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Abstract

The marine renewable energy industry is expanding globally in response to increased
energy demands and the desire to curtail greenhouse gas emissions. Within the UK,
Wales has the potential for the development of diverse marine renewable
technologies, with a strong tidal range resource, areas of high tidal current energy, and
a spatially limited wave energy resource. Targets have been set by the Welsh
Government to increase the contribution of marine renewable energy to Wales’
electricity generation, and the recent introduction of demonstration zones for tidal and
wave energy aims to facilitate developers in device deployment. However,
uncertainties remain about the potential impacts of devices, particularly for array scale
deployments, planned at several sites, and for the extensive structures required to
capture the tidal range resource. Here we review present knowledge of potential
impacts, including physical, ecological and societal dimensions, and outline research
priorities to provide a scientific basis on which to base decisions influencing the

trajectory of Welsh marine renewable energy development.
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1. Introduction

In response to international concern surrounding the impacts of climate
change, the UK government has committed to ambitious carbon emission reduction
targets of 34% by 2020, and at least 80% by 2050 [1]. To achieve these targets, it is
estimated that 30% of UK electricity will need to be generated from renewable
sources by 2020 [2]. Renewable energy from marine resources are expected to form a
key portion of this future energy mix—an assessment of the UK’s theoretical marine
energy resource indicates a potential total annual energy yield of 285 TWh from
wave, tidal range, and tidal stream resources [3], compared to a current annual
electricity demand of approximately 303 TWh for 2014 [4]. However, this marine
resource is subject to both technical and economic constraints, and so the practically
exploitable resource will be considerably less.

In the UK, coastal waters around the country of Wales, bordered by the Irish
Sea to the north and west and the Bristol Channel to the south, hold a significant
portion of this UK marine energy resource; a governmental study assessing the entire
UK theoretical resource suggests approximately one seventh of the wave energy
resource, one quarter of the tidal range resource, and one third of the tidal stream
resource [3,5]. Recognising the value of this marine renewable energy resource, the
Welsh Government set ambitious targets, aiming to capture at least 10% of the
potential tidal stream and wave energy by 2025 (equivalent to 8kWh/day/person of
the mean consumption of 22kWh/day/person), and also committed to investigate
where tidal range technologies may be appropriate around the coastline [6].

There are substantial challenges associated with the technological
development and commercialisation of marine renewable energy that are required to
achieve the Welsh Government’s targets, such as: 1) accurately quantifying the ‘real-
life’ performance of individual devices, 2) uncertainty in terms of the outcomes of
consenting processes, political will and government subsidy, 3) potential ecological
impacts and unanticipated environmental effects, 4) public acceptance and community
engagement, and 5) cumulative effects when devices are installed at array scale. In
order to facilitate the work required of developers to address some of these issues, the
Crown Estate, as managers of the UK seabed, announced the lease of UK seabed
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rights for six new wave energy and tidal stream ‘demonstration zones’ to third party
managers in July 2014. One wave demonstration site, and two tidal stream
demonstration sites are located off the Welsh coastline, in the waters surrounding
Pembrokeshire and West Anglesey respectively (Fig. 1).

Thorough scientific evidence to underpin policy decisions on MREIs (Marine
Renewable Energy Installations) is incomplete—particularly for tidal lagoons where
few comparable developments currently exist globally. The wave and tidal stream
demonstration zones, together with proposed tidal lagoon developments, means that
Wales has the full range of marine renewable energy technologies under active
development, and contains the sites where several developers plan to scale up from
single test devices, to multiple device demonstration sites and commercial arrays.

Thus, in addition to increasing our knowledge of ‘primary’ impacts, there is
the potential for cumulative impacts and multiple device/array interactions, which are
difficult to predict on the basis of existing data, and tend to be based exclusively on
theoretical modelling studies [e.g. 7]. The impacts from proposed MREIs are wide-
ranging, and encompass a mixture of positive and negative socio-economic impacts
(e.g. combined recreational and aquaculture use, coastal defence, altered coastal
aesthetics), as well as potentially deleterious environmental effects (e.g. sediment
transport). These potential impacts require careful consideration, as Welsh coastal and
inshore areas have a wide range of sites designated for species and habitat
conservation goals, as well as heritage and aesthetic values, and consideration is being
given to expanding existing Marine Protected Areas (MPAS; Fig. 2).

Here, following a brief description of current developments we outline current
knowledge of the likely impacts of marine renewable energy developments, and from
this highlight research gaps which should be addressed to reduce uncertainty and

inform the decision making and consenting process within Wales.

2. Marine renewable energy developments

2.1. Tidal Stream

Several areas around the Welsh coastline have a sufficiently powerful tidal
stream resource to be considered as sites for tidal stream devices. These are

concentrated within narrow channels and around headlands, where the constriction of
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flow accelerates the tidal current (such as to the West and North of Anglesey and off
the Pembrokeshire coastline) and can be seen in Figure 1. The Crown Estate has
estimated that each of these areas has a potential installed capacity of 2-4 GW, but
research suggests that with technological developments the tidal-stream energy
resource could be much higher if deeper water and lower flow sites were developed
[5]; such as the partial amphidromic point off Ireland (see Fig. 3).

The predictability of tidal stream energy is highly attractive to developers, and
eases grid management issues compared to other stochastic renewable energy forms
[8]. Potential TEC deployments around Wales include several forms of device, such
as horizontal/vertical axis turbines, oscillating hydrofoils and tidal Kites, as reviewed
in [9]. Although studies to predict performance have been carried out for many of
these devices, optimal siting, resilient design, and the interaction between the device,

the resource, and the environment are topics of active research [7,8,10,11].

2.2 Tidal Range

Substantial potential exists for tidal barrages and tidal lagoons to contribute to
renewable electricity generation within the UK. There is particular focus on Wales,
because of the large tidal ranges in both South Wales [>12 m; 12], and in North Wales
[>8 m; 13], and the potential to contribute to tidal phasing solutions for constant
electricity production in conjunction with tidal-stream energy [5]. By far the largest
potential contribution of marine renewable technologies to the UK’s energy demand
could be from tidal barrages—at least 10%, or ~22 GW could come from the Severn
Estuary alone [12]. However, barrage design proposals for the Severn Estuary,
developed since the 1970s [14-21], have failed to gain governmental support, due to
significant environmental implications and high capital cost [22,23]. The Severn Tidal
Power Feasibility Study concluded that the obstacles to a Severn Barrage scheme
were too great for public investment [1,24]. Therefore, we will limit our scope to
reviewing tidal lagoons, although the processes and impact of lagoons and barrages
are often intertwined.

