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ABSTRACT

Global climate mitigation efforts seeking to reduce greenhouse gas
emissions require more renewable energy generation and
utilisation. In Aotearoa New Zealand there are initiatives
underway to develop offshore wind, or in the future, arrays of
tidal turbines or wave energy converters, as a new energy
resource. Here we synthesise available knowledge from
international developments in offshore windfarm installations and
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discuss in a local Aotearoa New Zealand context. Aspects
described include habitat modification, consequences of physical
water column changes, and effects on benthic organisms, fish
and fisheries, seabirds and marine mammals. Importantly, there is
a need to adhere to Te Tiriti o Waitangi which defines Maori
sovereign rights and expectations in terms of guardianship of
resources (kaitiakitanga). Based on recent regulatory applications
in marine spatial planning, where developments have been
subject to the precautionary principle for environmental impacts,
comprehensive environmental information will be critical for
obtaining approval to proceed. The present synthesis identifies
environmental pressure-points, footprints, and knowledge gaps,
such as New Zealand-specific seabird and marine mammal
behaviour and discusses potential opportunities to leverage the
positive impacts of marine renewable energy developments.

Introduction

Despite the present relatively high proportion (~85%) of electricity supply in Aotearoa
New Zealand from renewable sources (e.g. hydroelectricity, onshore wind, solar and
geothermal - MBIE 2023), the global climate emergency makes it clear there is a need
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for substantially more energy to be derived from such sources, rather than via the con-
tinued combustion of hydrocarbons (coal, oil and petroleum) (IPCC 2022). This is
required to reduce energy supply vulnerability and enable conversion of as much of
the non-electricity part of the national energy sector to renewable sources as is possible.
This is encompassed in New Zealand government policy milestones such as Carbon Zero
2050. Consideration of the state of the Aotearoa New Zealand energy sector emphasises
the large size of contributions from the transport sector, the modest degree of self-
sufficiency, and the presently small contribution of wind generation to national energy
budgets (MBIE 2023).

In 2022 the New Zealand Central Government initiated the development of a new
marine/offshore renewables sector (MBIE 2022), motivated by the quality of the available
resource (winds, waves, tides), a need for reduced social impact, and space availability in
the marine environment. In doing so they identified target geographic regions (Figure 1)
and the potential scale of required development. Beyond that, it was left to the sector to
develop further activity and knowledge on resources, environmental conditions and
potential impacts.

This Aotearoa initiative was motivated by the relative technological and economic cer-
tainty associated with the high level of international activity in offshore wind renewables.
This has seen substantial growth of new marine renewable energy developments (MRED)
in regions such as Europe, China and the USA. From the perspective of environmental
impact, these jurisdictions have substantial histories of baseline data and assessment.
Aotearoa New Zealand has historically had a well-evolved environmental impact assess-
ment process for addressing the likely impacts of anthropogenic activities in the marine
environment (New Zealand Government 2023a; see for example Clark et al. 2017).

[Nzas" 3 il

Figure 1. (@) A map of Aotearoa New Zealand and EEZ with key offshore wind development focal
regions as well as the d'Urville Current (DC), Onetahua Farewell Spit (FS) and Te Moana a Raukawa
Cook Strait (CS). Panel (b) shows the South Taranaki region (modified from excerpt from LINZ chart
NZ48 Western Approaches to Cook Strait). Kupe is existing natural gas infrastructure, and the
diamond is the general area of interest. Also shown is the 50 m depth contour and the 12 nautical
mile limit, while the blue region is less than 30 m depth.
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However, lack of environmental knowledge and available data have affected proposed
activities in the New Zealand coastal ocean, such as seabed mining (Macpherson et al.
2021), and so development of improved understanding will be important in the
present context of offshore energy (e.g. Macpherson et al. 2021). In addition, meeting
the obligations of Te Tiriti o0 Waitangi (in part an agreement on how future resources
would be shared and sustained, developed by Maori and European leaders as Aotearoa
New Zealand’s founding partnership document in 1840) is another important aspect
of any future developments in Aotearoa.

As reviewed in Dorrell et al. (2022), modern offshore wind energy capture activities
typically take place in the inner continental shelf region, with scoping documents point-
ing to more remote offshore locations as being viable, likely to be beyond the current
economic horizon. These deeper water applications will also require an advance in
floating turbine technology (McMorland et al. 2022). Globally, this inner continental
shelf zone has significant geophysical, ecosystem, societal, cultural, and economic
values. Clearly, wind resources, operational infrastructure and environment interactions,
will all have unique local aspects.

In the present paper, we synthesise available knowledge from international develop-
ments in the context of what is known locally from relevant past work in Aotearoa
New Zealand. This is, by definition, not a systematic review of the entire topic because
that requires actual installations and associated impact assessment in Aotearoa New
Zealand waters. Instead, the synthesis is based on expert advice from a range of areas
in the Aotearoa New Zealand applied marine science sector. Aspects described include
habitat modification, impacts on benthic fauna, fish, seabirds, and marine mammals,
and consequences of physical water column changes (e.g. turbulent mixing, stratifica-
tion). We do not provide a review of mitigation measures or methodologies for addres-
sing data gaps. While international work is, in many cases, directly relevant to the topic,
there are of course many location-specific aspects of environmental impacts that need to
be considered.

Te Tiriti o Waitangi (The Treaty of Waitangi)

There is a critical contextual point whereby Aotearoa New Zealand differs from Europe,
where the local energy transitions literature is most prevalent, because of the requirement
to consider the rights, interests, and worldviews of the indigenous Maori people under the
Treaty of Waitangi (MacArthur and Matthewman 2018; Kerr et al. 2015) - ie. “The
Treaty’ or ‘Te Tiriti’. Te ao Maori (a Maori worldview; see Table 1 for glossary of te
reo (Maori) terms) is holistic. A general theme of te a0 Maori is the interconnections
between all things tangible and intangible, derived from whakapapa (common descent)
(Cram et al. 2008). Traditionally, the environment was central to Maori society (Durie
1998). Maori health, wellbeing, and survival was dependent on the sustainability of the
resources in the environment (Garven et al. 1997). This interdependence defines the
relationship between Maori and the world, where Maori have a responsibility to
manage their impact on other forms of life and ensure the survival of all into the
future (Hauraki Trust Board 1999). This responsibility is known as the ethic of kaitiaki-
tanga (guardianship, stewardship). Mana whenua and mana moana (people with auth-
ority over the land or sea) have a right to practice kaitiakitanga over their lands and waters.
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Table 1. Glossary of te reo (Maori) terms.

Te reo English
Aotearoa The Maori-language name for New Zealand
Aukati Cultural ban

Iwi Tribe, nation, people

Kai, kai moana Food, seafood

Hapu Sub-section of iwi and the primary political unit
Kaitiakitanga Guardianship

Kaupapa Agenda, issue, strategy, plan

Mana Authority

Mana moana People with authority over the sea

Mana whenua People with authority over the land

Moana Ocean, coast

Rohe Region, area

Tangata whenua The Maori people of a particular region, or as a whole the original inhabitants of New Zealand
Taonga Treasure (including social)

Te ao Maori Maori worldview

Te reo Maori The Maori language

Te Tiriti The Treaty of Waitangi: Aotearoa New Zealand’s founding document
Wahi tapu, wahi taonga  Restricted sites, sites of treasure

Whanau Extended family group

Whakapapa Common descent

MRED installation and maintenance changes the functioning, aesthetics, economics,
and social interactions of the coastal environment leading to potential conflicts between
new MRED-related activities and traditional maritime human activities. For example,
MRED construction can reduce access to traditional fishing grounds forcing a displace-
ment of fishing activities with potential to cause economic loss and impacts on coastal
communities (Stelzenmiiller et al. 2021). These impacts have often been neglected in pre-
vious scientifically focussed MRED planning activities (Gee and Burkhard 2010; Busch
et al. 2011) but are necessary in Aotearoa New Zealand under Te Tiriti and are essential
to consider as part of maritime spatial planning.

Environmental sustainability and sustainable social, cultural and economic develop-
ment have become important considerations for many, if not all, iwi and hapt (Cram
et al. 2008; hapu: sub-section of iwi and the primary political unit; iwi: tribe, nation,
people). It is therefore important when developing offshore renewable energy solutions,
to consider environmental impacts in conjunction with cultural impacts. Generally, iwi
and hapu are looking to support developments away from offshore oil and gas explora-
tion and offshore renewables could present good alternative energy sources. Te Uri o
Hau, hapa of Ngati Whatua based in the Kaipara Harbour in northern Aotearoa New
Zealand state within their environmental management plan: ‘from an environmental per-
spective, wind energy is one of the best renewable generation options immediately avail-
able in Aotearoa New Zealand. Fossil fuel alternatives emit greenhouse gases, but wind
farms are a sustainable and environmentally responsible alternative for electricity gener-
ation’ (Te Uri o Hau Settlement Trust 2011).

However, the holistic view that Maori have of the marine environment means MRED
cannot be considered in isolation of the wider ecosystem. For example, in the Kaipara
Harbour, Te Uri o Hau objected to the development of tidal energy turbines due to
the risk that the implementation of these turbines had to the already fragile harbour eco-
system (Bargh 2014). While the hapt did not object to renewable energy in principle, the
‘tribal values of environmental guardianship of the harbour and its ecosystem, which they
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see as a treasure that should be protected, means that despite the energy production being
renewable, it is not viewed as appropriate’. Although the tidal energy development was
consented in Kaipara Harbour by the regional council, the hapt placed an ‘aukati’ (cul-
tural ban) over the developer company, and the initiative did not go ahead (Kerr et al.
2015). After the fact it became clear that the technology was not mature enough
anyway (Stevens 2024).

Impacts

Impact of any activity in the natural environment will occur over the infrastructure
development lifecycle, including the: (i) exploration, (ii) installation, (iii) operation
and (iv) de-commissioning phases. The nature of the impacts will change over these
phases, both spatially and temporally. Given that, at the time of writing, there hve
been no MRED installations, beyond sea trials, in Aotearoa we need to infer the environ-
mental interactions from international studies (Whiting et al. 2019), as well as from local
activities such as aquaculture, natural oil and gas exploitation, and seabed mining. All of
these pursuits have had either a history of activity or assessment/evaluation in the New
Zealand marine environment.

