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Ecologically-Sustainable Futures for Large-
Scale Renewables and How to Get There.

Beth E. Scott

Abstract—To arrive at a sustainable future we need
offshore renewables to succeed, and to do so we need to
work together. There have been ecological showstoppers in
the past and there will be again in the future unless we can
co-design devices, array layouts and site locations of
multiple very large-scale developments such that
cumulative ecological effects can be assessed and conflicts
with ecological laws, local communities and fishing
industries be minimized. In order to effectively spatially
manage our marine habitats, weigh-up ecological trade-offs
and avoid/adapt to the worst effects of climate change, we
need all those involved to understand, at some degree of
detail, how our marine ecosystems function such that
impact mitigation efforts can start at the design stage of
devices and developments. This paper outlines a
straightforward way to convey the most important
environmental issues that are concerning renewables
developments, as well as in the context of climate change,
and at the scales of individuals and ecosystems. It covers a
range of suggestions for the design of data collection,
analysis and modelling frameworks to deal with these
concerns and finishes with suggestions for potential
avenues for future collaboration between ecological and
engineering sciences.

Keywords—Cumulative effects, Ecological Trade-offs,
Modelling  Frameworks,  Strategic = Environmental
Assessments

I INTRODUCTION

nvironmental concerns within renewable offshore
Eindustries are normally last on any list of priorities and

generally seen as a tick box exercise that is
unreasonably costly and unproductive outside of getting
consent for the development. Hopefully by the end of
reading this short paper you will be convinced that
industries should be treating environmental concerns as
they would any other issue of low Technology Readiness
Level (TRL). I hope you will also be interested in
investing earlier and with experts, in how to best mitigate
ecological concerns to reduce overall cost and risk. In
addition, I hope you will see the need for the collection of
pre-deployment ecological data, and that on-going
monitoring can be made much more inexpensive if it is
embedded in the data collection for environmental
power characteristics and device performance.
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Fourteen years ago I wrote a short paper called “A
Renewable Engineer’s Essential Guide to Marine Ecology”
[1] and my central plea was that, for rapid progress to
ensue, ecologists and engineers should work much closer
together. The theme was to categorise the issues into direct
and indirect effects and mainly to deal with the massive
amount of unknowns we have about how our marine
ecosystems function, especially in areas of high tidal and
wave energy that are so difficult to sample. There has been
some progress over these last 14 years despite low levels
of strategic research funding in these areas, hence across
reviews there has been and remains a consistently strong
emphases on the need for more research [2],[3]. For the
most comprehensive recent review of environmental
effects of marine renewable energy, see [4]. As can be seen
in the more advanced industry of offshore wind, only as
the size of developments has reached the point (in the UK,
Round 4 [5] and ScotWind [6]) that GWs per year are being
planned, are investigations of the levels of cumulative
environmental effects and ecological carrying capacity
starting to be funded at appropriate levels to rapidly
advance this field [7]. Constructive, cross-sector
collaborative approaches will reduce the risk of ecological
showstoppers
environmental assessments.

as well as increasing robustness of

II. THE 3DS OF ENVIRNOMENTAL IMPACT

Possible reasons that industry has been slow to appreciate
the actual ecological issues may be that they are presented
through what has been called a ‘horrendogram’ of laws
[8]. The incredible array of regional, national and
international legislation that overlaps with renewable
developments can be

very  off-putting  and

impenetrable to those more interested in the
engineering aspects and therefore only dealt with by
the few specialists, usually ecologist and biologist
with the

Therefore, to make the issues more straightforward for a

dealing environmental effects.

wider audience I have condensed the focus of

the environmental effects into what I call the 3Ds of

direct environmental effects: Disturbance,

Displacement and Death (see Fig. 1).
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The 3 D’s of Environmental Impacts
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Fig. 1. The 3Ds of Environmental Impacts and the international
policies that cover them.

A. Disturbance

In increasing order of level of effect, I will start with
disturbance. Disturbance can be described as human
activities that cause animals to move away from the
location they are currently using and/or behaviour they are
currently performing. This can mean that the animal is
prevented from feeding/resting/mating in a preferred area
and may have to stop the behaviour or move to another
area that is not its preferred location. Continual
disturbance can add to distances travelled and therefore
increase energy use of an animal’s daily activities. The
effects of using more energy/having less time to rest, or
forage in areas with less food availability or the preferred
prey species, can have a serious effect on the energy they
have left for reproduction and therefore lead to a decline
in the population numbers. In fact, it has been seen that,
even in ecotourism events, too much disturbance leads to
a high rate of miscarriage and / or infant mortality for
dolphin species [9].