The indicative annual energy resource from tidal lagoon schemes has been
estimated as 24 GW in the Severn Estuary area, and 4-8 GW along the North Wales
coastline [3,7]. There is spatial variability in the phasing of tidal range around Wales;

north and south coasts are approximately 4 hours out-of-phase with one another (Fig.



138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158

159
160
161
162
163
164
165
166
167
168
169
170
171

3), meaning that energy intermittency issues throughout the day could be minimised if
lagoons were strategically constructed both in the north and south. However, variation
in power generation also exists over the lunar cycle (spring and neap tides). A
proposed tidal lagoon in Swansea Bay [25,26] has been granted development consent
by the Secretary of State for Energy and Climate Change in June 2015. The lagoon
development would be projected to have a rated capacity of 320 MW by 2018. Plans
also exist for tidal lagoon developments at several additional locations around the
Welsh Coastline (Fig. 1). A much larger proposed tidal lagoon between Cardiff and
Newport would have an installed capacity of 1.8 to 2.8 GW, dependent on final
design [27,28].

Several developers have interest in areas along the North Wales coast as sites
for tidal lagoons, where spring and neap tidal ranges are approximately 7.5 m and
4 m, respectively [>12 m; 12,29]. Through an initial model study of large-scale
lagoon designs in North Wales, Angeloudis et al. [29] predicted that power generation
in this region is not plausible during neap tides, because of the small tidal range.
Angeloudis et al. [12,29] also calculated that, for their lagoon designs, approximately
38% of the annual potential energy could be harnessed, acknowledging the effects of
intertidal hydrodynamics and turbine/sluice gate specifications. Moreover, the
harnessed energy could be reduced further if other lagoons were built in the vicinity.

2.3 Wave Energy

The theoretically extractable annual mean UK wave power resource has been
estimated as 43 £ 4 GW [30], with long-term annual mean wave power levels along
the western UK coastline ranging from 25-75 kW m™ [31,32]. The highest
concentrations of wave power around the Welsh coastline are in areas to the
southwest, which are exposed to the Atlantic Ocean (Fig. 4). The UK Atlas of Marine
Renewable Energy Resources, estimates the theoretical annual mean wave power
density to be 15-20 kW m™ close to the Pembrokeshire coastline, with areas further
offshore approaching 30 kW m™; however the spatial and temporal resolution of the
data used to produce these estimates is very coarse. Indeed, inter-annual and inter-
decadal variability of the resource needs to be considered to enable optimal site
selection and accurate device performance projections by developers [33].

Wave Energy Converter (WEC) devices are based on a wide range of
operating principles, as reviewed in [34,35], with varying extraction efficiencies, and
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optimal location in terms of depth and wave climate. Devices may be broadly
categorised according to distance from the shoreline; either onshore, nearshore or
offshore [32], with associated differences in both engineering challenges and
performance parameters. Accurate characterisation of WEC device behaviour is
needed for accurate technical resource estimates [36,37], and essential in determining
the potential for WEC devices to generate electricity in Welsh coastal areas.

There are three sites currently undergoing feasibility studies for the
deployment of WEC technology in Wales, all off the south Pembrokeshire coast, and
in close proximity to Milford Haven port. The Crown Estate wave demonstration zone
managed by WaveHub is a 90 km? area sited ~20 km from shore in 60 m water depth.
Wave Dragon Limited have proposed a smaller site in similar depths to the west of
the demonstration zone, whilst Marine Energy Limited have proposed a nearshore site
off St Govan’s Head. No devices are presently deployed; however, Swansea-based
Marine Power Systems have planned the testing of a scale version of their Wavesub
device at the Haven Waterway Enterprise Zone in 2017, prior to a full-scale device

being tested in the demonstration zone in 2019.

3. Physical impacts and research priorities

3.1 Tidal stream technology

Recent studies have indicated the likelihood of environmental impacts and
changes to hydrological regimes associated with extracting energy from the tides
[10,38,39]. The primary impacts of TECs are the impacts of the structure and the
energy extraction on hydrodynamics and morphodynamics (sediment transport). The
physical presence of a TEC and its foundations alters near-field hydrodynamics and
sediment dynamics during both installation and operational phases. The turbine
motion of tidal stream devices also impacts turbulence and dissipation in the area

surrounding a device [40].

Power extraction by TECs reduces the kinetic energy of the tidal currents in
comparison to the undisturbed resource. Extracting tidal stream energy can also
influence water surface elevations, although this impact is thought to be minimal [7].
Through alteration of the tidal currents, tidal steam energy extraction has the potential
to cause spatial and temporal variations in sedimentation and erosion rates [39]. The

magnitude of this impact on sediment dynamics increases with the degree of tidal
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asymmetry at the point of extraction [39], therefore the magnitude and nature of tidal
asymmetry should to be considered alongside the magnitude of the tidal currents

when considering potential sites for situating TECs.

The potential for full-scale (300MW) arrays of TECs to change larger-scale
far-field sediment dynamics, such as the maintenance of headland sand banks has
been identified [7]. Sand banks play an important role in coastal defence through
depth induced wave breaking, and can influence the condition of adjacent beaches
through sediment exchange [7,41]. Recent modelling studies have begun to quantify
the magnitude of impacts on the sedimentary processes affecting sand banks, and
indicate that ‘first generation’ (<50 MW) TEC array sizes would result in sedimentary
impacts within the bounds of natural variation at tidal sites off northwest Anglesey
[42].

The near-field effects of TECs on flow can be modelled numerically or can be
observed in physical laboratory experiments. However, there is considerable
uncertainty regarding the magnitude of these effects, as the impacts of prototype
devices (at pilot scales) may not translate to the impacts from commercial-scale
arrays. Although some modelling studies exist [7,11,43], many impacts from scaling
up test devices into commercial-scale arrays remain unknown, as the interactions
between the impacting processes and the cumulative effects of tidal energy extraction
are highly site-dependent. For example, for a single TEC operating in a steady flow,
there is a deceleration of the tidal current speed immediately upstream as well as
downstream of the device, with accelerated tidal current speed (and turbulence)
around the device, and a turbulent wake downstream. Moreover, energy extraction in
resource models tend to be implemented as depth-averaged processes, and as the
interaction between devices and the resource are non-linear, three-dimensional, and
with temporal variability to current speed and turbulence; hence much more research
is required to resolve turbine behaviour in hydrodynamic models before impacts can

be fully resolved.