Location

The New Zealand Government initiative identifies three regions for wind energy devel-
opment (Figure 1): (i) South Taranaki Bight, (ii) western Waikato coast and (iii) Te Araa
Kiwa Foveaux Strait — with emphasis on the Taranaki region. All regions are suitable in
terms of wind resource as Aotearoa is relatively windy in terms of global comparative
metrics, having about double the global average wind capacity factor (Zhang et al.
2023). The South Taranaki Bight region was one of the first marine regions in New
Zealand to be assessed for environmental risk to anthropogenic activities in the 1970s
and 1980s, with the development of a local offshore oil and natural gas industry (The
Maui Development Environmental Study - e.g. Bowman et al. 1983). The Kupe
Natural Gas Field is co-located with the identified offshore wind development area
(Figure 1). This is not entirely a coincidence as there is a need to identify a future
pathway for a just transition’ if New Zealand is to move equitably to a low-emission
society. Seeking to enable the Taranaki region to shift from a fossil-based economy to
renewable energy fits within that just transition framework. Here we focus somewhat
on the Taranaki region but maintain wider comments where relevant to the other
locations, or more generally around the 12 nautical mile Territorial Sea and the 200 nau-
tical mile Exclusive Economic Zone (EEZ) (Figure 1). This domain could evolve with
future development of floating turbine technology but for now is consistent with
present focus (McMorland et al. 2022).

Benthic effects

MRED can directly affect the benthic environment and provision of ecosystem services in
coastal areas (Van de Pol et al. 2023). In some cases, the development of MRED has been
a net positive for local biodiversity at multiple trophic levels (Lindeboom et al. 2011).
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However, knowledge of the effects of offshore renewable infrastructure development on
the benthos is limited and benthic sensitivity to these activities may be higher than pre-
viously anticipated depending on local conditions (Dannheim et al. 2019). Most infor-
mation on effects of ocean renewable infrastructure, particularly windfarms, on the
local benthos currently exists for the construction and operational phases of the projects,
although de-commissioning effects are likely to be comparable to those during the con-
struction phase (Bergstrom et al. 2014; Dannheim et al. 2019; Lemasson et al. 2022).
Potential effects of MRED during the infrastructure lifecycle include physical seabed dis-
turbance (Miller et al. 2013), such as the removal of habitat through piling and cable tren-
ching, sediment resuspension, changes in bathymetry and sediment type (Van den Eynde
et al. 2013), noise, vibration, and electromagnetic field generation effects (Hutchison et al.
2020), metal pollution (Wang et al. 2023), reductions in light penetration to the seabed,
and benthic habitat alteration (van Deurs et al. 2012; Herbert-Read et al. 2022; Wang
et al. 2023), including the provision of new hard substrate from turbine piles and foun-
dations (e.g. Vaissiére et al. 2014). These potential effects can be expected during the life-
span of MRED, but effects and intensity may differ during particular phases (e.g.
sedimentation and benthic disturbance during construction and decommissioning
may be greater) and interactions of some of these impacts are not well known (Galpar-
soro et al. 2022).

These impacts could result in a reduced diversity of species and habitats which could
have implications for sensitive environments (schedule 6 of the EEZ and Continental
Shelf Act; New Zealand Government 2023b), protected species (schedule 7 of the Wildlife
Act 1953; New Zealand Government 2022) and ‘At Risk’ or ‘Threatened’ taxa in the
region (New Zealand Threat Classification System NZTCS - for details on categories
see Townsend et al. 2008, updated by Michel 2021; invertebrate categories in Funnell
et al. 2023)

A range of secondary effects may be important such as the seasonal timing of the
activity, the foundation types of offshore MRED (Horwath et al. 2021), the species that
interact with the installed infrastructure, and the intensity, duration, and severity of
the benthic disturbance (Baulaz et al. 2023). However, depending on the substrate
type, infaunal community composition could be robust to disturbance associated with
oftfshore windfarm development activities (Degraer et al. 2020). Infaunal communities
in sandy sediments may recover from disturbances more quickly those in muddier
ones (Kaiser. 1998; Ferns et al. 2000; Dernie et al. 2003). After dredging of offshore sand-
banks in the Belgian part of the North Sea for MRED construction, recovery of the infau-
nal community was observed after just one year (Coates et al. 2015). The soft substrate of
the focal regions in Taranaki, Waikato and Te Ara a Kiwa Foveaux Strait comprises low
mud (< 20%) and high sand (> 60%) (Bostock et al. 2019) and therefore infaunal com-
munities may recover relatively rapidly from disturbances. The South Taranaki Bight is
also a highly dynamic area with naturally high disturbance rates. The presence of an
infaunal community already adapted to high levels of disturbance may mean benthic
species composition and abundance is robust to MRED related disturbances and sedi-
mentation (see Cummings et al. 2020).

Noise, vibration and electromagnetic fields from infrastructure installation and oper-
ation can affect marine epibenthos and infauna in a number of ways. Organism mortality
(Kowalewski et al. 1993), physiology (Solan et al. 2016), behaviours such as species
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movements (Hutchison et al. 2018 and 2020; Scott et al. 2018; Van de Pol et al. 2023),
responses to detrimental stimuli (Roberts et al. 2016), larval settlement and development
(Pine et al. 2014), predator avoidance and foraging (Hughes et al. 2014) and bioturbation
(Mosher 1972; Solan et al. 2016) may all be affected. However, the specific effects on
many species (and life stages) are undocumented (Roberts and Elliott 2017), meaning
many potential behavioural and mitigation strategies are unknown (Dannheim et al.
2019). This is particularly true in New Zealand waters where infaunal behaviours are,
in general, not well known (Lam-Gordillo et al. 2023).

New Zealand places a high value on the exclusion of non-indigenous species (NIS - i.e.
species that have been introduced to New Zealand with human assistance). They can
degrade environmental, socio-cultural, and economic values (Hatami et al. 2022). In
the marine space, these species are predominantly introduced via ballast water discharge
and biofouling of hulls (Hatami et al. 2022). Novel marine habitat provision via MRED
structures provide additional substrates for settlement and establishment of epifaunal
communities (De Mesel et al. 2015; Coolen et al. 2016; Nall et al. 2017) while additional
shipping activity in relation to construction and operation of renewable infrastructure
can provide the conduit for introducing NIS (Dannheim et al. 2019). MRED infrastruc-
ture may also provide a stepping-stone of hard substrate for intertidal species between
the non-indigenous species source and New Zealand shores as new habitat is provided
in previously uninhabitable regions (Adams et al. 2014; De Mesel et al. 2015; Kerckhof
et al. 2016; Bray et al. 2017).

Foundations, scour protection, turbine shafts, and other support structures provide
substrate on the benthos, and throughout the water column, of varying composition
and complexity, and can increase local biodiversity of invertebrate species (e.g. Petersen
and Malm 2006; Andersson and Ohman 2010; Langhamer 2012; Vaissiére et al. 2014).
Indeed, this provision may double local species richness and increase benthic species
abundances by two orders of magnitude (Li et al. 2023). These structures are generally
installed into soft-bottom environments (Dannheim et al. 2019) where comparable
natural hard surfaces are mostly absent. This provides a completely new habitat type
for colonisation (Glasby and Connell 2001; Degraer et al. 2020). The addition of hard
substrates in these environments may also increase organic enrichment in soft sediments
close to MRED infrastructure due to deposition of shell debris and living and dead
organic material originating from colonising fauna on the infrastructure (De Borger
et al. 2021) leading to increased benthic species biomass and diversity surrounding
these structures (Coates et al. 2014; Lefaible et al. 2023). In regions where species biodi-
versity is relatively low (e.g. Taranaki and Waikato: Stephenson et al. 2023), MRED could
provide a significant boost to local biodiversity and primary production (Slavik et al.
2019). However, many of the taxa that establish on the new hard structures provided
by MRED or the enriched benthos will be different from that of the natural ecosystem
(Jouffray et al. 2020).

However, as commercial, recreational, and customary fishing could be restricted or
even prohibited within MRED areas, they could operate as a de facto marine reserve
leading to elevated biodiversity and productivity (Lefaible et al. 2023). Removal of
direct fishing pressure and reduced trawling intensity, which can result in chronic dis-
turbance of the benthos, may lead to benthic community changes and increased
benthic biomass (Hale et al. 2017; Roach et al. 2018). Shifts in fish diets after MRED
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installation indicate a change in prey composition with increased occurrence of hard sub-
strate prey species in the vicinity of offshore windfarm foundations (Raoux et al. 2018;
Wilber et al. 2022; Buyse et al. 2023). Local soft sediment species could therefore
benefit from the presence of MREDs through predation reduction via dispersion
between greater benthic biomass availability (Buyse et al. 2023).

Water column effects

The presence of structures extending through the water column from the seafloor to the
ocean surface results in hydrodynamic drag and mixing in the local environment
(Figure 2). The mixing of the water column and associated effects on physical processes,
such as vertical stratification, is an aspect of MRED marine environmental impacts that
may have far-reaching effects (Clark et al. 2014; Paskyabi 2015; @ijorden 2016; Floeter
et al. 2017). As Dorrell et al. (2022) state: ‘For the first time planned developments of
both fixed and floating offshore wind infrastructure will add large scale anthropogenic
mixing to seasonally stratified shelf seas’. While the primacy is debatable as large aqua-
culture installations generate similar effects (Plew et al. 2005), the ultimate impact is still
true. The distributed array of crop in offshore aquaculture facilities creates drag which
drives changes in local scale currents (Stevens et al. 2008). This will also affect erosion
patterns around structures where scouring may lead to the preferential winnowing of

bird-strike
=

wake/mixing

changed
stratification/
productivity

scour &

substrate/reef sediment plume

stratification fouling

Figure 2. Multiscale synthesis (a) Sediment plumes from a wind turbine array in the English Channel
captured by Landsat — the image is ~15 km across (landsat.visibleearth.nasa.gov/view.php?id =
89063) (b) Sketch showing selected processes and issues. (c) Individual pylon-scale processes.
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fine sediments, resulting in a coarsening of the sediment substrate and causing changes in
biogeochemical processes which can impact local long-term carbon storage potential in
marine sediments (Pratt et al. 2014, Christiansen et al. 2022) and the ecological function-
ing of seafloor communities (De Borger et al. 2021). Changes such as the decrease or even
disappearance of stratification due to locally induced turbulence may result in an upward
transport of nutrients, affecting both local primary production (van der Molen et al. 2014;
Floeter et al. 2017), and carbon flow to the benthos (Dannheim et al. 2019).

In New Zealand, a number of studies of shelf seas biophysical processes resulted from
the initial development of the 1980s gas fields in offshore Taranaki (e.g. Bowman et al.
1983). More recently, Chiswell et al. (2017) examined transport of nutrients in the
western Greater Cook Strait including the Taranaki focal region as identified in the
MBIE (2022) report on MRED. The dominant physical ocean feature in the region is
the D’Urville Current which flows to the northeast from around Onetahua Farewell
Spit towards the Taranaki peninsula before turning southeast to flow through Te
Moana a Raukawa Cook Strait into Te Moana-nui-a-Kiwa Pacific Ocean (Stevens et al.
2021). Associated with this oceanographic feature is the episodic Kahurangi Upwelling,
which is important in nutrient supply to the surface ocean with consequent effects on
regional planktonic and fish ecosystems (e.g. Bradford and Chapman 1988; Bradford
et al. 1993). The South Taranaki focal region (MBIE 2022) is located essentially where
the D’Urville Current encounters Te Ika-a-Maui North Island. The presence of an
array of structures nearby is unlikely to affect something as large as regional ocean cur-
rents; however, it might have a local influence on current trajectory (Plew and Stevens
2013; Raghukumar et al. 2023) and other physical processes, such as turbulence,
mixing and stratification (e.g. Dorrell et al. 2022).