B. Displacement
The next level up is displacement; this is the permanent
moving of an animal away from the area it wants to
frequent, for either feeding, resting or reproduction. The
offshore wind industry, with the use of radar and infra-red
cameras, has put in the financial commitment to the correct
size of project to finally put accurate, evidence-based
numbers for avoidance rates of seabird [10] with the main
results indicating that for most seabird species, 99.8% of
individuals avoid going into the wind farm area.
However, the flipside of that result is that those high
percentages of animals are no longer using that area and
this phenomena has already been witnessed for a range of
seabird species [11], [12].
gather for behavioural changes at tidal and wave sites but

Evidence is also starting to

it is quite mixed depending on the species, with long term
studies at SeaGen, Strangford Lough calling for more

before data and standardised methodologies [13]. For
marine mammals, where much more funding has been
available for studies, it appears the noise of tidal turbines
does have an effect on seals such that they will avoid areas
where they can hear the turbine noise [14], [15]. However
some studies have shown that seabird species are attracted
to turbines even during operations due to the predictable
wake that is created and may be bringing prey species to
the surface, making them easier to catch [16],[17]. At
established windfarms it has been clearly shown that seals
will change their normal foraging areas as they find the
foundations preferable places for foraging [18] which may
be associated with the ‘reef effect’ of man-made structures
providing new habitat. While this might be seen as a
benefit rather than an impact, it can not only potentially
lead to an increase in collision risk, but also lead to changes
in communities (e.g. change of foraging grounds,
So, the

jury is out on displacement effects for tidal and wave,

increased competition within/between species).

however, it is clear from the work done to date that
changes in behaviour are linked to changes in prey (fish)
and the few groups conducting studies on characterising
and predicting changes in fish behaviour have shown
some large changes in fish distribution and behaviour
around tidal turbine structures [19]-[21]. We do not yet
have enough information to say how much of an effect all
these changes will have on population levels as again, so
little funding has gone into multi-trophic level type of
studies which assess the predators, prey and habitat

changes, simultaneously.

C. Death

The third level, death, is most often considered as collision
risk from rapid moving parts of devices. It is quite clear
and can be easily modelled to show that increased
mortality can have significant effects on populations as the
death of adults, especially for long-lived animals, will very
rapidly lead to population declines. However, only
recently have collision models stepped up to state-of-the-
art simulation models [22]. Recently, there has also been
the initiation of a modelling framework being developed
to finally bring together all the direct effects of collision,
displacement and disturbance [23].

D. Indirect Effects
However, work still needs to go further to understand the
indirect effects [1] from the changes caused by the
additions of structures and the extraction of very large
levels of energy from the marine environment. Just the
addition of structure is changing the level of mixing
(stratification) in shallow seas and influencing the amount
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and timing of plankton production [24] which is an
incredibly important ecological change that makes its way
up the food chain and throughout the local ecosystem and
should be an important part of marine spatial planning
decision making [25]. These indirect changes to
biodiversity are currently not considered by most marine
environmental impact assessments, but these changes are
predicted to become important when 10s to 100s of GW are
being extracted. Major effects on biodiversity have been
shown to matter for onshore wind [26] and ecologically
significant changes in stratification are being predicted
from very large scale tidal energy extraction [27] and have
recently been detected at large offshore windfarms [28]
and have implications for fisheries [29]. Therefore it is
important that any aspects that can reduce or better yet,
eliminate collision risk, displacement, disturbance and
significant changes to local ecosystems should be
considered in the design stage of all aspects of wave, tidal
and wind deployments. Below I will outline the main
ecological aspects of consideration at each stage of
development.

III. ENVIRNOMENTAL IMPACTS AT DIFFERENT
DESIGN AND IMPLEMENTATION STAGES

It would be most helpful if all engineers involved in any
aspects of the design of components, devices and
deployments were at least aware of the importance of the
3Ds and ecological effects of energy extraction such that
decisions can be made early in the process that could
decrease impacts. In this next section I set out, with
examples, how the direct 3Ds of environmental impact
along with indirect local ecosystem changes can interact or
are influenced by each of the elements of an offshore
renewable development. See Figure 2 for the colour

coding of the different stages of development for level of

Array .

impact.

Material
Design /
power

Cumulative

Effects

Time of occurrence of activity

Fig. 2. The ecological impacts for each stage of development with the
darker the colour representing higher levels of impact.

A. Material, Design and Power
In terms of choices of materials design, the first ecological
aspect to appreciate is biofouling. Biofouling or as an
industry spokesperson once said, subsea’s ‘dirty little
secret’ is so important to appreciate. Anything that goes in
the sea will have something growing on it in rapid order.
Therefore, calls from the ecological community are to
consider knowing your enemy and then growing your
enemy — seeding species you want to harvest later in the
year, or in a few years [30]. In addition, there are many
possibilities of multi-use of some sites with, for example,
aquaculture, which have been comprehensively explored
from engineering, economic and policy aspects [31]. In
terms of considering materials to maximize power
outputs, it is imperative that design engineers understand
that because there are environmental laws that will not
allow high percentages of deaths of protected species, all
external rapid moving hard parts may hamper the ability
to deploy in some areas (i.e. tidal turbine tip speeds of > 5.1
[32]). Also,
consideration  of

ms’, when optimising power output,

trade-offs between power and

maintenance, knowing that the minimization of
maintenance is perhaps the more environmentally friendly

route (see section below on maintenance).

