is valid. This assumption would benefit from validation
n future studies. At present, the available wave data are the
est source of evidence on wave climate adjacent to these high
nergy shores. 

The current study has identified several organisms, in-
luding key structuring species representing different trophic
evels, which appear to be particularly sensitive to changes
n exposure at the extreme high-end of this hydrodynamic
radient. These species may serve as valuable indicators of
ommunity responses to changes in wave exposure, espe-
ially on highly energetic, rocky shores. The magnitude of
esponses varies between species and between individual
ocations; there may be considerable variability in both
agnitude and direction of change. The long-term, forcing

gents of energy extraction and climate change are expected
o produce ‘winners’ and ‘losers’ both at regional population
cale and at localized individual sites. 

The posterior simulation modelling approach used here has
llowed the development of a risk-based framework for as-
essing the significance of the ecological response. Assessment
f ‘significance’ depends, of course, on a set of criteria for
cceptable limits of change, e.g. set by environmental man-
gers or regulators. Such criteria do not exist, nor is there an
bjective basis for determining the consequences of changes
or ecosystem structure and function or population viability.
evertheless, it is clear that the risks of change detectable by

A CFOR -based surveys (such as the MarClim programme,
ieszkowska et al. 2006 ) is highly variable between both sites

nd species, where a single category change represents an or-
er of magnitude change. Studies by Burel et al. (2022) sug-
est that a wave height threshold may exist in the littoral zone
bove which rocky shore communities are dominated by bar-
acles and limpets, rather than fucoid macroalgae, the latter
ominating less exposed shores. Our study did not show ev-

dence of this threshold, possibly owing to the focus on the
pper end of the wave energy gradient and the presence of
xtreme exposure adapted fucoids in the north of Scotland.
ere (e.g. in Fig. 5 ), we focus on between-species differences.
onsidering the combined risk across all 39 sites, our analysis

ndicates that some Ochrophyta characteristic of high-energy
hores, such as Fucus vesiculosus linearis and Himanthalia
longata are likely to show both losses and gains at individual
ites under the climate-change scenario, whereas other high-
nergy Ochrophyta, such as Alaria esculenta and Fucus dis-
ichus anceps , are more likely to show gains. These changes
re slightly moderated by the addition of energy extraction
o the climate scenario, and interestingly this applies to both
ains and losses, presumably owing to site-specific factors. 

Expected responses of a subset of species on WMO reveal
hat local topography does, at times, play a complicated role in
cological responses to changing exposure. The association of
he high-exposure specialist kelp, Alaria esculenta , on steeply
loped and uncomplicated substrates is consistent with the
reater abundances of this species on wave exposed shores.
ucus distichus anceps , a high-exposure ecotype fucoid, is
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associated with steeply sloped, uncomplicated rocky plat- 
forms (Powell 1963 , Munda 2004 , Want 2017 ). There appears 
to be seemingly small interplay between these variables in the 
current studies. The complex interaction between community 
members which may be responding differentially to changes 
in exposure requires careful interpretation. 

A simple monotonic relationship does not always exist 
between slope and high-exposure organisms, and a more 
complex relationship between these factors is observed in P.
ulyssiponensis . This may owe, in part, to the multifaceted role 
of slope on rocky shores including through mediation of wa- 
ter drainage, affecting desiccation stress (Benedetti-Cecchi et 
al. 2000 ). While more tolerant of greater exposure, P. ulyssipo- 
nensis is more sensitive to desiccation than its congener, P. vul- 
gata , and typically favours ‘wetter’ conditions in the littoral 
zone found on shallow gradient rocky shores, also home to en- 
crusting coralline algae (Firth and Crowe 2010 ). Shore slope 
as an important modifier of desiccation may allow greater per- 
sistence of macroalgae on more horizontal surfaces, and may 
mediate foraging activities of important grazers, such as patel- 
lid limpets (Benedetti-Cecchi et al. 2000 ). 

Similarly, the importance of complexity in explaining abun- 
dance differences between sites may not be entirely due to ex- 
posure. Greater substrate complexity tends to dissipate wave 
energy, where shoaling and substrate porosity increase bottom 

friction (Mork 1996 , Ferrario et al. 2014 ). However, increased 

substrate heterogeneity may complicate the interaction with 

hydrodynamic forces and the benthic community leading to 

microhabitats of greater exposure and relative shelter (Folley 
et al. 2010 ). Furthermore, substrate complexity may provide 
escape from several important ecological stressors, including 
desiccation, predation, and changes in temperature and salin- 
ity, as well as creating additional surface area for organisms 
to exploit (Johnson et al. 2003 ). 

Conclusions 

Wave energy extraction may play some role in ameliorat- 
ing the ecological consequences of climate-induced changes in 

wave height, at least at the scale of local device deployment.
Although recent aspirations of the development of the WEC 

industry have not been realised, the comprehensive rocky 
shore survey and research described here is providing evidence 
well placed to inform the offshore renewable energy indus- 
try as it moves towards industrial-scale deployments of de- 
vices (Simec Atlantis 2022 ) and marine ecosystems are coming 
under increasing threat from climatic changes and other an- 
thropogenic developments (Frost et al. 2016 ). With increas- 
ing pressure from multiple users of the marine resource and 

global changes in climate affecting marine communities, the 
effects of changes in wave exposure on species distribution 

will become increasingly important (Blanchette et al. 2008 ),
particularly so at smaller spatial scales. Changes in tempera- 
ture remain most likely to drive shifts in distributions at geo- 
graphical scales. 