The downstream wakes from offshore installations will have an effect on nutrient
supply, and hence biological productivity, with flow-on impacts to various trophic
levels and ultimately to the benthos. These impacts will be largely connected to
changes in suspended sediment and nutrient levels due to sediment resuspension and
modifications of water column stratification (Floeter et al. 2017; Daewel et al. 2022;
Dorrell et al. 2022). It is challenging to separate turbine effects from the natural physical
or environmental variability and in some instances, natural variability will be greater
than the impact (Schuchert et al. 2018). For example, Chiswell and Stevens (2010)
look at larval trajectories in the wake of a large island to the south of the Taranaki
region. This illustrates the scale of variability and flow-object interaction.

Generally however, the consulted studies all identified effects in the order of 10% in
terms of biological productivity. An important point is the overall biophysical effect of
turbines changes moving from very shallow (~ 10 m) nearshore locations to deeper
water on the continental shelf (Dorrell et al. 2022). The coastal shallows are typically
well-mixed; however, in water deeper than 20 m stratification starts to control biological
productivity. The physical disturbance of turbine structures will reduce this stratification
over a region larger than the array scale (Dorrell et al. 2022), and thus altering water
column productivity (e.g. van der Molen et al. 2014; @ijorden 2016; Slavik et al. 2019).

In terms of understanding how marine activities could impact such physical processes
it is useful to consider the Trans-Tasman Resources Ltd application to mine the seabed
for iron sand in the same South Taranaki region. While still under consideration, this
application was unable to convince a court (or the New Zealand Environmental



10 (&) RHALEETAL

Protection Agency) that there was sufficient certainty around environmental impacts
over the lifetime of the seabed mining activity to allow approval (MacPherson et al.
2021). There was an emphasis on the water column effects of a mining-induced turbidity
plume and how this might affect both water column and benthic life. A key aspect of the
water column impact was the footprint of disturbance which was not simply a function of
the immediate area of activity, but was instead affected by ocean flows and dispersion
over a much larger spatial domain. Saying that, the term ‘footprint’ is complex in this
application as it can refer to: (i) ephemeral changes in the water column (Stevens et al.
2008), (ii) a relatively static benthic region (Miller et al. 2013) or (iii) an all-encompassing
social and/or carbon perspective (Kaldellis and Apostolou 2017).

Fish impacts

In terms of fish and fishing, wind farm structures may act as artificial reefs and so increas-
ing the abundance of hard structures is likely to attract a range of fish species (Grossman
et al. 1997; Langhamer 2012; Raoux et al. 2017). In terms of impact and benefit, the fish
species that are boosted in abundance at these sites may differ to those previously found
there, with changes likely in demersal fish species density, community composition, and
richness (Abramic et al. 2022; Li et al. 2023; Van de Pol et al. 2023). Although fisheries
may see a spillover effect, with emigration of juvenile and adult fish from the protected
MRED area (Di Lorenzo et al. 2020; Halouani et al. 2020) these may be different to those
species that previous fisheries were based on. However, aggregating fish can lead to over-
exploitation if fisheries are not properly regulated. This is likely to be controlled in a wind
farm context as some fishery types (e.g. trawling) will not be able to operate inside wind
farms even if there are more fish than before the marine installation. While the abun-
dance of fish may increase around the structures (which may or may not lead to overex-
ploitation of aggregated fish populations), it is often not clear if these higher abundances
are either the result of aggregating existing fish around structures (with an associated
decrease in fish abundance outside of the protected MRED area), or whether the struc-
ture actually boosts the productivity of the system (Williamson et al. 2019). This remains
an open question in the literature on using artificial reefs for fisheries (Twigg et al. 2020).
This is a shared-use issue rather than an environmental effect and so beyond the present
scope. However, there are opportunities for improved outcomes with a collaborative
approach to marine space usage (Stelzenmiiller et al. 2021).

In an Aotearoa context there are impact and use parallels with green-lipped mussel
aquaculture farms (Christensen et al. 2003) and also there has been substantial work
in an Aotearoa context on mussel farms and fish (Underwood and Jeffs 2023). These
artificial environments have much higher abundances of snapper resulting in signifi-
cantly enhanced recreational fishing activity. For example, the Coromandel mussel
farms are now the most popular domestic recreational fishing location and account
for about 250 tonnes of snapper catch a year. A mussel farm has the additional attractant
of the mussels themselves, but wind farm structures would develop their own fouling
community and potentially function in a comparable way (e.g. Slavik et al. 2019).

Electromagnetic fields (EMFs) from undersea power cables can have behavioural
effects on elasmobranchs, which can be attracted to EMFs as far as 250 m from cable
routes (Hermans et al. 2024) and result in increased foraging distances (Hutchison
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et al. 2018). Anadromous fish species such as galaxiids and anguillid eels use earth’s mag-
netic field for navigation; the effect of EMFs on such species is poorly known but there is
considerable potential for disruption to migratory activities of such species (Westerberg
and Lagenfelt 2008; Hutchison et al. 2020). Significant injury or mortality to some fish
species is also likely to occur through noise and vibration associated with each stage of
the MRED lifecycle, especially the construction phase (Popper et al. 2023). The ability
of fish to communicate, forage, and detect predators may also be affected (Mooney
et al. 2020).

Marine mammal impacts

Aotearoa New Zealand is an international hotspot for marine mammals, with more than
half of the world’s species being found in our waters (Baker et al. 2019). New Zealand
waters are home to several threatened taxa including nationally critical and endangered
endemic species (e.g. Hector’s and Maui dolphin, New Zealand sea lion; NZTCS; Baker
et al. 2019). In addition, they are a migratory corridor for the Oceania population of
humpback whales (Constantine et al. 2021), provide nursery habitat for southern right
whales (Torres et al. 2017) and contain important blue whale foraging grounds
(Barlow et al. 2018). Each of the aforementioned whale populations were among the
most heavily exploited in the era of industrial whaling and are only recently showing
signs of recovery (Prickett 2002; Branch et al. 2004; Gibbs et al. 2018). A wealth of
poorly known, ‘cryptic’ species occurs in New Zealand including deep-water and
oceanic specialists (Baker et al. 2019). In New Zealand, all marine mammals are protected
by the New Zealand Marine Mammal Protection Act (1978) and the Wildlife Act (1953)
and are of immense importance for tangata whenua (the Maori people of Aotearoa New
Zealand). Thus, along with demonstrated impacts on marine mammals from MRED
internationally, there should be considerable emphasis on managing risks to these
species in New Zealand waters.

The occurrence and severity of impacts from MRED on marine mammals has been
shown to be highly species - and location-specific (e.g. Blackwell et al. 2004; Thompson
et al. 2010; Brandt et al. 2011). Internationally, most studies have focussed on bottlenose
dolphin, harbour seal, and harbour porpoise (Carstensen et al. 2006; Brandt et al. 2011;
Russell et al. 2014; Vallejo et al. 2017; Sparling et al. 2018), with the latter two species not
occurring in New Zealand waters. Thus, there are considerable gaps in the available
information on how most New Zealand species may respond to MRED development.

Numerous international studies have identified noise pollution from pile driving
during the construction of offshore wind farms as the predominant impact on marine
mammals by MRED (David 2006; Madsen et al. 2006; Southall et al. 2009; Edrén et al.
2010; Teilmann and Carstensen, 2012; Thompson et al. 2013; Mortensen et al. 2021).
Noise pollution from pile driving has been shown to have population-level consequences
for these taxa (Teilmann and Carstensen 2012; Thompson et al. 2013; Mortensen et al.
2021). The impacts from this type of noise includes potential permanent or temporary
hearing threshold shifts caused by physical injury from high-energy impulsive sounds
(Madsen et al. 2006; Bailey et al. 2010; Southall et al. 2009), masking of communication
or environmental cues (David 2006; Madsen et al. 2006), and behavioural disruption
(Cartensen et al. 2006; Brandt et al. 2011; Vallejo et al. 2017). It has been proposed
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that low-frequency acoustic characteristics of baleen whales may cause these taxa to be
particularly sensitive to the acoustic disturbance from marine renewable installations
(Nowacek et al. 2007; Thompson et al. 2010; Bailey et al. 2014). The severity of
impacts depends on: (1) the acoustic characteristics of noise, (2) proximity to source,
and (3) the species present and their auditory range (Richardson et al. 1995; Madsen
et al. 2006).

In Aotearoa New Zealand, the effects of pile driving noise have been demonstrated on
a single species — Hector’s dolphin - during construction activity at Lyttelton Port (Leun-
nisen et al. 2019). The study showed the dolphins’ use of the inner harbour decreased in
response to pile driving activity. Differences in the sound source and environmental
characteristics mean this example may not be directly transferrable to pile driving for
offshore wind installation. However, the study clearly shows that pile driving does
affect the behaviour of a threatened marine mammal species.

Other than pile driving, several other impacts of MRED on marine mammals have
been identified. Noise pollution from operational MREDs may have impacts on the
behaviour and distribution of marine mammals (Tougaard et al. 2020; Thomsen et al.
2021). The characteristics of operational noise from offshore wind installation is
highly distinct from the noise generated during the construction phase, with low-fre-
quency specialists (e.g. baleen whales) facing higher risk (Thomsen et al. 2021).
However, further work is required to explicitly demonstrate a response to operational
noise. Increased vessel activity during construction, operation, and decommissioning
stages is also put forward as an additional stressor that may impact marine mammals,
largely due to impacts on marine mammal behaviour from both vessel presence (Con-
stantine et al. 2015) and increased anthropogenic noise. In the US acoustic thresholds
have been set that identify the level of in-air (above water) and underwater sound at
which exposed marine mammals may be affected to better predict how a marine
mammal’s hearing will respond to these stressors (National Marine Fisheries Service
2018). While it is yet to be determined if these thresholds and recommendations will
be transferable to Aotearoa New Zealand, there will need to be considerable refinement
for endemic and native species (e.g. Hector’s/Maui dolphin, NZ sea lion, NZ fur seal,
southern right whale) that likely have diverse responses to noise-related stressors.