B. Array Design and Location
The design, size and location of arrays can have very
significant ecological effects of displacement as discussed
above; large offshore windfarm arrays may essentially
block the movement of highly mobile animals such as
seabirds, and large tidal arrays could block marine
mammals and large fishes (basking sharks) from using
daily routes to foraging areas and/or annual migration
routes. For tidal arrays in particular the ‘downstream’
changes from both the introduction of structures and
extraction of energy have significant impacts on the
locations of shear, turbulence structures such as kolk boils
[33] upwelling [16],[17]. Very large extractions of tidal
energy (> 6 GW) have been shown to have further
‘downstream’ effects on stratification and mixing [27] with
effects of up to 10% changes in physical and biological
variables over hundreds of km of distance from the site of
extraction [34]. These differences can change the location
of tidal fronts and areas of high subsurface primary
production which are very important areas for foraging for
many marine species [35]. The size and type of spacing
between devices and between developments is also very
important as the fishing industry can be displaced by the
location and design of large and multiple arrays which can
lead to intense conflict [36],[37]. There also needs to be
much more consideration of the potential ecological
knock-on effects of fishing vessels being forced to make
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distributional changes and therefore increasing the
intensity of fishing in less space. The assumption that the
offshore renewable areas which displace fishing will
become de-facto marine protected areas (MPAs) needs to
be tested. Therefore in combination, I would suggest that
array design and location are the most important aspect for
environmental impacts and it is imperative that within the
high level strategic environmental assessments (SEAs),
[38] more consideration is given to the both the direct and
indirect effects of arrays.

C. Installation

Installation of devices has been a major focus of ecological
impact due the loud noises generated from piling that can
both cause disturbance and in very acute cases, death, by
either immediate trauma or lingering death because the
animal has become deaf/damaged sensory system and will
not be able to catch prey. However, the many studies that
have been performed via the offshore wind industry, the
short story seems to be that many mobile animals move
away during the time of pile driving but return soon after
the noise has stopped, ie. within 24 hours [39],[40].
Therefore the concern is to manage the number and
location of regions that are experiencing pile driving at any
one time so that they do not merge to produce massive
regions. As noise travels so much farther underwater it
has been shown that dolphins would have to modify their
behaviour up to 50 km away from pile driving [41]. Also
care has to be taken that noise is not continuous for long
periods of time (weeks/months on end) or that the use of
acoustic deterrent devices (ADD) do more harm than good
[42]. Therefore designs that don’t require pile driving (i.e.
gravity based devices, suction bucket techniques) are
preferable for ecological reasons.

D. Operation
As with installation, the main issues with operations are
displacement due to the production of noise, but now also
death due to collision with moving parts and therefore has
been considered a phase that can have very high ecological
impact. However, different from installation, a much
wider range of noises of different (especially lower)
frequencies and the continuous nature of the noises that
are produced, can have long term and permanent
ecological effects (lack of ability to catch prey) on a range
of species, especially fish [43]. These effects will then be felt
up and down the entire food chain. During operation
there is also the production of electromagnetic fields and
mainly due to lack of sufficient field studies, the jury is still
out as to whether the effects (behavioural changes, larval

survival, etc.) are significant at population levels (see
chapter in State of the art of Science Review [4]).

E. Maintenance

As maintenance requires the presence of humans, an
increase in boat traffic to areas of offshore developments,
where there may have been little traffic before, appears to
have much more of an environmental effect than one
would have assumed. A report with 10 years of data at the
European Marine Energy Centre (EMEC) at both the tidal
and wave testing sites, shows that disturbance due to
vessel presence was the most significant factor for a
decrease in animals numbers in the areas (i.e. disturbance
/ short term displacement) [44]. Therefore the fact that
floating devices, which are detached and brought to shore
for maintenance, and designed to greatly reduce the at-sea
maintenance cost (time), may also greatly reduce
disturbance to animals and will be a win-win approach.

F.  Decommissioning
The impact of decommissioning is similar to installation
issues of acute noises but generally not of the level of pile
driving. However I have colour coded it as a light colour
as I assume that we will have learnt lessons by the time
many of the current devices need full removal.