3.2 Tidal lagoons

3.2.1 Inside lagoons:
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A primary impact of the physical tidal lagoon structure is that natural tidal and
coastal currents will decrease or be completely absent (during the water holding
periods) within the lagoon [13,44]. Most importantly, reduced energy and tidal
pumping inside the lagoon will alter sedimentation patterns and sedimentary features,
with the most obvious effect being scour occurring near turbines and sluices, and
siltation elsewhere [45]. Vertical mixing will be reduced (away from turbine wake),
hence concentrations of suspended sediments and other materials will be reduced, and
light penetration and stratification will be increased; all of which could result in water
quality problems [43,45]. For example, there may be a build-up of physical and
chemical contaminants due to reduced flushing, or re-suspension of contaminated
sediments in regions of scour [45]. In addition, increased light may stimulate primary
productivity increasing the risk of eutrophication and altering nutrient flow as

phytoplankton deposition occurs [45].

By concentrating turbines in one section of the lagoon wall (sometimes called
the power house), counter-rotating eddies may form in the turbine wake [14,44],
which could impact the marine environment resulting in localised sediment
resuspension, scour, and water quality impacts. Instead, Falconer et al. [14]
recommended evenly spacing turbines throughout the whole lagoon structure. In

practice, this may not be feasible due to bathymetric or other constraints.

Lagoons may cause a loss of intertidal areas within the structure, since the
surface-level range will be reduced, compared with the natural tidal range. One
potential benefit will be reduced coastal flood risk for lagoons which are connected to
land—a circumstance that is particularly relevant to the North Wales coast [13].
During extreme storm events, for example, turbines could be shut off to prevent flood
flow impacting the coastline within the lagoon wall. A detrimental environmental
effect of a reduction of intertidal area is the loss of intertidal habitats for resident and
migratory species; for example, loss of salt marshes, soft sediment biota, rocky shore
species, and Sabellaria biogenic reefs. Lagoon or barrage structures in estuaries
would, on the whole, negatively impact on habitat conservation, water quality, and
ecosystem services [45]. Despite this, tidal ranges and potential energy yield are
maximal in estuaries, thus ultimately benefitting the wider environment through

reduced carbon emissions [45]. Therefore, tidal range development siting should
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carefully weigh up the resource and anticipated environmental interactions,

particularly for estuarine locations.

3.2.2 Qutside lagoons:

The alteration of the natural physical environment outside of lagoons will
depend on the regional hydrodynamics and atmospheric conditions, local topography
and bathymetry, the design of the lagoon, and the operational specifications of the
lagoon [13]. Clearly, the larger the area of the lagoon, the greater the power output
and the greater the alterations to the physical environment [44]. Processes that are
likely to be impacted are scour near the lagoon, sediment supply to beaches and sand
banks/bars, and wave reflection/diffraction. Sediment starvation to sand banks, sand
bars, and beaches may impact the ability of these features to absorb the energy of
winter storms, protecting the coast from wave erosion [7,42]. Sand banks/bars are also
important nursery and breeding grounds for many fish species [45].

Away from the turbines (i.e., > 50 km), the hydrodynamic effects are likely to
be minimal, although simulated tidal range increased in Boston, USA, by a few
percent, as a result of possible lagoon designs located within the Bay of Fundy,
Canada—simulation with sluice gates always closed (i.e., no power generation)
produced maximum change in tidal range [44]. Therefore, as Wolf et al. [45] also
alluded to, far field flood risk could be increased due to large-scale lagoon structures.
Hydrodynamic impacts of lagoons in near resonant systems, such as the Severn
Estuary, are likely to be pronounced [44]; affecting flood risk both in the near-field
(due to altered sedimentation and beach morphology) and in the far-field (due to
altered tidal regimes). Lagoons may also affect the strength of residual currents and
positioning of frontal systems, where stratified and mixed waters meet, attracting
feeding fish and seabirds [46] —although this risk is thought to be small [45].

3.2.3 Research priorities

There is an urgent need for better characterisation of the tidal resource, which
includes the interactions of the resource with proposed lagoons and their surrounding
environment. Through hydrodynamic modelling, the natural (pre-lagoon)

environment needs to be better characterised: wave and storm climates and
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seasonal/inter-annual variability, residual sediment transport pathways, and turbulent
mixing rates, with particular attention paid to potential extreme conditions and climate

change.

Numerical models which include a variety of lagoon designs and turbine
parameterisation options are being refined [e.g. 44]. Importantly, the shape of the
embayment and the number and position of turbines and sluice gates can be optimised
to maximise yield and minimise environmental impacts. Future modelling research
should, therefore, focus on design optimisation that yields sufficient (rather than
maximum) electricity generation, whilst minimising undesirable environmental
consequences—especially concerning sediment dynamics and water quality. Models
will require repeated bathymetric surveys and time-series wave and current data for

validation.

3.3 Wave energy converters

Several model studies have demonstrated significant effects of WECs
on the wave climate which, at significant scales of electricity generation, is likely to
impact nearshore processes. Although initial work applied constant transmission
coefficients across the entire frequency spectrum to simulate energy extraction [47],
studies have increasingly incorporated the impacts of WEC power performance
[48,49], device size [49], and WEC array configuration [50] on downstream wave
propagation.

A concern identified early in the development of WEC technology is the
likelihood of coastal erosion patterns to change, impacting beach morphology and
shallow water bathymetry in adjacent coastal areas [31,51]. More recently the
consideration of WEC arrays for coastal protection purposes has been suggested
[52,53], a role which is of increasing importance under climate change-driven future
scenarios of coastal flooding and storminess [e.g. 54-56].

Surf zone sandbars reduce sediment erosion on beaches by depth-induced
wave breaking [57]; hence, when beach morphology is in equilibrium, this erosion
may be balanced by slower onshore migration between storms from lower amplitude
dispersed swell waves [57]. Therefore, WECs may alter beach morphology processes
[52,53], and research indicates their potential for coastal defence [53].

10
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Future simulation of WEC impact research should continue to address the
consideration that WECs do not remove wave power equally across the frequency
spectrum. Porter et al. [58] highlight some of the modelling studies that have made
efforts to address this issue but note that observational validation is lacking. An
additional uncertainty within modelling studies is whether devices will be operational
during storm events, as WEC may be switched into ‘survival mode’ during intense
storms to avoid device damage, with the result that a greater proportion of wave
energy reduction may occur outside of winter months [50]. The development and
implementation of WEC array modules for spectral wave models such as SNL-
SWAN [49,58] will prove a useful tool for assessing environmental impacts,
particularly when combined with realistic device power transfer functions and wave-
current interaction [25,48]. An additional challenge is to increase the ability of
morphodynamic models to accurately predict the erosion or accretion/post-storm
recovery of beaches [59], The potential impacts of WEC deployments at sites off the
Welsh coastline on sand banks and beaches should be considered within the context

of our present understanding of the natural variability of such features [60-62].