Ecological impacts on marine mammals associated with the presence (i.e. operation)
of MRED have been discussed extensively internationally. Typically, ecological impacts
are associated with alteration of physical (both oceanographic/seafloor) habitats or eco-
logical processes that support foraging through prey aggregation (Bailey et al. 2014;
Werner et al. 2024). Some species may also have requirements for certain habitat types
for other key behaviours - e.g. resting, nursing, or breeding habitat (Weir et al. 2008;
Torres et al. 2013), and thus alteration of these habitats may result in species-specific
impacts. For example, southern right whales in New Zealand require shallow, sheltered,
near-shore habitat for breeding and nursing young during winter (Torres et al. 2013).
There is limited evidence to support long-term ecological impacts on marine
mammals due to MRED presence, although research has shown displacement for mul-
tiple years post-construction is possible (Teilmann and Carstensen 2012). In contrast,
other studies have demonstrated ecological benefits for marine mammals due to the pres-
ence of MRED (Scheidat et al. 2011; Russell et al. 2014), likely due to higher density of fish
prey species attracted to the artificial-reef type habitat of MRED (Hammar et al. 2016;
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Raoux et al. 2017; Mavraki et al. 2021). For example, Russell et al. (2014) showed that
harbour seals methodically use turbine pile locations to forage on aggregated prey at
these locations. Additional benefits for marine mammals may include shelter/reduced
disturbance from other stressors including fisheries bycatch and shipping (Scheidat
et al. 2011; Hammar et al. 2016). As per pile driving impacts, the occurrence, magnitude
and direction of ecological impacts on marine mammals will be species — and location-
specific. With their high trophic level, marine mammals are sensitive to impacts to habi-
tats, ecological processes and lower trophic levels that support populations of these top
predators (e.g. plankton, primary and secondary production). When planning surveys to
address data gaps, careful integration of data collection across each discipline/taxonomic
group is important to ensure information is available to assess the broad and complex
range of potential ecological responses to MRED development.

Despite the social importance of marine mammals in New Zealand, systematic surveys
on the abundance, distribution and status of populations have been undertaken in only a
small number of well-known locations. These include: Northland (Tezanos-Pinto et al.
2013), the Hauraki Gulf (Dwyer et al. 2016), in Maui dolphin habitat on the west
coast of the Te Ika-a-Maui North Island (Constantine et al. 2021), the Te Tauihu Marl-
borough Sounds (Merriman et al. 2009), Kaikoura (Guerra et al. 2022), Horomaka Banks
Peninsula (Brough et a., 2019), Otakou Otago (Turek et al 2013), Te Rua-o-te-moko
Fiordland (Bennington et al. 2021) and in the sub-Antarctic (Rayment et al. 2015).
Most other locations in New Zealand’s large Exclusive Economic Zone (EEZ) have a
paucity of data on marine mammals that is insufficient for undertaking an appropriate
assessment of the impacts of MRED on these taxa.

With the diversity of marine mammal fauna in Aotearoa and limited data, we have
limited understanding of how most species will respond to marine renewable installa-
tions. This is a particular concern for our large number of threatened species (Maui
and Hector’s dolphins, bottlenose dolphin, killer whale, Bryde’s whale and New
Zealand sea lion). Most populations of these threatened species have limited capacity
to absorb additional anthropogenic impacts (Baker et al. 2019) and so determining
their likely responses to MRED should be a high priority. There is also an absence of
information on the likely response of our more common coastal species (e.g. New
Zealand fur seal, dusky and common dolphins, pilot whales), and migratory/seasonally
present baleen whales. Internationally, studies on the latter group are particularly
sparce, likely due to the low density and/or seasonal occurrence of these taxa in the
areas under assessment (Thompson et al. 2010).

Marine turtles

Marine reptiles such as turtles occur at low densities in New Zealand waters, most often
being observed in northern, sub-tropical areas during the warmer months of year (Gill.
1997; Dunn et al. 2023). Of the five sea turtle species considered to occur in New Zealand
waters, two species (green turtle/ Chelonia mydas and leatherback turtle/Dermochelys cor-
iacea) - are listed as ‘migrant’ under the NZTCS. However, recent research on green
turtles has shown the presence of the species in New Zealand waters year-round, and
indicated coastal, northern waters may be important for sub-adult individuals (Godoy
et al. 2016). A foraging hotspot for leatherback turtles has also emerged in the north-
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east of the North Island, particularly in the Bay of Plenty (Dunn et al. 2023). The remain-
ing three species (loggerhead turtle/Caretta caretta, hawksbill turtle/Eretmochelys imbri-
cata, olive ridley turtle/Lepidochelys olivacea) are listed as ‘vagrant’ (Hitchmough et al,,
2013). Under the IUCN threat classification, populations of each of the sea turtle
species occurring in New Zealand waters are considered endangered (green turtle), cri-
tically endangered (leatherback, loggerhead and hawksbill turtle), and vulnerable (olive
ridley turtle), due to the impact of threats on declining populations. Threats including
plastic pollution, vessel strike and fisheries bycatch have been documented for green
turtles in New Zealand (Godoy and Stockin 2018), and high bycatch rates of leatherbacks
in pelagic fisheries in the Bay of Plenty is recognised as a key threat for that species (Dunn
et al. 2023; Siders et al. 2024).

There is a paucity of information on potential impacts of MRED upon sea turtles due
to a lack of overlap between these species and locations that have received the most exten-
sive research on the impacts of MRED (i.e. the United Kingdom and the European
Union) (Bailey et al. 2014). However, due to the similarity in habitat use with marine
mammals, the impacts of MRED on sea turtles is often considered to be comparable
(Bailey et al. 2014; Kraus et al. 2019). For example. the regular use of surface waters
makes turtles highly vulnerable to vessel strike (Hazel et al. 2006; Bailey et al. 2014),
which has been documented in New Zealand (Godoy and Stockin 2018). Thus, increasing
vessel traffic may constitute some threat to sea turtles around MRED. Additionally, the
hearing sensitivity of leatherback turtles overlaps with the acoustic characteristics of pile
driving and other anthropogenic noise sources (Dow Piniak et al. 2015). Further, logger-
head turtles have demonstrated changes in diving behaviour due to noise generated from
seismic surveys (DeRuiter et al. 2010). Thus, it is reasonable to conclude noise pollution
from pile driving during construction of MRED may have similar impacts on sea turtles
as has been documented for marine mammals.

There is currently highly limited information on the occurrence and distribution of
sea turtles outside of the north-east of the North Island and thus the overlap between
these species and potential MRED sites is unknown. While their occurrence in candidate
MRED sites is likely low, given the high threat status for sea turtles internationally, and
the impact of other threats in New Zealand (Godoy and Stockin 2018, Dunn et al. 2023),
filling gaps in information on the distribution and occurrence of turtles and potential
impacts of MREDs should be considered a priority. Integrating surveys of turtles with
other marine megafauna (e.g. marine mammals/seabirds), would provide cost effective
opportunities for filling gaps on these species.

Seabird impacts

Collision with offshore renewable infrastructure, notably from interactions with turbine
blades leading to animal injury or death, is perhaps the most high-profile of potential
effects that could impact seabirds. Internationally, there is a growing and relatively sub-
stantial body of information with which to construct collision risk models that quantify
risk on the basis of species, breeding population, age class, gender and season, and which
link estimated mortality through collision to demographic models to better understand
the magnitude of population level effects (for example, Band 2012, Lane et al. 2020,
Pollock et al. 2021, Mikami et al. 2022).
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Beyond direct collision, the offshore wind farm poses a potential behavioural barrier
to seabirds so that part, or all, of the array area would be avoided by birds, either for fora-
ging, when transiting to and from foraging areas or when migrating. Travelling further to
forage, and therefore expending more energy, by having to navigate around a wind farm
area is a potentially significant effect for adult seabirds commuting regularly from a
breeding site to foraging locations to not only maintain body condition but additionally
provision chicks. For example, Masden et al. (2010) calculated the additional energy
expenditure for a range of seabirds associated with increasing additional distance,
when foraging some distance from their breeding site. For species with relatively high
wing loading (i.e. bird body mass divided by wing area) travelling an additional 10 km
resulted in a 35% increase in energy expenditure (Dierschke et al. 2016). These
authors also found that the two species of seabird most strongly attracted to windfarms
were European shag and great cormorant, and that these species used farm infrastructure
as ‘outposts’, resting on farm structures allowing birds to exploit new foraging areas rela-
tively far offshore.

In a review of avoidance of and attraction to offshore windfarms by European sea-
birds, Dierschke et al. (2016) reported a range of responses, from strong avoidance
through to strong attraction. It is likely that a similarly wide range of responses will be
observed for seabirds in Aotearoa New Zealand. Aotearoa New Zealand supports the
most diverse seabird assemblage on Earth (Croxall et al. 2012; Forest & Bird 2014a).
Of the approximately 350 seabird species worldwide, 152 have been recorded from
within Aotearoa New Zealand’s Exclusive Economic Zone. A total of 87 species have
been recorded breeding, with nearly half (40 of 87 species, 48%) being endemic (i.e.
species that breed nowhere else). Generally, seabirds in Aotearoa New Zealand are of
high conservation concern: nearly 90% of all breeding species have been classified as
either ‘“Threatened’ or ‘At Risk’ by the NZTCS (Robertson et al. 2021). All seabird
species, with a very few exceptions, are protected by the Wildlife Act (1953).

The species composition of Aotearoa New Zealand’s seabird assemblage is notably
different to that in the northern hemisphere (Stephenson et al. 2021). In the northern
hemisphere, the seabird fauna comprises predominantly gulls, terns and auks, with rela-
tively few species of procellariiformes (the albatrosses, petrels and shearwaters) or shags/
cormorants, although it should be noted that the north Pacific region, including the
islands of the Hawaiian archipelago, supports several procellariiformes, including rela-
tively large numbers of Australasian species during the austral winter (e.g. Shaffer
et al. 2006; Rayner, Hauber, et al. 2011; Rayner, Taylor, et al. 2011; Carey et al. 2014).
In Aotearoa New Zealand procellariiforme species dominate, along with penguins and
shags. This difference in species composition has important implications when consider-
ing potential interactions and impacts of MRED. Specifically, while gulls, terns and auks
tend to be diurnally active and generally spend the hours of darkness roosting ashore (e.g.
Militao et al. 2023), many procellariiforme species are active at night (e.g. Ravache et al.
2020), which makes observing seabird activity difficult and could increase the chance of
negative interactions with turbines due to low visibility conditions at night.

While there is generally good information on where seabirds breed in Aotearoa New
Zealand (e.g. Forest & Bird 2014b), information on breeding population sizes and popu-
lation trajectories is less comprehensive. Similarly, our understanding of how seabirds
utilise marine resources, and how this varies in both space and time is reasonably
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good for some seabird species (e.g. Fischer et al. 2021; Thompson et al. 2021), but for the
majority of species, detailed information on how seabirds utilise marine habitats is
lacking. Seabirds are highly mobile and occupy relatively large, and in the case of
many procellariiforme species extremely large, ranges and have widespread distributions.
For example, Weimerskirch et al. (1994) showed that wandering albatrosses Diomedea
exulans travelled as far as 3600 km from the breeding colony when foraging, a distance
surpassed by the smaller white-headed petrel Pterodroma lessonii, which ventured as far
as 5230 km from the nest site to forage during incubation (Taylor et al. 2020). Many pro-
cellariiform seabirds have overall distributions at ocean basin scales or larger (e.g. Shaffer
et al. 2006; Rayner, Hauber, et al. 2011; Thompson et al. 2021). These attributes make
defining the use of a specific area by seabirds, and how this use varies, extremely challen-
ging. Traditionally, these challenges can be met by structured, systematic and temporally
resolved at-sea observational surveys of seabirds in an area of interest. However, con-
siderable resources are required to undertake such surveys and to date in New
Zealand these have been completed only within relatively small spatial extents (for
example, Fisher and Boren 2012; Gaskin 2017).