G. Cumulative Effects, Working Together and Climate
Change

Similar to calculations by engineering and oceanographic
communities to assess the carrying capacity of a sensible
level of energy extraction; assessing device interference
and/or lack of additional energy which limits the size,
location and numbers of arrays [45], so too is there an
ecological carrying capacity to be able to sustain
anthropogenic and natural pressures before population
levels only fall, rather than oscillate up and down. The
cumulative levels of the direct effects, the 3Ds, are
extremely important to appreciate as larger devices, many
more arrays and extraction of 10s to 100s of GW in finite
locations will have large ecological impacts. The indirect
effects are more likely to be non-linear, possibly non-
intuitive effects and need to be modelled with ecosystem
approaches in order to be appreciated (see section G.2
Climate Change). The indirect cumulative changes to
ecosystems with large localized changes to mixing and
stratification may actually turn out to be more important
than the 3Ds, or at least more important than death, with
displacement and indirect effects being the most
important.
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G.1 Working Together: Collecting the same data.

At this point it is useful to illustrate how mobile animals
use the physical aspects of the seas. A lot of the same
variables that the engineering community is interested in,
in terms of understanding the resource: water column
characterisation of speed and turbulence are the variables
that seabirds, mammals and larger fish use to capture their
smaller fish prey [46].
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Fig. 3. Multi-sensor seabed platforms that combine multi-frequency
echosounders and multibeam echosounders such as FLOWBEC allow
measurement of animal presence and behaviour, including predator-
prey foraging interactions as shown. Figure adapted from the
techniques of [20],[21] using unpublished data from the MeyGen tidal
stream site, Scotland.

Using active acoustics that fisheries science has been
improving for the last 30+ years, one can enable not only
to see fish school presence, but also behaviour of the
predators of the fish schools as well. Adding multi beam
sonar allows detailed information about the school
behaviour [21]. Using upward facing multi-sensor seabed
platforms that combine multi-frequency echosounders
and multibeam echosounders we can identify regions and
types of habitat that are the most important for foraging
animals and therefore allow a very mechanistic
understanding of where and how animals capture their
prey (see Fig. 3). Seabed platform methods could also be
used to help inform site expansion options, both in terms

of resource and environmental impact.

G.2 Climate Change
If we can understand predator-prey interactions and the
linkages to physical aspects of the environment at the very
fine scale of individuals, we should also be able to take
these understandings up to the much larger ecosystem
level [47]. But to make accurate predictions we also need
to take into account the dynamic changes in relationships
within ecosystems being brought about by climate change
effects [48] and be able to separate the effects of climate
change from large-scale renewable energy extraction
[45],[49].
reasons, with the first being able to identify regions where

This differentiation is important for several

the addition of structures and energy extraction could

possibly counteract the effects of climate change or at least
be neutral, not negative for overall ecosystem functioning.
For example, very large tidal energy extraction can shift
‘downstream’ tidal front locations into shallower water
[45], closer to the shore and the colony locations of seabirds
and mammals providing shorter daily commutes to
foraging grounds. Also the increase in mixing around
windfarm foundations [28] may be able to counteract the
increases in stratification that are predicted with climate
change [45].

The second reason it is important to separate out the effects
of climate change on ecosystem changes is to be able to
assess the amount that offshore renewables are dampening
the effects of climate change (see Fig 4). What current EIAs
do is try to assess impacts of renewables against a
supposedly stationary baseline, however only negative
impacts of renewables can be considered [38]. The positive
aspects of renewables, in their reduction in CO:
production by replacing fossil fuels, needs to be brought
into equation. In fact when looked at in terms of ecosystem
services, more impacts of renewables are positive rather
than negative [50]. Therefore the current system of EIA
and cumulative impact needs to change in order to make
proper assessments of positive vs negative trade-offs of
locations and sizes of renewable developments [51]. This
will also require the difficult issues of local (protected
animals only living at a set location) vs global (overall
reduction of CO2) to be discussed and weighed up.
Properly assessed trade-off approaches would improve
the integrity of marine spatial planning decisions as to
which regions would be best served with large-scale
renewable developments and others that possibly should
be avoided.
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change effects
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Fig. 4. The ecological effects of climate change (represented in red)
are increasing rapidly with time. The level of ecological change that
EIAs are assessing is represented with the green line and arrow. The
positive impacts of renewable energy production in dampening the
effects of climate change (shown with blue line and arrow).
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IV. CONCLUSIONS

Hopefully after reading this short article you will have in
mind the direct 3Ds and indirect environmental impacts at
all stages of design and can consider the collection of
ecological data as a must-do much earlier, and
collaboratively. If you are interested to know more detail
about ecological issues please see the State of the Science

Review [4]. Also know that the ecological science

community has a common goal with the offshore
renewable engineering community: to see the levels of
climate change decreased. Climate change is the worst
enemy and must be beaten, but some areas of our seas are
more ecologically important than others and there is an
urgent need to consider the connectivity of impacts
throughout the ecosystem such that we can construct a
truly sustainable renewable energy system for the future.

ACKNOWLEDGEMENT

I want to thank the wonderful range of PhDs, academic,
industry and government colleagues whose hard work,
scientific talent and insights and willingness to collaborate
and work across disciplines in multiple projects has
progressed this important field of study.