4. Potential ecological impacts and research priorities

4.1 Benthic habitats and species

A primary impact of the construction of Marine Renewable Energy Devices
(MREDs) will be the alteration of the benthic habitat within the construction footprint
of the device, and any associated cabling routes [63]. However, impacts on the
benthic environment are not limited to the physical footprint of devices, as changes in
current regimes and associated sediment dynamics have the potential for far field
effects such as alteration of food supply, and smothering or increased erosion of
sediment [63]. As MREDs scale up from the single device, to the array scale
deployments planned around Wales, the potential for habitat fragmentation, a major
cause of biodiversity loss within marine environments [64], becomes more relevant.
Whilst broad scale habitat knowledge for Welsh coastal areas exists, little is presently
known about the finer scale patterns of benthic species distribution within planned

MREIs. Future research should take advantage of the emerging ability to use multi-

11
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beam echosounders for acoustic classification of benthic habitat types within MREIs
around Wales.

Potential benefits to benthic biodiversity have also been outlined for MREIs
[65]. The main mechanisms for this benefit are: 1) the artificial reef effect [66-68], 2)
the ability of MREI sites to function as de-facto marine reserves, where fishing
activities such as dredging are excluded [65,69,70]. Device structure and foundations
also introduce a hard substrate into areas where it never previously existed. The
assemblage of species that artificial structures support, are often different from those
occurring on surrounding substrates [71]. In particular, opportunistic species are likely
to dominate, and invasive species for which a viable larval supply exists may rapidly
colonise the structures [72]. Whilst existing evidence for this comes from Danish
windfarms [73], MRED structures in Wales may experience the same effect. Where
numerous MREDs are present in the marine environment, the structures may act as
stepping-stones for marine invasive species [74]. Of particular concern in Wales is the
presence of Didemnum vexillum in Holyhead harbour [75,76], and Crepidula
fornicata in Milford Haven [77], both important areas for boat traffic associated with
MREIs in Wales.

4.2 Direct collision and physical interaction

4.2.1 Seabirds

Welsh coastal waters support diverse seabird communities during summer
months when large breeding assemblages in the south-west e.g. Grassholm, Skomer,
Skokholm and Ramsay Islands [78], exploit waters spanning from the northern Celtic
Sea to the northern Irish Sea [e.g. 79-81]. In particular, the populations of Manx
shearwaters Puffinus puffinus, and northern gannets Morus bassanus on
Skomer/Skokholm and Grassholm respectively are internationally important. There
are also sizeable breeding assemblages spread across Anglesey, and Bardsey Island in
the north [78]. In addition, certain regions appear important outside of summer
months, most notably southwest Wales for common guillemots Uria aalge and lesser-
black backed gulls Larus fuscus [82]. However, the close proximity of sizeable
breeding assemblages in Pembrokeshire, Anglesey and Bardsey Island to areas
suitable for tidal stream and wave energy extraction create the possibility of high
overlap between distributions of seabirds and array installations [83], and it is during
these months when risks are probably higher.
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Due to the submerged, or semi-submerged, manner of tidal stream turbines
and WEC, these installations are most likely to threaten seabird species during their
foraging activities, when species utilise the water column [84]. For submerged tidal
stream turbines, any interactions will be constrained to species consistently foraging
at depths greater than 5-10m (auks, divers and cormorants) using plunge diving
techniques [85]. Due to the dynamic manner of turbine blades at these depths, there is
a possibility of negative impacts through collisions [86].For semi-submerged WEC
and tidal stream turbines, interactions are also likely among species foraging on the
surface and upper water column (gannets, gulls, terns, skuas, shearwaters and storm
petrels) using plunge-diving or pecking techniques [85]. Nevertheless, the benign
manner of components at these depths mean that risks of negative impacts are
probably minimal; instead, some positive impacts may be seen—for example, species
have been seen exploiting WEC as novel roosting sites. Therefore, negative impacts
associated with physical interactions are most likely to involve pursuit-diving seabirds
and moving components of tidal stream turbines, and it is this threat which demands

most attention.

As with most taxa, levels of risk probably vary among species. Despite their
shared exploitation of high-energy habitats, species generally occupy different
microhabitats within these sites [87,88]. Those tending to exploit areas of maximum-
energy within these habitats are more likely to encounter devices [89]. The possibility
of collisions could then depend upon species’ underwater manoeuvrability and speed.
The principle differences in diving behaviour occur between wing-propelled auks and
foot-propelled cormorants/divers. The use of wings and feet for diving propulsion is
considered as a trade-off between speed and manoeuvrability; auks are capable of
higher speeds but cormorants/divers exhibit higher manoeuvrability. However, how
these differences translate into collision risks remains unknown [84].

The possibility of collisions also depends upon a species’ tendency to exploit
either benthic or pelagic prey, with the former associated with deeper, lengthier and
riskier dives [86]. Levels of risk also vary within a species over space and time—for
instance, species’ tendency to exploit areas of maximum energy, and therefore
interact with installations, could vary seasonally due to differences in their core
foraging strategies, or migratory movements from inshore into offshore habitats

during non-breeding seasons [88]. Consistent differences in foraging strategies among
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449  sites, perhaps linked with local resource availability or ‘behavioural cultures’, could
450  further determine a species’ likelihood of interacting with devices. In one such

451  example, cormorant species exploit areas of relatively low energy within some sites,
452  but areas of maximum energy within others [88,90,91]. In addition to differences
453  among and within species, levels of risk almost certainly vary among devices

454  depending on their specifications, Potential risk from tidal kites, for instance, would
455  probably vary greatly from conventional tidal stream turbine designs due to their
456  fundamental differences in design and operational dynamics.