Finally, and importantly for any future developments of offshore windfarms in
Aotearoa New Zealand, accurate and quantitative information on the flight heights of
seabirds is required. These data are completely lacking which is critical to form part of
an assessment of collision risk between seabirds and turbine rotors and determine poten-
tial mitigation measures (e.g. radar detection auto-activated turbine shut-down; Zehtind-
jiev, and Whitfield 2022). Hence, while assessments of the impacts of offshore windfarms
on seabirds, or of the vulnerability of seabirds to offshore windfarms, have been com-
pleted for some jurisdictions (Garthe and Hippop 2004; Furness et al. 2013; Reid
et al. 2022), such a comprehensive assessment remains to be carried out for seabirds
in Aotearoa New Zealand. To make this possible considerable effort will be required
to fill present data gaps.

Despite the relative paucity of data with which to consider the potential effects of
offshore renewable infrastructure on seabirds in Aotearoa New Zealand, it is nevertheless
possible to infer, in a very general sense, how seabirds might be impacted. An in-depth
consideration of all such effects, and how these might affect seabirds, is beyond the scope
of this work and available data, but a selection of potentially impactful effects is con-
sidered here. However, it is worth reiterating that transposing information from else-
where and applying that information within a local context is unlikely to produce
realistic estimates of collision risk. This would be particularly the case for procellariforme
taxa, all of which are active to some extent during the hours of darkness and the majority
of which will likely vary their flight characteristics in response to weather conditions,
notably wind speed.

Should MRED proceed in Aotearoa New Zealand, monitoring of seabird collisions
once turbines become operational poses several challenges. Physical recovery of collision
victims is impractical, but elsewhere camera technology has been used to assess the
occurrence of collisions within the wind turbine array (Tjernlev et al. 2023), and
within-blade sensor technology could prove useful in characterising collisions (Clocker
et al. 2021).

Offshore renewable technology infrastructure could result in several positive out-
comes for seabirds. As noted above, artificial reef effects of hard infrastructure could
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increase species richness and abundance of potential seabird prey. Where the MRED
development acts as a marine reserve, with minimal or zero extraction of marine
resources from within the turbine area, enhanced levels of seabird prey abundance
might extend throughout the wind turbine array more generally, and not just in associ-
ation with individual turbines. This could potentially represent a predictable (i.e. fixed in
space) and enhanced food supply for those seabird species able to take advantage of such
resources. The near-field physical disturbances can also affect seabird foraging behaviour
as it changes circulation patterns in the water wake of a turbine (Lieber et al. 2019).
Additionally, renewable technology infrastructure could be utilised by seabirds as
resting and roosting platforms. For species such as shags, which are relatively poor
flyers but accomplished divers (Watanabe et al. 2011), the provision of physical struc-
tures would allow shags to rest and dry feathers (shags do not have water-repellent
plumage typical of other seabirds) when at sea between foraging bouts, effectively extend-
ing foraging trips and the likelihood of capturing more prey items before having to return
to nest sites or roost sites ashore. Dierschke et al. (2016) reported two species of cormor-
ant as being highly attracted to European windfarms, using farm infrastructure as ‘out-
posts’, allowing birds to exploit new foraging areas relatively far offshore.

Future perspectives
MRED positives and opportunities

There are likely many positive outcomes from MRED development discussed in the pre-
vious sections, over and above carbon emissions mitigation, most of which revolve
around exclusion of other activities (Carter et al. 2014) and the insertion of new hard sub-
strate structures into the marine environment. In particular, positive effects have been
recorded for commercial and recreational fisheries (Watson et al. 2024; Werner et al.
2024).

As initial offshore wind developments take place there is a significant opportunity to
enhance these positive aspects with MRED structures and configurations designed to
meet conservation needs (Werner et al. 2024). As New Zealand uptake of MRED is rela-
tively late compared to other countries, we can leverage research and tested method-
ologies used elsewhere for all stages of the MRED lifecycle. For example, opportunities
will evolve from wind-based MRED for development of tidal and wave energy extraction
initiatives (e.g. Majdi Nasab et al. 2021). The technology exists for these alternate sources
and could become economically viable if wind enables sufficient development of marine
operations (Wilberforce et al. 2019). These approaches have overlapping and unique
impacts relative to offshore wind (Copping et al. 2020). This would have the benefit of
accessing a more diverse array of energies in terms of resource timing as well as providing
opportunities for co-location (Weiss et al. 2018).

In addition, during the MRED scoping and impact assessment process, the collection
of marine data in data-poor regions will also have wider benefits. Much of Aotearoa’s
oftshore shallow continental shelf water column and benthic systems are under-
studied and under-sampled (Gordon et al. 2010; Rowden et al. 2012; Stevens et al.
2021). Here we have maintained a primary focus on the Taranaki region identified by
MBIE (2022) as there is more known about the region than the other targeted areas.



18 (&) R HALEETAL

This is despite the proximity of the west Waikato coastal zone to the major urban centre
of Tamaki Makaurau Auckland, and despite the significant energy-using aluminium
refinery in Bluff just to the north of the Te Ara a Kiwa Foveaux Strait area (Figure 1).
Of course, due to commercial sensitivities these new data will potentially not be
openly disseminated.

As an example of data paucity, soft-sediment habitats, which typically have diverse
associated biotic assemblages (Rowden et al. 2012), are suitable for offshore renewable
infrastructure development but are typically poorly documented in Aotearoa New
Zealand. While offshore infrastructure surveys in the South Taranaki Bight have added
to current knowledge of soft sediment habitats (e.g. Anderson et al. 2015; Beaumont
et al. 2015), information on shallower sedimentary environments within the Horizons
coastal marine area is still sparse (Hale et al. 2021). As such, pre-infrastructure establish-
ment environmental impact assessment surveys and subsequent monitoring for effects
can provide key additional information in the currently understudied regions of the
New Zealand EEZ proposed for MRED. Additionally, with the use of renewable technol-
ogy infrastructure by seabirds as resting and roosting platforms, valuable observations of
species movements and abundance could also be taken.

Vulnerabilities and knowledge gaps

There is clearly a wide-ranging lack of data for almost all relevant metrics in Aotearoa
New Zealand compared to, for example, Europe or the USA. As well as a small
economy, the energetic marine environment makes for difficult surveying conditions.
Traditional vessel-based, aerial and acoustic survey platforms are challenged by ocean
and weather conditions and thus future data collection may include emerging new tech-
nologies (i.e. autonomous marine and aerial vehicles) to collect baseline data and regu-
larly monitor and manage impacts of MRED both temporally and spatially on impacted
habitats and vulnerable species.

Lifetime perspectives of MRED activities should take into account marine sediment
habitat ecosystem services and the impacts of MRED development and operation on
these are not well characterised (De Borger et al. 2021; Watson et al. 2024) A recent stock-
take of New Zealand organic carbon stocks in marine sediments shows an uneven distri-
bution of these stocks across Aotearoa New Zealand, with the current planned regions for
development having a relatively low organic carbon content (only a few percent) com-
pared to other regions (Nodder et al. 2023). The disturbance of such sediment reposi-
tories, however, has the potential to release remineralised carbon back into the water
column, with possible implications for carbon emissions (Atwood et al. 2024). Overall
effects may be location and context specific. Despite the initial disturbance, potential
increased productivity as a result of the MRED presence could be a net positive for
benthic organic carbon accumulation (De Borger et al. 2021), or in-water structures
may break down stratification, reduce nutrient upwelling, and decrease pelagic pro-
ductivity in some areas, particularly downstream (e.g. Dorrell et al. 2022).

The various knowledge gaps compound uncertainty for holistic approaches such as
Ecosystem Based Management which provides an understanding of the non-linear inter-
actions between all aspects of the system. For example, reduction in fishing activity
observed around offshore windfarms in locations overseas provides opportunities for
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co-location of other commercial developments (Watson et al. 2024) or marine protected
areas (Dunkley and Solandt 2022). Alternatively, increased spacing between turbines or
structures (> 1 nm) which allows fishing in-between can allow fisheries to take advantage
of increased fish biomass within MRED zones (Drew et al. 2024).

The cumulative effects of MRED on the marine environment should be considered
alongside concurrent effects of climate change during infrastructure planning stages
and take into account all life stages of the project. Specific and comprehensive assessment
of the risks to marine ecosystems and processes at proposed offshore infrastructure
installation sites will be vital to ensure that the offshore energy sector is environmentally
sustainable (Galparsoro et al. 2022) now and in the future. Following the establishment of
an array of MRED, the progressive development of further offshore energy production
types with expansion into deeper areas and further offshore will require subsequent
assessment as greater development in this offshore region increases space-user inter-
actions (Galparsoro et al. 2022), cumulative effects (Gusatu et al. 2021) and impacts
on additional processes (Dorrell et al. 2022).

Standardised monitoring protocols for all renewable near - and off-shore infrastruc-
ture incorporating suitable metrics with respect to the benthos and benthic communities
will enable identification of changes to habitat quality, community composition and eco-
system function or service provision (Wilding et al. 2017). Monitoring recommendations
for known and new non-indigenous species incursions will require cost-effective surveil-
lance which may require validation and operation of passive monitoring technologies
including autonomous video capture or environmental DNA monitoring technologies
(Tait et al. 2018; von Ammon et al. 2018; Dahlgren et al. 2023).

To ensure that offshore renewable developments do not adversely impact cultural
values, it is crucial to identify taonga (treasured) species of interest to local iwi and
hapi, as well as the habitats of particular significance for these species. It is also impor-
tant to identify and avoid traditional fishing grounds, wahi tapt (sacred sites) and access
points to these places to ensure local iwi and hapt can still take part in their cultural prac-
tices. In the Aotearoa context, there is an opportunity for MRED to create environmental
monitoring programmes that use Maori monitoring methods and indicators alongside
western scientific ones (e.g. Moller et al. 2004; Crow et al. 2020). This will enable con-
sideration of environmental impacts through a holistic whole-of-socio-environment lens.