REFERENCES

[1] B.E. Scott, “A renewable Engineer’s Essential Guide to Marine
Ecology”, OCEANS 2007, IEEE: 18-21 June 2007
https://doi.org/10.1109/OCEANSE.2007.4302218

[2] R.Inger, M.]. Attrill, S. Bearhop, A.C. Broderick, W. James
Grecian, D. J. Hodgson, C. Mills, E. Sheehan, S. C. Votier, M. J.
Witt and B. ]. Godley, “Marine renewable energy: potential
benefits to biodiversity? An urgent call for research.” |. Appl.
Eco. Vol. 46, pp. 1145-1153, 2009 https://doi.org/10.1111/j.1365-
2664.2009.01697.x

[3] J. Dannheim, “Benthic effects of offshore renewables:
identification of knowledge gaps and urgently needed
research.” ICES |. of Mar. Sci., vol. 77, pp. 1092-1108, 2020
https://doi.org/10.1093/icesjms/fsz018

[4] A.E.Copping and L.G. Hemery, (Eds) “OES-Environmental
2020 State of the Science Report: Environmental Effects of
Marine Renewable Energy Development Around the World”.
Report for Ocean Energy Systems (OES), 2020 [Online]
https://doi.org/10.2172/1632878

[5] The Crown Estate, “Offshore Wind Leasing Round 4.”[Online]
Feb 18, 2021. Available at:
https://www.thecrownestate.co.uk/en-gb/what-we-do/on-the-
seabed/offshore-wind-leasing-round-4/

[6] Crown Estate Scotland, “ScotWind”. [Online] March 20, 2021,
Available at: https://www.crownestatescotland.com/what-we-
do/marine/asset/offshore-wind

[7] The Crown Estate, “The Offshore Wind Evidence and Change
Programme”. [Online] Feb 18, 2021, Available at:
https://www.thecrownestate.co.uk/en-gb/what-we-do/on-the-
seabed/energy/offshore-wind-a-sustainable-future/

[8] S.J.Boyes, and M. Elliot, “Marine legislation — The ultimate
‘horrendogram’: International law, European directives &

national implementation”, Mar. Pollut. Bull. Vol. 86, pp.39-47,
2014. https://doi.org/10.1016/j.marpolbul.2014.06.055

[9] K. A. Stockin, D. Lusseau, V. Binedell, N. Wiseman, M. B.
Orams, “Tourism affects the behavioural budget of the
common dolphin Delphinus sp. in the Hauraki Gulf, New
Zealand”. Mar. Ecol. Prog. Ser. vol.355, pp.287-295, 2008
https://doi.org/10.3354/meps07386

[10] H. Skov, S. Heindnen, T. Norman, R. Ward, S. Méndez-Roldén,
I. Ellis, “ORJIP Bird Collision and Avoidance Study”. Report
by Offshore Renewables Joint Industry Programme (OR]JIP).
Report for Carbon Trust, 2018

[11] V. Peschko, B. Mendel, M. Mercker, J. Dierschke, S. Garthe,
“Northern gannets (Morus bassanus) are strongly affected by
operating offshore wind farms during the breeding season.” J.
Environ. Maneg. Vol. 279, pp. 111509, 2021.
https://doi.org/10.1016/j.jenvman.2020.111509

[12] P. Peschko, B. Mendel, S. Miiller, N. Markones, M. Mercker, S.
Garthe, “Effects of offshore windfarms on seabird abundance:
Strong effects in spring and in the breeding season”. Mar.
Environ. Res. vol. 162 pp.105157, 2020.
https://doi.org/10.1016/j.marenvres.2020.105157

[13] G. Savidge et al. “ Strangford Lough and the SeaGen Tidal
Turbine.” In: Shields M., Payne A. (eds) Marine Renewable
Energy Technology and Environmental Interactions. Humanity
and the Sea. Springer, Dordrecht , 2014 [Online]. Available:
https://doi.org/10.1007/978-94-017-8002-5 12

[14] G.D. Hastie, D. ]. F. Russell, P. Lepper, J. Elliott, B. Wilson, S.
Benjamins and D. Thompson, “Harbour seals avoid tidal
turbine noise: Implications for collision risk” J. Appl. Ecol., vol.
55 pp. 684-693, 2018 https://doi.org/10.1111/1365-2664.12981

[15] R.Joy, ]. D. Wood, C. E. Sparling, D.J. Tollit, A. E. Copping, B.
J. McConnell, “Empirical measures of harbor seal behavior and
avoidance of an operational tidal turbine”. Mar. Pollut. Bull.
vol. 136 pp. 92-106, 2018
https://doi.org/10.1016/j.marpolbul.2018.08.05

[16] L. Lieber, W. A. M. Nimmo-Smith, J.J. Waggitt and L. Kregting,
“Localised anthropogenic wake generates a predictable
foraging hotspot for top predators”. Comm. Bio., vol. 2 pp. 123,
2019. https://doi.org/10.1038/s42003-019-0364-z