457

458 The aforementioned variations in levels of risk create a need to understand
459  behaviours at a species, seasonal and site-specific level. Quantifying a species’

460 relative use of a high-energy site, and then use of areas suitable for installations

461  within the site, forms one component of risk assessment [89]. Use of existing at-sea
462  aerial/vessel surveys over appropriate regions, in conjunction with targeted surveys
463  within the focal site, can help address these questions [89]. Quantifying foraging
464  behaviours immediately around devices is another component of risk assessment.
465  Recording such behaviours provides challenges due to the inherent difficulties in
466  recording fine resolution behavioural information within very specific locations,

467  particularly in the demanding conditions within high-energy sites [89]. This explains
468  why the influence of diving behaviour on collision risk remains largely unknown [84].
469  However, novel technologies using sub-surface hydroacoustic methods alongside
470  devices are overcoming these issues [92]. What is clear, however, is that there are
471  large differences between tidal/wave and offshore wind electricity generation

472  concerning the spatial extent and resolution of data needed to assess potential impacts
473  on seabirds. The need for high-resolution data at fine spatial scales within relatively
474  small sites means that targeted and novel approaches are needed, rather than a simple
475  adaption of surveying techniques commonly used for offshore wind covering much

476 larger scales and areas.

477

478  4.2.2 Fish

479

480 Within the UK, migratory fish have been highlighted as the main concern in

481  regards to fish interactions with MREDs [93]. However, various fish species also
482  contribute to the diet of diving seabirds and marine mammals, and so are linked to
483  top-predators that are identified as potentially vulnerable to MREDs. Physical injuries
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to fish caused by mechanical strike, shear and cavitation are the principle risks
identified [94,95]. These potential impacts are shared by most tidal turbine
technologies but the risk will differ between ‘open ocean’ tidal stream turbines, and
those that are within an enclosing structure in a tidal range development or WEC.
Tidal kite projects will also have broadly similar potential impacts but may be higher
risk due to the kite device moving through the water at several times the ambient
current velocity [96]. WECs are considered to be of comparatively lower concern
based on designs presently proposed [97], but will need to be evaluated for each
specific design proposed for deployment and how potential fish aggregation may
modify any collision risk with marine mammals and diving seabirds. Designs may
cause avoidance due to device movement and associated noise, or alternatively some

surface floating devices may function as de-facto fish aggregating devices [98].

Preliminary studies on horizontal axis turbines indicate that fish are able to avoid
turbines with higher avoidance rates when fish are in schools and during the day, due
to social behaviour and visual avoidance [99]. However, within three metres of a
turbine avoidance was low, with only 1% of fish observed not passing through the
turbines [99]. A major concern surrounding tidal lagoons is therefore fish impacts,
which may not easily bypass the turbines within the lagoon wall. Efforts to minimise
this risk require thorough consideration of device design [13]. For example, it has
been suggested that large-diameter turbines, with slower rotor speeds than small-
diameter turbines, are likely to be less hazardous to fish [100]. In addition, two-way
generation turbines have been suggested to minimise environmental impact [20], and

fish passes for migratory fish could be incorporated into MREDs [45].

Fish species composition and abundance vary spatially between different tidal
stream project sites, and temporally over seasonal or diurnal cycles, which means site
specific studies with control sites monitored over an appropriate timescale are
necessary to assess potential device impact. The potential interactions between fish
and tidal turbines have been identified as a research gap for tidal stream power
generation in the UK as a whole, and Wales in particular [86,101]. Gaining a more
thorough understanding of the ecological function of high tidal current areas and those
surrounding tidal lagoons for fish species in Welsh coastal areas is necessary before

potential impacts can be fully understood and mitigated appropriately.
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Effective methodologies to study fish interactions with wave and tidal devices are
still being developed. Both static and mobile acoustic surveys have been employed at
locations in North America, together with acoustic tagging and video methods at
some sites [99,102]. Acoustic transmitting tags may provide information on the
broader spatial dynamics and migration routes of fish species whose ranges intersect
with the proposed MREI sites around Wales. Moored devices that collect data on the
presence and behaviour of fish and plankton, in addition to ambient noise before,
during, and after construction are likely to be useful tools, not least due to the
difficulties of conducting regular boat based observations in high-energy

environments.

4.2.3 Marine Mammals

Welsh coastal waters support a number of marine mammal species including
both resident and transient populations. Eighteen species have been recorded since the
1990s, and five of these are commonly encountered [103]. The extent of collision risk
with marine mammals is currently unclear and it is likely to be species and site-
specific, and further influenced by device design. Turbines used in tidal stream and
range technology are likely to pose more of a risk than WECs. However, fast-moving
animals that surface regularly could be vulnerable to collision or entrapment from
WECs.

Present knowledge of collision risk is limited and focuses on modelling the
encounter rate between marine mammals and turbines based on physical
characteristics of turbines, physical and behavioural characteristics of animals and
local density estimates [86]. However, in many cases, validated input parameters are
not available and therefore the accuracy of the model is uncertain. As part of recent
developments at MRED test sites, mitigation procedures including using active sonar
to detect mammals and an initial shut down clause when mammals were in close

proximity were in place during device operation [71,104].

The first tidal turbine in Wales has been installed in Ramsey Sound,
Pembrokeshire. Mitigation measures during operation will include the use of active
sonar, marine mammal observers and passive acoustics for tracking the fine scale

underwater movements of mammals around tidal devices [105]. As so few MREDs
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are in operation, opportunities to collect empirical data on marine mammal impacts
are limited. In Wales, where a number of MREDSs are in the planning stages, there is
an opportunity to focus efforts in collecting pre-construction site-specific baseline
data relevant to assessing the risk of impacts. To refine assessments of collision
likelihood, finer-scale studies into the distribution (both horizontal and vertical) of
marine mammals within sites are required, focussing on how distribution and density

vary with current speeds and in relation to site physical features.

High-energy areas are challenging field sites to study marine mammals due to
turbulence, strong currents and noise. In some cases traditional research methods
should be adapted to better suit the difficult nature of these locations, such as
developing streamlined housings for moored acoustic recorders [e.g. 106], or drifting
devices [107] to reduce current noise. During vessel-based surveys it may be
necessary to alter transect design to reduce the bias of strong current direction
affecting speed over ground [107,108].

There are further challenges relating to collecting fine-scale data such as the
availability of associated data collected at the required scale and the spatial precision
of locating animals. Regarding the latter, hydrophone arrays capable of tracking
echolocating animals in 3D may be suitable [108]. Recent advancements have also
been made to design arrays that will function better in high-energy environments and

with relatively low cost [109].