Te Tiriti implications

There is a growing body of literature that discusses Maori and indigenous rights in
relation to ownership and equitable transitions to renewable energy (e.g. Berka et al.
2020). The New Zealand Climate Change Commission states that for an equitable tran-
sition to a low emissions future for Maori, Maori should be enabled to participate in
decision-making and provided with support to build capability in the renewable
energy space (He Pou a Rangi, 2021). However, little investigation has been done on
Maori perspectives of the environmental implications of MRED. It is important to recog-
nise the need to refer to the tikanga (laws, customs) of the local people, as ideas and prac-
tices differ from one tribal region to the other (Mead 2003). Iwi and hapii environmental
plans and cultural impact assessments are two types of sources that can provide some
clarity about local Maori perspectives in absence of formal relationships.
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Iwi and hapi environmental management plans (IEMPs) are developed by hapt or iwi
to identify environmental kaupapa (agendas, issues) of significance and details around
how they expect to engage in environmental planning and decision-making processes.
These IEMPs can vary in style, content, spatial and temporal specificity — and can
include outcomes sought, concerns, issues, objectives, methods and/or policies in
relation to various environmental kaupapa. The plans are lodged with local and regional
councils to be primarily used as planning documents considered during consent pro-
cesses and where activities may impact the relevant iwi/hapt rohe (area, territory).

For example, in regard to coastal environmental impacts of offshore development, a
cultural impact assessment of an aquaculture proposal in the Foveaux Strait identified
a number of adverse effects beyond the usual issues to avoid (Tipa 2020). These included
kai (food) species, loss of habitats for taonga species, loss of wahi tapii (restricted sites)
and wahi taonga (treasured sites). Development and examination of Iwi and hapa
environmental management and cultural impact assessment plans does not replace
direct engagement with the relevant iwi/hapl to obtain their input - but it does
include useful background information to inform future strategies and discussions
with iwi and hapat.

Closing thoughts

It is clear that mitigation of greenhouse gas emissions needs to be a central pillar of every
national response to the global climate emergency and so expanding the use of renewable
energy resources is a natural and sensible consequence. Environmental impacts in the
context of the changing climate face a challenge in that the baseline against which (accep-
table) impact is measured is, in some instances, shifting with the climate. The challenge is
exacerbated in that the shifting baseline is not due to the singular activity in question, but
to all human contributions to carbon emissions. It is certain that having accessible and
interpretable data and associated understanding will be central to making informed
decisions in the marine space. Development of MRED in Aotearoa New Zealand poses
some unique challenges around incorporation of te a0 Maori and Te Tiriti principles,
protection of key taonga, endemic, and vulnerable species, particularly seabirds and
marine mammals, that migrate through and utilise the coastal regions, and understand-
ing the underlying biogeophysical changes that could occur with this activity. Under-
standing and mitigating negative effects will be essential for an equitable and
sustainable development of Aotearoa New Zealand’s marine renewable energy sector,
while the positive effects of MREDs present new opportunities for enhancement of the
potential benefits to society.

Acknowledgements

The authors acknowledge Kelly May, Mike Williams, Alison MacDiarmid and Joshu Mountjoy (all
NIWA) for their assistance in discussions on the topic.

Disclosure statement

No potential conflict of interest was reported by the author(s).



JOURNAL OF THE ROYAL SOCIETY OF NEW ZEALAND . 21

Funding

This synthesis was supported by the NIWA SSIF Marine Platform funded by MBIE and a range of
preceding projects looking at the viability of sustainable development of Aotearoa’s marine
domain.

ORCID

Rachel Hale © http://orcid.org/0000-0001-5079-5954
David Thompson 2 http://orcid.org/0000-0003-0635-5876
Tom Brough © http://orcid.org/0000-0003-1835-0490
Louise Kregting © http://orcid.org/0000-0001-7217-0146
Melanie Hayden © http://orcid.org/0000-0002-1249-500X
Darren Parsons ‘2 http://orcid.org/0000-0002-4030-512X
Scott D. Nodder © http://orcid.org/0000-0002-1963-8907
Jennifer Beaumont © http://orcid.org/0000-0003-0488-9858
Owen Anderson (© http://orcid.org/0000-0002-2475-9375
Craig Stevens (© http://orcid.org/0000-0002-4730-6985

References

Abramic A, Cordero-Penin V, Haroun R. 2022. Environmental impact assessment framework for
offshore wind energy developments based on the marine Good Environmental Status.
Environmental Impact Assessment Review. 97. doi:10.1016/j.eiar.2022.106862.

Adams TP, Miller RG, Aleynik D, Burrows MT. 2014. Offshore marine renewable energy devices
as stepping stones across biogeographical boundaries. Journal of Applied Ecology. 51:330-338.
doi:10.1111/1365-2664.12207.

Anderson TJ, MacDiarmid A, Stewart R. 2015. Benthic habitats, macrobenthos and surficial sedi-
ments of the nearshore South Taranaki Bight. NIWA Client Report NEL2013-012, prepared for
Trans-Tasman Resources Ltd. [accessed 2024 Jan 7]:[46p]. https://policycommons.net/artifacts/
5397510/benthic-habitats-macrobenthos-and-surficial-sediments-of-the-nearshore-south-
taranaki-bight/6162928/. CID: 20.500.12592/j05qv8.

Andersson M, Ohman M. 2010. Fish and sessile assemblages associated with wind turbine con-
structions in the Baltic Sea. Marine and Freshwater Research. 61:642-650. doi:10.1071/
MF09117.

Atwood TB, Romanou A, DeVries T, Lerner PE, Mayorga JS, Bradley D, Cabral RB, Schmidt GA,
Sala E. 2024. Atmospheric CO2 emissions and ocean acidification from bottom-trawling.
Frontiers in Marine Science. 10:fmars.2023.1125137. doi:10.3389/fmars.2023.1125137.

Bailey H, Brookes KL, Thompson PM. 2014. Assessing environmental impacts of offshore wind
farms: lessons learned and recommendations for the future. Aquatic Biosystems. 10(1):8.
doi:10.1186/2046-9063-10-8.

Bailey H, Senior B, Simmons D, Rusin J, Picken G, Thompson PM. 2010. Assessing underwater
noise levels during pile-driving at an offshore windfarm and its potential effects on marine
mammals. Marine Pollution Bulletin. 60(6):888-897. doi:10.1016/j.marpolbul.2010.01.003.

Baker CS, Boren L], Childerhouse S, Constantine R, Van Helden A, Lundquist D, Rayment W,
Rolfe JR. 2019. Conservation status of New Zealand marine mammals, 2019. Wellington:
Publishing Team, Department of Conservation.

Band B. 2012. Using a collision risk model to assess bird collision risks for offshore windfarms.
Report prepared for the Strategic Ornithological Support Services, UK. [accessed 2024
Jan 9]. https://www.bto.org/sites/default/files/u28/downloads/Projects/Final_Report_SOSS02_
Band1ModelGuidance.pdf.

Bargh M. 2014. A blue economy for Aotearoa New Zealand? Environmental Development and
Sustainability. 16:459-470. doi:10.1007/s10668-013-9487-4.


http://orcid.org/0000-0001-5079-5954
http://orcid.org/0000-0003-0635-5876
http://orcid.org/0000-0003-1835-0490
http://orcid.org/0000-0001-7217-0146
http://orcid.org/0000-0002-1249-500X
http://orcid.org/0000-0002-4030-512X
http://orcid.org/0000-0002-1963-8907
http://orcid.org/0000-0003-0488-9858
http://orcid.org/0000-0002-2475-9375
http://orcid.org/0000-0002-4730-6985
https://doi.org/10.1016/j.eiar.2022.106862
https://doi.org/10.1111/1365-2664.12207
https://policycommons.net/artifacts/5397510/benthic-habitats-macrobenthos-and-surficial-sediments-of-the-nearshore-south-taranaki-bight/6162928/
https://policycommons.net/artifacts/5397510/benthic-habitats-macrobenthos-and-surficial-sediments-of-the-nearshore-south-taranaki-bight/6162928/
https://policycommons.net/artifacts/5397510/benthic-habitats-macrobenthos-and-surficial-sediments-of-the-nearshore-south-taranaki-bight/6162928/
https://doi.org/10.1071/MF09117
https://doi.org/10.1071/MF09117
https://doi.org/10.3389/fmars.2023.1125137
https://doi.org/10.1186/2046-9063-10-8
https://doi.org/10.1016/j.marpolbul.2010.01.003
https://www.bto.org/sites/default/files/u28/downloads/Projects/Final_Report_SOSS02_Band1ModelGuidance.pdf
https://www.bto.org/sites/default/files/u28/downloads/Projects/Final_Report_SOSS02_Band1ModelGuidance.pdf
https://doi.org/10.1007/s10668-013-9487-4

22 (&) R.HALEETAL.

Barlow DR, Torres LG, Hodge KB, Steel D, Baker CS, Chandler TE, Bott N, Constantine R, Double
MG, Gill P, et al. 2018. Documentation of a New Zealand blue whale population based on mul-
tiple lines of evidence. Endangered Species Research. 36:27-40. doi:10.3354/esr00891.

Baulaz Y, Mouchet M, Niquil N, Ben Rais Lasram F. 2023. An integrated conceptual model to
characterize the effects of offshore wind farms on ecosystem services. Ecosystem Services.
60:101513. doi:10.1016/j.ecoser.2023.101513.

Beaumont J, Anderson TJ, MacDiarmid A. 2015. Benthic flora and fauna of the Patea Shoals
region, South Taranaki Bight. NIWA Client Report WLG2012-55, prepared for Trans-
Tasman Resources Ltd. p. 200.

Bennington S, Rayment W, Currey R, Oldridge L, Henderson S, Guerra M, Brough T, Johnston D,
Corne C, Johnson D, et al. 2021. Long-term stability in core habitat of an endangered popu-
lation of bottlenose dolphins (Tursiops truncatus): implications for spatial management.
Aquatic Conservation: Marine and Freshwater Ecosystems. 31(3):665-676. doi:10.1002/aqc.
3460.

Bergstrom L, Kautsky L, Malm T, Rosenberg R, Wahlberg M, Astrand Capetillo N, Wilhelmsson
D. 2014. Effects of offshore wind farms on marine wildlife—a generalized impact assessment.
Environmental Research Letters. 9:034012. doi:10.1088/1748-9326/9/3/034012.

Berka AL, MacArthur JL, Gonnelli C. 2020. Explaining inclusivity in energy transitions: local and
community energy in Aotearoa New Zealand. Environmental Innovation and Societal
Transitions. 34:165-182. doi:10.1016/j.eist.2020.01.006.

Blackwell SB, Lawson JW, Williams MT. 2004. Tolerance by ringed seals (Phoca hispida) to impact
pipe-driving and construction sounds at an oil production island. Journal of the Acoustical
Society of America. 115(5 Pt 1):2346-2357. doi:10.1121/1.1701899.

Bostock H, Jenkins C, Mackay K, Carter L, Nodder S, Orpin A, Palletin A, Wysoczanski R. 2019.
Distribution of surficial sediments in the ocean around New Zealand/Aotearoa. Part B: conti-
nental shelf. New Zealand Journal of Geology and Geophysics. 62(1):24-45. doi:10.1080/
00288306.2018.1523199.