[17] L. Lieber, L. Roland and W.A.M. Nimmo-Smith, “ A bird's-eye
view on turbulence: seabird foraging associations with
evolving surface flow features”. Proc. R. Soc.
B.2882021059220210592 , 2021,
http://doi.org/10.1098/rspb.2021.0592

[18] D. Russell, S. Brasseur, D. Thompson, G. Hastie, V. Janik, G.
Aarts, B. McClintock, J. Matthiopoulos, S. Moss, B. McConnell,
“Marine mammals trace anthropogenic structures at sea”. Cur.
Bio., Vol. 24, pp. R638-R639, 2014.
https://doi.org/10.1016/j.cub.2014.06.033

[19] H. Viehman, T. Boucher, A. Redden, “Winter and summer
differences in probability of fish encounter (spatial overlap)
with MHK devices”. Intern. Mar. Energy ]. vol., pp.9-18, 2018.
https://doi.org/10.36688/imej.1.9-18

[20] B. Williamson, S. Fraser, L. Williamson, V. Nikora, B. Scott,
“Predictable changes in fish school characteristics due to a tidal
turbine support structure”. Renew. Energy, vol. 141, pp. 1092-
1102, 2019. https://doi.org/10.1016/j.renene.2019.04.065

[21] B. Williamson, P. Blondel, L. Williamson, B. Scott,” Application
of a multibeam echosounder to document changes in animal
movement and behaviour around a tidal turbine structure”.
ICES ]. Mar. Sci., fsab017, 2021. [Online]
https://doi.org/10.1093/icesjms/fsab017

[22] N. Horne, R.M. Culloch, P. Schmitt, L. Lieber, B. Wilson, A. C.
Dale, ].D.R. Houghton, L. T. Kregting, “Collision risk
modelling for tidal energy devices: A flexible simulation-based
approach”, J. Environ. Manag., vol. 278, pp. 111484, 2021

[23] Centre for Ecology and Hydrography, “Cumulative Effects
Framework.” March 18, 2021, [Online] Available at:



https://doi.org/10.1109/OCEANSE.2007.4302218
https://doi.org/10.1111/j.1365-2664.2009.01697.x
https://doi.org/10.1111/j.1365-2664.2009.01697.x
https://doi.org/10.1093/icesjms/fsz018
https://doi.org/10.2172/1632878
https://www.thecrownestate.co.uk/en-gb/what-we-do/on-the-seabed/offshore-wind-leasing-round-4/
https://www.thecrownestate.co.uk/en-gb/what-we-do/on-the-seabed/offshore-wind-leasing-round-4/
https://www.crownestatescotland.com/what-we-do/marine/asset/offshore-wind
https://www.crownestatescotland.com/what-we-do/marine/asset/offshore-wind
https://www.thecrownestate.co.uk/en-gb/what-we-do/on-the-seabed/energy/offshore-wind-a-sustainable-future/
https://www.thecrownestate.co.uk/en-gb/what-we-do/on-the-seabed/energy/offshore-wind-a-sustainable-future/
https://doi.org/10.1016/j.marpolbul.2014.06.055
https://doi.org/10.3354/meps07386
https://doi.org/10.1016/j.jenvman.2020.111509
https://doi.org/10.1007/978-94-017-8002-5_12
https://doi.org/10.1111/1365-2664.12981
https://doi.org/10.1016/j.marpolbul.2018.08.05
https://doi.org/10.1038/s42003-019-0364-z
http://doi.org/10.1098/rspb.2021.0592
https://doi.org/10.1016/j.cub.2014.06.033
https://doi.org/10.36688/imej.1.9-18
https://doi.org/10.1016/j.renene.2019.04.065
https://doi.org/10.1093/icesjms/fsab017

43

SCOTT: ECOLOGICALLY-SUSTAINABLE FUTURES FOR LARGE-SCALE RENEWABLES AND HOW TO GET THERE

[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

(32]

(33]

(34]

(35]

[36]

[37]

[38]

[39]