Visual methods can be useful for some species, such as baleen whales, which
do not echolocate. Some odontocetes may not vocalise as frequently or may be easier
to detect visually compared with other species such as harbour porpoise (Phocoena
phocoena). Many development locations, including tidal lagoons and near-shore tidal
stream sites may be well suited to land-based visual surveys. A long-term dataset
exists from land-based watches at Ramsey Sound [110], and at the tidal stream site at
the Skerries, a pioneering method is being developed to calculate absolute density

estimates from the coastline.
It is also vital to assess population effects of collisions with MREDs which

may occur in Welsh waters. However, without robust density estimates relative to the

development site it’s not possible to predict the consequences of fatal collisions on a
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population. Traditionally, density estimates have been calculated using a distance
sampling protocol, particularly vessel-based line-transect surveys. In recent years, the
technology of passive acoustic arrays to estimate density has been developed,
however, there are difficulties associated with obtaining density estimates with
sufficient power to detect trends for highly mobile species in relatively small areas
such as the Welsh Tide and Wave Demonstration Zones.

4.3 Noise and electromagnetic field effects

There is growing awareness of the potential impacts of anthropogenic
underwater noise on the marine environment, as the role of sound in the life cycles of
key marine organisms is increasingly apparent [e.g. 111,112]. The generation of
underwater noise is common to all of the forms of MRED envisaged along the Welsh
coastline. In particular, the construction phases will share the features of increased
boat traffic, and the noise and vibrations generated during device installation. For tidal
range technology the construction phase will be extensive and is likely to constitute a
more chronic disturbance than the shorter duration high intensity activities,
particularly pile driving, which will be required for several forms of tidal stream and
wave energy devices. During operation, underwater noise will be generated by tidal
turbines, and by some wave energy converters, however potential impacts may be
reduced due to the ambient noise levels in high current areas such as the West
Anglesey Tidal Demonstration Zone, which tend to be elevated due to fast flowing
water and sediment movement. Conversely, if noise levels generated during MRED
operation are low, mobile species may not be alerted to the risk of collision until close
proximity to a MRED.

Anthropogenic noise is a particular concern for cetaceans, given their noise
sensitivity associated with employing a wide band of acoustic frequencies for
navigation, communication and foraging. A key issue is whether exposure to noise
results in behavioural changes causing displacement from key habitats or disturbance
at breeding or social activity sites that will affect cetacean populations in the long-
term [111]. Initial studies investigating generation of noise by wave and tidal devices
suggest that displacement effects may be small or unlikely due to the low received
levels in comparison with ambient noise [104,113]. However, these are specific to
single devices and there is a requirement to consider scaled up effects relating to

commercial-scale arrays.
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Whilst primarily concentrating MRED deployment within Demonstration
Zones around Wales may be beneficial in reducing the spatial extent of noise
disturbance, a research challenge is determining if potential avoidance of these sites
by large mobile species translates into population level impacts. Behavioural studies,
encompassing both observational and active behavioural response can reveal reactions
to a disturbance. This becomes highly useful if links can be made between
behavioural change and individual health, allowing these findings to be modelled into
population consequences [114,115]. In some cases no behavioural response will be
observed, however, this does not necessarily mean an absence of disturbance capable
of influencing survival. Similarly, a behavioural change may indeed be recorded but
which has no significant consequences relating to the health of the individual
[114,115], therefore, establishing the links between behaviour and effects on survival

and fecundity should be a research priority.

Electromagnetic field (EMF) emissions along cabling routes are an additional
consideration for tidal stream and wave energy sites around the coast of Wales.
Proposed tidal lagoon developments will not require electricity to be transported from
offshore locations, as the current proposals are that the cable route will run underneath
the lagoon boundary, with EMF emissions calculated as ~100uT at the breakwater
surface [116]. Due to the rapid reduction in EMF strength with distance in water,
emissions will rapidly fall to background levels [~50uT: 117], and any potential
impact will be localised to the lagoon breakwater.

EMF emissions can be detected by a variety of marine life, but fish species which
use magnetic fields for orientation, and the electrosensitive elasmobranchs are most
vulnerable to disturbance [118]. A UK-wide concern for diadromous fish species is
the potential for migration routes to be disrupted where these interact with cabling
routes [119]. For Wales, migratory stocks of the European eel (Anguilla Anguilla),
Sea Trout (Salmo trutta L), and Salmon (Salmo salar) may interact with proposed
cabling routes and tidal lagoons structures [120-122] .

Whilst existing evidence for the impacts of EMF produced by cabling on fish
distributions comes from offshore wind farm sites [e.g. 123], comparable cabling
specifications and deployment methods will be utilised in offshore wave or tidal
installations. Recent studies have noted that research to determine the potential

impacts of cabling on elasmobranches is lacking at existing UK wave energy sites
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[69], and have further suggested the potential for strategic management of MREI with
respect to their possible impacts on elasmobranchs for some areas of the UK [124].
An issue that requires further research within both Welsh and broader UK waters is
the potential for cumulative developments to create barriers to migration or usage of
areas with important functioning to elasmobranch populations. Research in North
Wales will focus on the Holyhead Deep, off the west coast of Anglesey, an area
targeted by recreational anglers for elasmobranchs, in particular the UK priority
species Tope (Galeorhinus galeus), and also an area where TEC device deployment is

planned.

5. Water quality impacts

MREI installed in the marine environment will primarily alter water quality
through the introduction of new contaminants or the re-mobilisation of existing
contaminants. The extent of these environmental effects will depend on device
characteristics, alterations to the local hydrodynamic regime, site geomorphology, and
the marine species present within the site. Both near and far-field water quality issues
may result from MREI, but are likely to be highly site specific [18,125,126].

5.1 Construction and decommissioning phases

The deployment of MRED requires usage of a range of compounds to enable
devices to function in the harsh maritime environment, for example gearbox
lubricants, anti-corrosion coatings, and anti-fouling paints [127]. Experiments carried
out in laboratory settings with some of the chemicals within these compounds have
demonstrated detrimental impacts on marine biota, and whilst low concentrations of
such chemicals are unlikely to induce mortality, there is potential for sub-lethal
effects on the sensory systems, growth and behaviour of marine species [128]. Over
longer timescales low concentrations could result in the bioaccumulation of toxins
including heavy metals in sediments surrounding MREI, and ultimately throughout
the marine food web [129]. Over shorter timescales the increased boat traffic
associated with device installation poses a risk to water quality due to small,
potentially frequent fuel leakages. Larger, infrequent releases of chemicals used for
maintenance may occur due to accidents or spillages, resulting in localised

behavioural or toxicity impacts to marine biota [129].
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Potential impacts resulting from the installation phase also need to consider
the subsea cabling required to bring electricity onshore. The techniques presently
employed to bury subsea cabling cause sediment re-suspension and consequently, any
contaminated sediments will be locally re-mobilised, and dependant on sediment size
and hydrodynamic regime, may be transported further afield. A decommissioning
phase that includes the removal of subsea cabling will again disturb any sediment in
the surrounding area; contaminants that have accumulated along the cabling pathway
will be re-mobilised. Device decommissioning may also cause water quality issues if
toxins are released from compounds contained within the device structure e.g. the

lubricants and hydraulic fluids used in gearboxes, bearings and rotor shafts.