Bowman MJ, Kibblewhite AC, Murtagh RA, Chiswell SM, Sanderson BG. 1983. Circulation and
mixing in greater Cook Strait, New Zealand. Oceanologica Acta. 6(4):383-391.

Bradford JM, Chapman B. 1988. Nyctiphanes australis (Euphausiacea) and an upwelling plume in
western Cook Strait, New Zealand. New Zealand Journal of Marine and Freshwater Research. 22
(2):237-247. d0i:10.1080/00288330.1988.9516296.

Bradford-Grieve JM, Murdoch RC, Chapman BE. 1993. Composition of macrozooplankton
assemblages associated with the formation and decay of pulses within an upwelling plume in
greater Cook Strait, New Zealand. New Zealand Journal of Marine and Freshwater Research.
27(1):1-22. doi:10.1080/00288330.1993.9516541.

Branch TA, Matsuoka K, Miyashita T. 2004. Evidence for increases in Antarctic Blue Whales baed
on bayesian modelling. Marine Mammal Science. 20:726-754. doi:10.1111/j.1748-7692.2004.
tb01190.x.

Brandt M, Diederichs A, Betke K, Matuschek R, Nehls G. 2011. Responses of harbour porpoises to
pile driving at the Horns Rev II offshore wind farm in the Danish North Sea. Marine Ecology
Progress Series. 421:205-216. doi:10.3354/meps08888.

Bray L, Kassis D, Hall-Spencer JM. 2017. Assessing larval connectivity for marine spatial planning
in the Adriatic. Marine Environmental Research. 125:73-81. doi:10.1016/j.marenvres.2017.01.
006.

Brough T, Rayment W, Slooten E, Dawson S. 2019. Fine scale distribution for a population of New
Zealand’s only endemic dolphin (Cephalorhynchus hectori) shows long-term stability of coastal
hotspots. Marine Mammal Science. 35(1):140-163. doi:10.1111/mms.12528.

Busch M, Gee K, Burkhard B, Lange M, Stelljes N. 2011. Conceptualizing the link between marine
ecosystem services and human well-being: the case of offshore wind farming. International
Journal of Biodiversity Science, Ecosystem Services & Management. 7(3):190-203. doi:10.
1080/21513732.2011.618465.


https://doi.org/10.3354/esr00891
https://doi.org/10.1016/j.ecoser.2023.101513
https://doi.org/10.1002/aqc.3460
https://doi.org/10.1002/aqc.3460
https://doi.org/10.1088/1748-9326/9/3/034012
https://doi.org/10.1016/j.eist.2020.01.006
https://doi.org/10.1121/1.1701899
https://doi.org/10.1080/00288306.2018.1523199
https://doi.org/10.1080/00288306.2018.1523199
https://doi.org/10.1080/00288330.1988.9516296
https://doi.org/10.1080/00288330.1993.9516541
https://doi.org/10.1111/j.1748-7692.2004.tb01190.x
https://doi.org/10.1111/j.1748-7692.2004.tb01190.x
https://doi.org/10.3354/meps08888
https://doi.org/10.1016/j.marenvres.2017.01.006
https://doi.org/10.1016/j.marenvres.2017.01.006
https://doi.org/10.1111/mms.12528
https://doi.org/10.1080/21513732.2011.618465
https://doi.org/10.1080/21513732.2011.618465

JOURNAL OF THE ROYAL SOCIETY OF NEW ZEALAND . 23

Buyse J, Hostens K, Degraer S, De Troch M, Wittoeck J, De Backer A. 2023. Increased food avail-
ability at offshore wind farms affects trophic ecology of plaice Pleuronectes platessa. Science of
The Total Environment. 862:160730. doi:10.1016/j.scitotenv.2022.160730.

Carey M]J, Phillips RA, Silk JRD, Shaffer SA. 2014. Trans-equatorial migration of short-tailed
shearwaters revealed by geolocators. Emu. 114:352-359. doi:10.1071/MU13115.

Carstensen J, Henriksen OD, Teilmann ]. 2006. Impacts of offshore wind farm construction on
harbour porpoises: Acoustic monitoring of echolocation activity using porpoise detectors (T-
PODs). Marine Ecology-Progress Series. 321:295-308. doi:10.3354/meps321295.

Carter L, Burnett D, Davenport T. 2014. The relationship between submarine cables and the
marine environment. In: Burnett DR, Beckman R, Davenport TM, editors. Submarine cables.
Brill|Nijhoff; p. 179-212.

Chiswell SM, Stevens C. 2010. Lagrangian and Eulerian estimates of circulation in the lee of Kapiti
Island, New Zealand. Continental Shelf Research. 30:515-532. doi:10.1016/j.csr.2010.01.004.
Chiswell SM, Zeldis JR, Hadfield MG, Pinkerton MH. 2017. Wind-driven upwelling and surface
chlorophyll blooms in Greater Cook Strait. NewZealand Journal of Marine and Freshwater

Research. 51(4):465-489. doi:10.1080/00288330.2016.1260606.

Christensen PB, Glud RN, Dalsgaard T, Gillespie P. 2003. Impacts of longline mussel farming on
oxygen and nitrogen dynamics and biological communities of coastal sediments. Aquaculture.
218(1-4):567-588. doi:10.1016/S0044-8486(02)00587-2.

Christiansen N, Daewel U, Djath B, Schrum C. 2022. Emergence of large-scale hydrodynamic
structures due to atmospheric offshore wind farm wakes. Frontiers in Marine Science.
9:818501. doi:10.3389/fmars.2022.818501.

Clark MR, Rouse HL, Lamarche G, Ellis JI, Hickey CW. 2017. Preparation of environmental
impact assessments: general guidelines for offshore mining and drilling with particular refer-
ence to New Zealand. NIWA Science and Technology Series. 81:103.

Clark S, Schroeder F, Baschek B. 2014. The influence of large offshore wind farms on the North Sea
and Baltic Sea - a comprehensive literature review. Published by Helmholtz-Zentrum
Geesthacht, Zentrum fir Material- und Kiistenforschung GmbH, Geesthacht, Germany.
HZG REPORT 2014-6. ISSN 2191-7833. 42p.

Clocker K, Hu C, Roadman J, Albertani R, Johnston ML. 2021. Autonomous sensor system for
wind turbine blade collision detection. IEEE Sensors Journal. 22:11382-11392. doi:10.1109/
JSEN.2021.3081533.

Coates DA, Deschutter Y, Vincx M, Vanaverbeke J. 2014. Enrichment and shifts in macrobenthic
assemblages in an offshore wind farm area in the Belgian part of the North Sea. Marine
Environmental Research. 95:1-12. doi:10.1016/j.marenvres.2013.12.008.

Coates DA, van Hoey G, Colson L, Vincx M, Vanaverbeke J. 2015. Rapid macrobenthic recovery
after dredging activities in an offshore wind farm in the Belgian part of the North Sea.
Hydrobiologia. 756:3-18. doi:10.1007/s10750-014-2103-2.

Constantine R, Johnson M, Riekkola L, Jervis S, Kozmian-Ledward L, Dennis T, Torres LG, de
Soto NA. 2015. Mitigation of vessel-strike mortality of endangered Bryde’s whales in the
Hauraki Gulf, New Zealand. Biological Conservation. 186:149-157. doi:10.1016/j.biocon.
2015.03.008.

Constantine R, Steel D, Carroll E, Hamner R, Hansen C, Hickman G, Hillock K, Ogle M, Tukua P,
Baker C. 2021. Estimating the abundance and effective population size of Maui dolphins
(Cephalorhynchus hectori maui) in 2020-2021 using microsatellite genotypes, with retrospective
matching to 2001.

Coolen JW, Lengkeek W, Degraer S, Kerckhof F, Kirkwood R]J, Lindeboom H]J. 2016. Distribution
of the invasive Caprella mutica Schurin, 1935 and native Caprella linearis (Linnaeus, 1767) on
artificial hard substrates in the North Sea: separation by habitat. Aquatic Invasions. 11(4):437-
449. doi:10.3391/ai.2016.11.4.08.

Copping AE, Hemery LG, Overhus DM, Garavelli L, Freeman MC, Whiting JM, Gorton AM, Farr
HK, Rose DJ, Tugade LG. 2020. Potential environmental effects of marine renewable energy
development—the state of the science. Journal of Marine Science and Engineering. 8(11):879.
doi:10.3390/jmse8110879.


https://doi.org/10.1016/j.scitotenv.2022.160730
https://doi.org/10.1071/MU13115
https://doi.org/10.3354/meps321295
https://doi.org/10.1016/j.csr.2010.01.004
https://doi.org/10.1080/00288330.2016.1260606
https://doi.org/10.1016/S0044-8486(02)00587-2
https://doi.org/10.3389/fmars.2022.818501
https://doi.org/10.1109/JSEN.2021.3081533
https://doi.org/10.1109/JSEN.2021.3081533
https://doi.org/10.1016/j.marenvres.2013.12.008
https://doi.org/10.1007/s10750-014-2103-2
https://doi.org/10.1016/j.biocon.2015.03.008
https://doi.org/10.1016/j.biocon.2015.03.008
https://doi.org/10.3391/ai.2016.11.4.08
https://doi.org/10.3390/jmse8110879

24 (&) R.HALEETAL.

Cram F, Prendergast TA, Taupo K, Phillips H, Parsons M. 2008. Traditional knowledge and
decision making: Maori involvement in aquaculture and biotechnology. Proceedings of the
Traditional Knowledge Conference 2008 - te tatau pounamu: the Greenstone Door.
Traditional Knowledge and Gateways to Balanced Relationships. Nga Pae o Te Maramatanga
New Zealand’s Maori Centre of Research Excellence. Auckland, New Zealand. p. 147-157.

Crow SK, Tipa GT, Nelson KD, Whitehead AL. 2020. Incorporating Maori values into land man-
agement decision tools. New Zealand Journal of Marine and Freshwater Research. 54(3):431-
448. doi:10.1080/00288330.2020.1772322.

Croxall JP, Butchart SHM, Lascelles B, Stattersfield AJ, Sullivan B, Symes A, Taylor P. 2012.
Seabird conservation status, threats and priority actions: a global assessment. Bird
Conservation International. 22:1-34. doi:10.1017/50959270912000020.

Cummings V], Beaumont J, Mobilia V, Bell JJ, Tracey D, Clark MR, Barr N. 2020. Responses of a
common New Zealand coastal sponge to elevated suspended sediments: indications of resili-
ence. Marine Environmental Research. 155:article no. 104886. doi:10.1016/j.marenvres.2020.
10488e6.

Daewel U, Akhtar N, Christiansen N, Schrum C. 2022. Offshore wind farms are projected to
impact primary production and bottom water deoxygenation in the North Sea.
Communications Earth & Environment. 3(1):292. do0i:10.1038/s43247-022-00625-0.