https://www.ceh.ac.uk/our-science/projects/cumulative-effects-

framework
J.R. Carpenter, L. Merckelbach, U. Callies, S. Clark, L.
Gaslikova, B. Baschek, “Potential Impacts of Offshore Wind
Farms on North Sea Stratification”. PLOS ONE, 11(8), 0160830,
2016. https://doi.org/10.1371/journal.pone.0160830
J. F. Tweddle, M. Gubbins, B.E. Scott, “Should phytoplankton
be a key consideration for marine management?” Marine Policy,
vol. 97, pp. 1-9, 2018
https://doi.org/10.1016/j.marpol.2018.08.026
L. Bennun, J. van Bochove, C. Ng, C. Fletcher, D. Wilson, N.
Phair, G. Carbone, “Mitigating biodiversity impacts associated
with solar and wind energy development. Guidelines for
project developers”. Gland, Switzerland: IUCN and
Cambridge, UK: The Biodiversity Consultancy, 2021. [Online]
Available at: https://doi.org/10.2305/IUCN.CH.2021.04.en
M. De Dominicis, R. O'Hara Murray, R., ]. Wolf, “Multi-scale
ocean response to a large tidal stream turbine array.” Renew.
Energy, vol.114, pp. 1160-1179. 2017
LK.P. Schultze, L.M. Merckelbach, J. Horstmann, S. Raasch, J.R.
Carpenter, “Increased Mixing and Turbulence in the Wake of
Offshore Wind Farm Foundations”, J. Geophys. Res: Oceans, vol.
125, 2019]JC015858, 2020. https://doi.org/10.1029/2019]C015858
J. van Berkel, H. Burchard, A. Christensen, L. O. Mortensen, O.
S. Petersen, F. Thomsen, “The effects of offshore wind farms on
hydrodynamics and implications for fishes”. Oceanography, vol.
33, pp. 108-117, 2020.
J. Loxton, A.K. MacLeod, C. R. Nall, T. McCollin, I. Machado, T.
Simas, T. Vance, C. Kenny, A. Want, R. Miller, “Setting an
agenda for biofouling research for the marine renewable energy
industry”, Intern. |. Mar. Energy, vol. 19 pp. 292-303, 2017,
https://doi.org/10.1016/j.ijome.2017.08.006
B. H. Buck and R. Langan, (Eds) “Aquaculture Perspective of
Multi-Use Sites in the Open Ocean: The Untapped Potential for
Marine Resources in the Anthropocene”. Springer
International Publishing, pg 404, 2017
https://doi.org/10.1007/978-3-319-51159-7
J. Onoufriou, A. Brownlow, S. Moss, G. Hastie, D. Thompson.
“Empirical determination of severe trauma in seals from
collisions with tidal turbine blades”, J. Appl. Ecol. vol. 56, pp.
1712-1724, 2019. https://doi.org/10.1111/1365-2664.13388
J. Slingsby, B.E. Scott, L. Kregting, ]. McIlvenny, J. Wilson, A.
Couto, D. Roos, M. Yanez, B.J. Williamson, “Surface
characterisation of kolk-boils within tidal stream environments
using UAV imagery”. |. Mar. Sci. Eng. (in press)
J. van der Molen, P. Ruardij, N. Greenwood,” Potential
environmental impact of tidal energy extraction in the Pentland
Firth at large spatial scales: results of a biogeochemical model.”
Biogeosciences, vol. 13, pp. 2593-2609, 2016

B.E. Scott, J. Sharples, O.N. Ross, J. Wang, G. ]. Pierce, C. J.
Camphuysen, “Sub-surface hotspots in shallow seas: fine-scale
limited locations of top predator foraging habitat indicated by
tidal mixing and sub-surface chlorophyll”. Mar. Ecol. Prog. Ser.
vol. 408, pp. 207-226, 2010. https://doi.org/10.3354/meps08552
A. Kafas, P. Donohue, 1. Davies, B.E. Scott, “Displacement of
existing activities”. In: Yates, K.L., Bradshaw, C.J.A. (Eds.),
Offshore Energy and Marine Spatial Planning, Earthscan
Oceans, pp. 88-112. Routlidge. , 2018

M. F. Schupp, M. Bocci, D Depellegrin, A. Kafas, Z. Kyriazi, 1.
Lukic, A. Schultz-Zehden, G. Krause, V. Onyango, B. H. Buck.
“Toward a Common Understanding of Ocean Multi-Use”,
Frontiers Mar. Sci. vol. 6, pp.165, 2019
https://doi.org/10.3389/fmars.2019.00165

M. Declerck, N.Trifonova, J. Black, ]J. Hartley and B.E. Scott, “A
new strategic tool to structure Cumulative Impact Assessment
(CIA)”. Intern. Mar. Energy ], (in review this issue)

D. Russell, G. Hastie, D. Thompson, V. Janik, P. S. Hammond,
L. A. S. Scott-Hayward, J. Matthiopoulos, E.L. Jones, B.

(40]

(41]

(42]

(43]

[44]

[45]

[46]

[47]

(48]

(49]

(50]

(51]

McConnell, “Avoidance of wind farms by harbour seals is
limited to pile driving activities”, J. Appl. Ecol. vol. 53 pp.1642-
1652, 2016. https://doi.org/10.1111/1365-2664.12678

P.M. Thompson, .M. Graham, B. Cheney, T.R. Barton, A.
Farcas, N.D. Merchant, “Balancing risks of injury and
disturbance to marine mammals when pile driving at offshore
windfarms” vol. 1, €12034, 2020 https://doi.org/10.1002/2688-
8319.12034