5.2 Contaminant and water quality issues during operation

Tidal energy devices alter the hydrodynamic regime at the installation site; in
sites with fine sediments, increases in water turbulence may lead to localised
increases in turbidity. In areas with existing sediment contamination, increased
turbidity is likely to lead to contaminant re-suspension. The altered hydrodynamic
regime will influence the spatial scale of the impacts from re-suspended contaminants,
devices located offshore are at less risk since contamination reduces with increasing
distance from the shore, due to greater dilution capacity in the open ocean [130]. In
comparison, devices near shore, in areas where fine sediment deposition occurs and
land based sources of contaminants are more common, pose a greater risk of

contributing to and remobilizing contaminated sediments.

Tidal energy harvested through the impoundment of water in a tidal lagoon
impoundments operation has high potential for water contamination issues, dependent
on the location of the lagoon development. If the area enclosed by a lagoon already
receives contamination from different sources, impounding the water for part of the
tidal cycle will cause changes to the tidal and residual flows. The amount of water in
circulation will be reduced when the tidal flows and therefore flushing rates are
reduced. With reduced resuspension the levels of suspended particulate matter will
drop, resulting in deposition of both fine sediment and any associated chemical
contaminants. This will lead to increased light penetration and accumulation of

contaminants in the sediments which could create or exacerbate existing water quality
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concerns, such as the eutrophication and hypoxia associated with excessive effluent
retention [45].

Water column stratification is likely to be altered within the lagoon, affecting
seawater temperature; this will influence seasonal biological processes (e.g.
phytoplankton growth). This could lead to an increase in phytoplankton blooms,
which can be harmful to both marine biota and humans, causing a range of deleterious
physiological and environmental effects [131]. Certain harmful algae (HA; e.g.
Dinophysis) produce potent natural toxins that are concentrated by filter feeders and
passed through the food chain causing adverse affects on a variety of marine
organisms, and shellfish poisoning if consumed by humans [132,133]. Other HA are
non-toxic but attain high biomass levels which reduces the biodiversity of the
phytoplankton community structure and the amount of light reaching the benthos,
limiting the growth of photosynthetic species and the hunting activities of piscivorous
species [131,134-136]. The decomposition of blooms can lead to reductions in
dissolved oxygen concentrations which in turn will effect the biodiversity of the area
[137].

5.3 Research priorities

There is a need to utilise a multidisciplinary approach in assessing potential
contaminant issues, including hydrodynamic and sediment transport modelling to
enable a greater understanding of the fate of contaminants, thereby increasing
certainty surrounding the magnitude of impacts contaminants may cause. Conducting
robust baseline studies to distinguish between current and future impacts as part of
any research design is imperative. More detailed research investigating the toxic
properties of the chemicals used to maintain the devices and the long-term effects of
these to marine species should be carried out. This should be carried out concurrently
with further development of non-toxic alternative materials. In the case of tidal
lagoons, research needs to be undertaken to better understand the effects of enclosing
contaminants within an embayment. There is a need to model contaminant fluxes
under different scenarios when the lagoon is in place and calculate how much flushing
will occur through the turbines to enable the industry to understand the environmental
consequences of impounding the coastline. This research should include different
scenarios (e.g. flood events, storm surges), at different times of the year and at
different states of the tide to fully understand contaminant levels within a range of
environmental conditions. Finally, research is needed to develop the potential to
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mitigate water quality issues: by identifying the main contributing sources and the
transport mechanisms work can be undertaken to find and test appropriate

bioremediators in these environments.

6. Socio-economic impacts and research priorities

A significant knowledge gap in the development of offshore wave and tidal
installations is the paucity of rigorous social science research to provide an evidence
base about the perceptions, attitudes and opinions of local communities at both an
individual and community levels, and at local, regional and national spatial scales.
Much of the social science surrounding renewable energy installations conducted to
date has focussed on wind power, since these technologies are at a more advanced
stage of development than wave or tide. Whilst it is likely that there will be some
similarities between attitudes towards wind farms and wave and tidal electricity
generation, as yet this assumption is unproven. The importance of fully
understanding the social attitudes surrounding renewable energy installations is vital

if negative public attitudes toward such developments are to be avoided.

Public attitudes towards electricity generation are complex and made up of
interrelated trade-offs that change across both place and time [138], and are
influenced by a person’s underlying values and beliefs [139]. Energy installations
have a long history of being affected by changing public attitudes; the visual and
auditory disturbances as a result of wind power installations have been found to affect
individual’s quality of life [140], and the impact on the landscape has led to
organisations such as Scottish National Heritage issuing guidance on siting wind
farms [141]. The effects of public opinion on energy industries can be catastrophic,
for example Japan has curtailed its nuclear program and is now exploring alternative
energy options as a result of wide-spread public mistrust in nuclear energy following
the Fukoshima disaster [142]. It is clear that public opinion is intrinsic to the
successful deployment of large-scale energy developments and without a thorough
understanding of the likely social and economic impact upon communities in close
proximity to potential wave and tidal installations, it is impossible to develop
strategies to ensure public acceptability. The economic incentives for developers to

progress technical capabilities in this arena will be curtailed should public opinion be
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misunderstood or poorly accounted for; conversely, direct consumer benefits (for
example through reduced energy bills) is unlikely and must be made clear.

Economic benefits are often used to encourage the development of renewable
energies and this has certainly been the case in the development of wave and tidal
resources in the UK. At the country scale, Wales will benefit from developing its
wave and tidal resource, but whether benefits will filter down to the regional and local
scale will depend on local and regional abilities to provide the goods and services that
developers require. Fanning et al. [143] estimate that during the development and
installation phase, total expenditure leakage outside of Wales would be 35% for tidal
and 50% for wave. However, regional opportunities from installation and
maintenance aspects of marine renewable energy development do exist, with
employment estimates of between 35.3 and 22.9 full-time equivalent jobs (FTE) per
MW for tidal energy developments, and between 32.3 and 26.4 FTE per MW for
wave developments [143].