In this study, detectible shifts in abundance of key struc- 
turing species on exposed rocky shores on WMO are pre- 
dicted following changes in wave height consequent on en- 
ergy extraction and climatic change. Ecological responses are 
expected to be highly site specific where a given species may 
exhibit contrasting changes in abundance at locations in rel- 
atively close proximity to one another. There is evidence that 
the role of topographic variables on rocky shore communi- 
ies may be specific to individual community members. In 

hort, exposure may mean different things to different recep- 
or species. 
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ppendix 1: Abundance scales used for 
nt er tidal org anisms, aft er Crisp and 

outhw ar d (1 958) modified b y Hiscoc k (1 981) . 
: super abundant; A: abundant; C: common; 
: frequent; O: occasional; R: rare. Organisms 

ot seen during a 45-minute site visit despite 

ear c hing w er e r ecorded as N: absent. 

arnacles 
: 300–499 per 0.01 m2, 3–4 cm–2 

: 100–299 per 0.01 m2, 1–2 cm–2 

: 10–99 0.01 m–2 

: 1–9 per 0.01 m2 

: 1–99 m–2 

: < 1 m–2 

atella spp. ≥ 10 mm, 
ittorinalittorea (juveniles and adults), 
.mariae/obtusata(adults) 
: 10–19 per 0.1 m2 

: 5–9 per 0.1 m2 

: 1–4 per 0.1 m2 
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: 5–9 m–2 

: 1–4 m–2 

: < 1 m–2 

ittorina “saxatilis,”
atella < 10 mm, L.mariae/obtusatajuv. 
: 20–49 per 0.1 m2 

: 10–19 per 0.1 m2 

: 5–9 per 0.1 m2 

: 1–4 per 0.1 m2 

: 1–9 m–2 

: < 1 m–2 

ucella lapillus ( > 3 mm), Gibbula spp. 
: 5–9 0.1 m–2 

: 1–4 0.1 m–2 

: 5–9 m–2, sometimes more 
: 1–4 m–2, locally sometimes more 
: < 1 m–2, locally sometimes more 
: Always < 1 m–2 

ytilusedulis 
: 50%–79% cover 
: 20%–49% cover 
: 5%–19% cover 
: Small patches, 5%; ≥10 small ind. per 0.1 m2; ≥1 large

nd. per 0.1 m2 

: 1–9 small ind. per 0.1 m2: 1–9 large ind. m–2; no patches
xcept small ind. in crevices 
: < 1 m–2 

omatoceros sp. 
: ≥50 tubes per 0.01 m2 

: 1–49 tubes per 0.01 m2 

: 1–9 tubes per 0.1 m2 

: 1–9 tubes m2 

: < 1 tube m–2 

pirorbinidae 
: ≥5 cm–2 on appropriate substrata; > 100 per 0.01 m2 gen-
rally 
: Patches of ≥ 5 cm–2; 1–100 per 0.1 m2 generally 
: Widely scattered small groups; 1–9 per 0.1 m2 generally 
: Widely scattered small groups; < 1 per 0.1 m2 generally 
: < 1 m–1 

ponges, hydroids, bryozoa 
: Present on ≥ 20% of suitable surfaces 
: Present on 5%–19% of suitable surfaces 
: Scattered patches; < 5% cover 
: Small patch or single sprig in 0.1 m2 

: < 1 patch over strip; 1 small patch or sprig per 0.1 m2 

ichens, lithothamnia 
: 50%–79% cover 
: 20%–49% cover 
: 1%–19% cover 
: Large scattered patches 
: Widely scattered patches all small 
: Only 1 or 2 patches 
lgae 
: 60%–89% cover 
: 30%–59% cover 
: 5%–29% cover 
: < 5% cover, zone still apparent 
: Scattered plants, zone indistinct 
: Only 1 or 2 plants 
ppendix 2: Species list used for abundance 

ecording in this study. 

rustacea 

Chthamalus montagui 
Chthamalus stellatus 
Semibalanus balanoides 

ollusca 

Calliostoma zizyphinum 

Gibbula cineraria 
Gibbula umbilicalis 
Littorinidae 
Mytilus edulis 
Nucella lapillus 
Patella ulyssiponensis 
Patella vulgata 
Tectura testudinalis 

nidaria 

Actinia equina 
Urticina felina 

orifera 

Halichondria panicea 

hlorophyta 

Cladophora sp. 
Ulva intestinalis 
Ulva lactuca 

hodophyta 

Callithamnion sp. 
Ceramium sp. 
Chondrus crispus 
Corallina officinalis 
Dumontia cortorta 
Lomentaria articulata 
Mastocarpus stellatus 
Osmundea hybrida 
Osmundea pinnatifida 
Palmaria palmata 
Polysiphonia sp. 
Porphyra umbilicalis 

haeophyceae 

Alaria esculenta 
Ascophyllum nodosum 

Fucus distichus anceps 
Fucus serratus 
Fucus spiralis 
Fucus spiralis f. nanus 
Fucus vesiculosus 
Fucus vesiculosus f. linearis 
Halidrys siliquosa 
Himanthalia elongata 
Laminaria digitata 
Laminaria hyperborea 
Leathesia difformis 
Pelvetia canaliculata 
Scytosiphon lomentaria 
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Figure D2. Projected SACFOR scores for Fucus distichus anceps in relation to significant wave height at low, mid, and high levels of shore slope and 
comple xity. B old line is median and brok en lines are 2.5 and 97.5 percentiles of the distribution of v alues from posterior simulation of G AM models. 

Figure D3. Projected SACFOR scores for Patella ulyssiponensis in relation to significant wave height at low, mid, and high levels of shore slope and 
comple xity. B old line is median and brok en lines are 2.5 and 97.5 percentiles of the distribution of v alues from posterior simulation of G AM models. 
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