H. Bailey, K. L. Brookes, P.M. Thompson, P. M, “Assessing
environmental impacts of offshore wind farms: Lessons learned
and recommendations for the future”, Aquat. Biosyst. vol. 10,
pp- 8, 2014 https://doi.org/10.1186/2046-9063-10-8

I. M. Graham, N. D Merchant, A. Farcas, T. R. Barton, B.
Cheney, S. Bono. P. M. Thompson, “Harbour porpoise
responses to pile-driving diminish over time”. R. Soc. open
5ci.6190335190335, 2019 http://doi.org/10.1098/rs0s.190335

T. A. Mooney, M.H. Andersson, ]. Stanley, “Acoustic impacts of
offshore wind energy on fishery resources: An evolving source
and varied effects across a wind farm'’s lifetime”, Oceanography
vol. 33, pp. 82-95, 2020.
https://doi.org/10.5670/oceanog.2020.408

C. Long, “Analysis of the possible displacement of bird and
marine mammal species related to the installation and
operation of marine energy conversion systems”. Scottish
Natural Heritage Commissioned Report No. 947, 2017.

M. De Dominicis, J. Wolf, R. O’'Hara Murray, “Comparative
effects of climate change and tidal stream energy extraction in a
shelf sea”, |. Geophys. Res.: Oceans, vol. 123 pp. 5041-5067, 2018.
https://doi.org/10.1029/2018]C013832

A. Couto, B.J. Williamson, T. Cornulier, P.G. Fernandes, J.D.
Chapman, I.M. Davies, B.E. Scott. “Tidal streams, fish and
seabirds: predicting the linkages between mobile predators,
prey and hydrodynamics”. Ecosphere. (in review)

D. Sadykova, B.E. Scott, M. D. Dominicis, S.L. Wakelin, A.
Sadykov, J. Wolf, “Bayesian joint models with INLA exploring
marine mobile predator-prey and competitor species habitat
overlap” Eco & Evol. vol. 7, pp. 5212-5226, 2017.
https://doi.org/10.1002/ece3.3081

N.I. Trifonova, B.E. Scott, M. De Dominicis, J.J. Waggitt and J.
Wolf, “ Bayesian Network Modelling provides Spatial and
Temporal Understanding of Ecosystem Dynamics within
Shallow Shelf Seas”, Eco. Indicators (in review).

D. Sadykova, B.E. Scott, M. D. Dominicis, S.L. Wakelin, J. Wolf,
A. Sadykov, “Ecological costs of climate change on marine
predator-prey population distributions by 2050”7, Eco. & Evol.,
vol. 10, pp. 1069-1086, 2020. https://doi.org/10.1002/ece3.5973
T. Hooper, N. Beaumont, C. Hattam, “The implications of
energy systems for ecosystem services: A detailed case study of
offshore wind”, Renew. Sustain. Energy Rev. vol. 70, pp. 230-241,
2017 https://doi.org/10.1016/j.rser.2016.11.248

T. Hooper, T. Borger, O. Langmead, O. Marcone, S.E. Rees, O.
Rendon, N. Beaumont, M.]. Attrill, M. Austen, “Applying the
natural capital approach to decision making for the marine
environment”. Ecosys. Ser., vol. 38, pp. 100947, 2019.
https://doi.org/10.1016/j.ecoser.2019.100947



https://www.ceh.ac.uk/our-science/projects/cumulative-effects-framework
https://www.ceh.ac.uk/our-science/projects/cumulative-effects-framework
https://doi.org/10.1371/journal.pone.0160830
https://doi.org/10.1016/j.marpol.2018.08.026
https://doi.org/10.2305/IUCN.CH.2021.04.en
https://doi.org/10.1029/2019JC015858
https://doi.org/10.1016/j.ijome.2017.08.006
https://doi.org/10.1007/978-3-319-51159-7
https://doi.org/10.1111/1365-2664.13388
https://doi.org/10.3354/meps08552
https://doi.org/10.3389/fmars.2019.00165
https://doi.org/10.1111/1365-2664.12678
https://doi.org/10.1002/2688-8319.12034
https://doi.org/10.1002/2688-8319.12034
https://doi.org/10.1186/2046-9063-10-8
http://doi.org/10.1098/rsos.190335
https://doi.org/10.5670/oceanog.2020.408
https://doi.org/10.1029/2018JC013832
https://doi.org/10.1002/ece3.3081
https://doi.org/10.1002/ece3.5973
https://doi.org/10.1016/j.rser.2016.11.248
https://doi.org/10.1016/j.ecoser.2019.100947

	Ecologically-Sustainable Futures for Large-Scale Renewables and How to Get There.
	Beth E. Scott
	I. Introduction
	II. The 3Ds of Envirnomental Impact
	III. Envirnomental Impacts at different design and implementation stages
	IV. Conclusions
	Acknowledgement
	References