Such employment and economic opportunities do depend on appropriate
strategic plans being in place, for example to offer qualifications that allow
employment opportunities to be taken up by communities local to the development.
Equally, employment opportunities during the construction phase are not permanent
jobs; inevitably the labour force retracts when the installations are operational and
employees may be forced to re-locate from site to site. Furthermore, the development
of Wales’s marine energy resources may conflict with existing Welsh economic
activities, for example fisheries and tourism. Overall, the marine environment of
Wales is reported to produce an income of £6.8 billion and generate £2.5 billion in
GDP [144], whilst the fisheries sector within Wales has been valued at £105.4 million
and estimated to provide 1,659 FTE jobs [145]. An effective and scientifically robust
strategic overview of marine spatial planning in Wales is necessary to ensure that
conflicts between different uses of the marine environment are minimised, and
equitably divided where conflicts are unavoidable. These considerations are timely, as
the Welsh National Marine Plan being prepared by the Welsh Government is
currently in draft stage, and the need for widespread consultation within this process

has been recognised [146].
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Clearly, the social and economic drivers behind marine renewable
developments are linked; care must be taken that both are considered in a strategic
evaluation of how Wales chooses to develop its marine resource. Initial findings from
research undertaken by the SEACAMS project indicates key knowledge gaps that
should be addressed in relation to the development of wave and tidal energies from a
social science perspective. Firstly, to understand how wave and tidal energy
developments are likely to impact levels of place attachment (i.e. the emotional or
affective bond between people and valued places). Aquatic environment are valued
environments [147], and despite the perception that wind and tidal devices are
predominantly below sea level and therefore ‘invisible’, there are associated on-shore
infrastructure needed, for example connections to the National Grid. Although MREIs
can provide important recreational opportunities, they also have the potential to
disrupt local communities sense of what is unique about their landscape [148]. Whilst
the benefits of developments are often focussed on employment opportunities,
research has shown that communities can be sceptical about whether local people
have the skills needed; moreover, in communities with strong place attachment, the
promise of employment is not enough to override concerns relating to the visual
impact any development would have on the landscape [148]. Additionally, no-take
zones or exclusion zones in areas where fisheries play a key role in the local economy

are likely to prove contentious and may limit the wide-scale roll out of MREIs [149].

Conversely, in communities where renewable energy developments result in
direct community benefits, for example through reduced energy prices or land rental
revenue, acceptability has been shown to be higher [150-152], but little research has
documented the limits of this relationship, or expanded this to cover the role of wave
and tidal energy development. Other potential benefits, such as coastal and flood
protection (in the case of tidal lagoons), the provision of amenity opportunities, or the
creation of additional marine habitats may positively influence local communities.
Finally, the role of trust, faith and fairness in both the development process and the
siting process have been shown to influence acceptability of renewable energy
developments [153-155]. Determining how these factors relate to wave and tidal
energy developments will allow more effective public engagement opportunities,
potentially reduce conflict, and lead to realistic expectations for both local

communities and developers.
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7. Conclusions

The marine renewable energy industry is at a critical stage of development
in Wales, as the wave and tidal demonstration zones begin to fulfill their role as
device testing locations, and some developments move from the tests device to the
small array stage. The research challenges presented are common to those facing
many countries with the potential for the implementation of several marine renewable
energy technologies (Table 1). Determination of the optimum siting for devices in
relation to the resource is a priority for developers, whilst, at broader spatial scales,
physical and ecological impacts and the relationships with grid connections are
important policy and consenting considerations. In addition, societal attitudes towards
marine renewable energy will continue to evolve as developments progress and social
and economic impacts become clearer.

Appropriate design and management measures will maximize positive
influences of MREIs on local biodiversity and the marine environment. For instance,
as the designation of additional marine protected areas is planned for Wales,
consideration should be given to the potential for both conflict and synergy between
MPAs and MREIs.

Ongoing research will reduce uncertainty in the estimation of impacts from
MREIs, and assist in reducing the risks to developers. There is currently an
opportunity to collect baseline data within appropriately designed studies to facilitate
assessment of impacts following device installation at Welsh Demonstration Zones.
However, prior to installation, a combination of modeling studies and conducting
research on existing artificial structures in the marine environment offers the best

potential to predict the effects of MREIs.

Figure Captions:
Figure 1. Locations of marine renewable energy development and test sites around

Wales: a) tidal stream sites, including the West Anglesey Tidal Demonstration Zone,
b) tidal lagoon sites, c) wave power sites, including the South Pembrokeshire Wave
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Demonstration Zone, d) main electricity grid connections around the coastline of
Wales.

Figure 2. Sites of environmental conservation importance around the Welsh coastline:
a) protected area which are primarily land-based, but which extend into the coastal
environment, b) protected areas with a marine focus, c) indicative boundaries of

newly proposed marine protected areas which are under consideration.

Figure 3. The tidal energy resource of the Irish Sea. Tidal range resource is shown in
panel (a), as the mean spring tide amplitude in metres with lines of co-phase in hours,
relative to the port of Holyhead (red circle of panel a). The tidal-stream resource is
shown in panel (b), as the major axis of peak spring tidal ellipse (M2 and S2 in m/s)
with lines of co-phase in hours relative to the Anglesey tidal-stream energy
demonstration zone (red circle of panel b). Both the tidal range and tidal-stream
energy resource maps (a and b respectively) are calculated using hourly data from the
well validated high-resolution 3D ROMS tidal model of [5].

Figure 4. Simulated annual mean (2014) wave power in the Irish Sea, based on the
SWAN wave model and ERA-Interim wind fields. The model is nested within an
outer SWAN model of the North Atlantic [33].

Table 1. Summary of research challenges within Welsh Marine Renewable Energy
Developments.
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Table

Research Challenge

Importance/Priority level

Existing level of knowledge

Present research level

Cumulative regional scale impacts of multiple marine renewable energy device arrays

Effects of scaling up from individual test devices to commercial arrays

Fine-scale functional use, foraging and diving behaviour at MREI sites by top predators

Interactions between MREIs and coastal/offshore sediment transport, deposition and erosion patterns
Active monitoring during device operation and assessment of marine mammal behavioural response
Socio-economic impacts and public perceptions of MREIs

Biological and chemical contaminant impacts and associated transport pathways

Localised habitat alterations and ecosystem impacts of novel habitat provision

Implications for marine invasive species survival, reproduction and range expansion

Alterations of turbidity, light attenuation, and primary productivity affecting biogeochemical cycling

Medium
High
High
Medium
High
High
Medium
Medium
Medium
Low

Low
Low
Low
Medium
Low
Low
Low
Medium
Low
Low

Low
Low
Medium
Medium
Medium
Low
Low
High
High
Low
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