Dahlgren TG, Hestetun JT, Ray J. 2023. The use of eDNA to monitor pelagic fish in offshore
floating wind farms. In: Kappel ES, Cullen V, Costello MJ, Galgani L, Gordé-Vilaseca C,
Govindarajan A, Kouhi S, Lavin C, McCartin L, Miiller JD, Pirenne B, Tanhua T, Zhao Q,
Zhao S., editors. Frontiers in ocean observing: emerging technologies for understanding and
managing a changing ocean. Oceanography 36(Supplement 1):94-95. doi:10.5670/oceanog.
2023.51.30.

Dannheim J, et al. 2019. Benthic effects of offshore renewables: identification of knowledge gaps
and urgently needed research. ICES Journal of Marine Science. 77:1092-1108. doi:10.1093/
icesjms/fsz018.

David JA. 2006. Likely sensitivity of bottlenose dolphins to pile-driving noise. Water and
Environment Journal. 20(1):48-54. doi:10.1111/j.1747-6593.2005.00023.x.

De Borger E, Ivanov E, Capet A, Braeckman U, Vanaverbeke ], Grégoire M, Soetaert K. 2021.
Offshore windfarm footprint of sediment organic matter mineralization processes. Frontiers
in Marine Science. 8(8):632243. doi:10.3389/fmars.2021.632243.

Degraer S, Carey D, Coolen ], Hutchison Z, Kerckhof F, Rumes B, Vanaverbeke J. 2020. Offshore
wind farm artificial reefs affect ecosystem structure and functioning: a synthesis. Oceanography.
33:48-57. doi:10.5670/0ceanog.2020.405.

De Mesel I, Kerckhof F, Norro A, Rumes B, Degraer S. 2015. Succession and seasonal dynamics of
the epifauna community on offshore wind farm foundations and their role as stepping stones
for non-indigenous species. Hydrobiologia. 756:37-50. doi:10.1007/s10750-014-2157-1.

Dernie KM, Kaiser MJ, Warwick RM. 2003. Recovery rates of benthic communities following
physical disturbance. Journal of Animal Ecology. 72:1043-1056. doi:10.1046/j.1365-2656.
2003.00775.x.

Deruiter S, Kamel L. 2010. Loggerhead turtles dive in response to airgun sound exposure. The
Journal of the Acoustical Society of America. 127:1726. d0i:10.1121/1.3383431.

Dierschke V, Furness RW, Garthe S. 2016. Seabirds and offshore wind farms in European waters:
avoidance and attraction. Biological Conservation. 202:59-68. doi:10.1016/j.biocon.2016.08.
01e.

Di Lorenzo M, Guidetti P, Di Franco A, Calo A, Claudet J. 2020. Assessing spillover from marine
protected areas and its drivers: a meta-analytical approach. Fish and Fisheries. 21:906-915.
doi:10.1111/faf.12469.

Dorrell RM, Lloyd CJ, Lincoln B]J, Rippeth TP, Taylor JR, Caulfield CCP, Sharples J, Polton JA,
Scannell BD, Greaves DM, Hall RA. 2022. Anthropogenic mixing in seasonally stratified shelf
seas by offshore wind farm infrastructure. Frontiers in Marine Science. 9:124. doi:10.3389/
fmars.2022.830927.


https://doi.org/10.1080/00288330.2020.1772322
https://doi.org/10.1017/S0959270912000020
https://doi.org/10.1016/j.marenvres.2020.104886
https://doi.org/10.1016/j.marenvres.2020.104886
https://doi.org/10.1038/s43247-022-00625-0
https://doi.org/10.5670/oceanog.2023.s1.30
https://doi.org/10.5670/oceanog.2023.s1.30
https://doi.org/10.1093/icesjms/fsz018
https://doi.org/10.1093/icesjms/fsz018
https://doi.org/10.1111/j.1747-6593.2005.00023.x
https://doi.org/10.3389/fmars.2021.632243
https://doi.org/10.5670/oceanog.2020.405
https://doi.org/10.1007/s10750-014-2157-1
https://doi.org/10.1046/j.1365-2656.2003.00775.x
https://doi.org/10.1046/j.1365-2656.2003.00775.x
https://doi.org/10.1121/1.3383431
https://doi.org/10.1016/j.biocon.2016.08.016
https://doi.org/10.1016/j.biocon.2016.08.016
https://doi.org/10.1111/faf.12469
https://doi.org/10.3389/fmars.2022.830927
https://doi.org/10.3389/fmars.2022.830927

JOURNAL OF THE ROYAL SOCIETY OF NEW ZEALAND . 25

Dow Piniak W, Eckert S, Harms C, Stringer E. 2015. Underwater hearing sensitivity of the leather-
back sea turtle (Dermochelys coriacea): assessing the potential effect of anthropogenic noise..
Herndon, VA: US. Dept. of the Interior, Bureau of Ocean Energy Management,
Headquarters. OCS Study BOEM 2012-01156. p. 35.

Drew S, Wolterding M, Rawson A, Drew J. 2024. Spatial analysis of fishing tows with Automatic
Identification System (AIS) data to inform offshore wind layouts. Marine and Coastal Fisheries:
Dynamics, Management, and Ecosystem Science. 16:¢10279. doi:10.1002/mcf2.10279.

Dunkley F, Solandt J-L. 2022. Windfarms, fishing and benthic recovery: overlaps, risks and oppor-
tunities. Marine Policy. 145:105262. doi:10.1016/j.marpol.2022.105262.

Dunn M, Finucci B, Pinkerton M, Sutton P, Duffy C. 2023. Increased captures of the critically
endangered leatherback turtle (Dermochelys coriacea) around New Zealand: the contribution
of warming seas and fisher behavior. Frontiers in Marine Science. 10:fmars.2023.1170632.
doi:10.3389/fmars.2023.1170632.

Durie M. 1998. Te Mana, Te Kawanatanga: the politics of Maori self-determination. Auckland:
Oxford University Press.

Dwyer SL, Clement DM, Pawley MDM, Stockin KA. 2016. Distribution and relative density of
cetaceans in the Hauraki Gulf, New Zealand. New Zealand Journal of Marine and Freshwater
Research. 50(3):457-480. doi:10.1080/00288330.2016.1160942.

Edrén SMC, Andersen SM, Teilmann ], Carstensen J, Harders PB, Dietz R, Miller LA. 2010. The
effect of a large Danish offshore wind farm on harbor and gray seal haul-out behavior. Marine
Mammal Science. 26(3):614-634.

Ferns P, Rostron D, Siman H. 2000. Effects of mechanical cockle harvesting on intertidal commu-
nities. Journal of Applied Ecology. 37:464-474. doi:10.1046/j.1365-2664.2000.00509.x.

Fischer JH, Debski I, Spitz DB, Taylor GA, Wittmer HU. 2021. Year-round offshore distribution,
behaviour, and overlap with commercial fisheries of a critically endangered small petrel. Marine
Ecology Progress Series. 660:171-187. doi:10.3354/meps13586.

Fisher PR, Boren L]. 2012. New Zealand king shag (Leucocarbo carunculatus) foraging distribution
and use of mussel farms in Admiralty Bay, Marlborough Sounds. Notornis. 59:105-115.

Floeter J, an Beusekom JE, Auch D, Callies U, Carpenter J, Dudeck T, Eberle S, Eckhardt A, Gloe
D, Hanselmann K, Hufnagl M. 2017. Pelagic effects of offshore wind farm foundations in the
stratified North Sea. Progress in Oceanography. 156:154-173. doi:10.1016/j.pocean.2017.07.003.

Forest & Bird. 2014a. New Zealand seabirds: important bird areas and conservation. Wellington,
New Zealand: The Royal Forest & Bird Protection Society of New Zealand. p. 72.

Forest & Bird. 2014b. New Zealand seabirds: sites at sea, seaward extensions, pelagic areas.
Wellington, New Zealand: The Royal Forest & Bird Protection Society of New Zealand. p. 91.

Funnell G, et al. 2023. Conservation status of indigenous marine invertebrates in Aotearoa New
Zealand, 2021, New Zealand Threat Classification Series 40, Department of Conservation,
Wellington, NZ. p.42.

Furness RW, Wade HM, Masden EA. 2013. Assessing vulnerability of marine bird populations to
offshore wind farms. Journal of Environmental Management. 119:56-66. doi:10.1016/j.
jenvman.2013.01.025.

Galparsoro I, Menchaca I, Garmendia JM, Borja A, Maldonado AD, Iglesias G, Bald J. 2022.
Reviewing the ecological impacts of offshore wind farms. Ocean Sustainability. 1:1. doi:10.
1038/s44183-022-00003-5.

Garthe S, Hiippop O. 2004. Scaling possible adverse effects of marine wind farms on seabirds:
developing and applying a vulnerability index. Journal of Applied Ecology. 41:724-734.
doi:10.1111/§.0021-8901.2004.00918.x.

Garven P, Nepia M, Ashwell H. 1997. Te whakatau kaupapa o Murihiku: Ngai Tahu resource man-
agement strategy for the Southland Region. Compiled from information in M. Goodall (Ed.) Kai
Tahu whanau whanui. Wellington, NZ: Aoraki Press with the Southland Regional Council and
Kai Tahu Ranaka o Murihiku. Publ. Aoraki Press with the Southland Regional Council & Kai
Tahu Runaka o Murihiku.


https://doi.org/10.1002/mcf2.10279
https://doi.org/10.1016/j.marpol.2022.105262
https://doi.org/10.3389/fmars.2023.1170632
https://doi.org/10.1080/00288330.2016.1160942
https://doi.org/10.1046/j.1365-2664.2000.00509.x
https://doi.org/10.3354/meps13586
https://doi.org/10.1016/j.pocean.2017.07.003
https://doi.org/10.1016/j.jenvman.2013.01.025
https://doi.org/10.1016/j.jenvman.2013.01.025
https://doi.org/10.1038/s44183-022-00003-5
https://doi.org/10.1038/s44183-022-00003-5
https://doi.org/10.1111/j.0021-8901.2004.00918.x

26 (&) R.HALEETAL.

Gaskin C. 2017. Procellariiformes associating with shoaling fish schools - northern New Zealand.
Report prepared by the Northern Seabird Trust for the Department of Conservation. http://
www.doc.govt.nz/our-work/conservation-services-programme;/.

Gee K, Burkhard B. 2010. Cultural ecosystem services in the context of offshore wind farming: a
case study from the west coast of Schleswig-Holstein. Ecological Complexity. 7(3):349-358.
doi:10.1016/j.ecocom.2010.02.008.

Gibbs NJ, Dunlop RA, Gibbs EJ, Heberley JA, Olavarria C. 2018. The potential beginning of a post-
whaling recovery in New Zealand humpback whales (Megaptera novaeangliae). Marine
Mammal Science. 34:499-513. doi:10.1111/mms.12468.

Gill BJ. 1997. Records of turtles and sea snakes in New Zealand, 1837-1996. New Zealand Journal
of Marine and Freshwater Research. 31(4):477-486. doi:10.1080/00288330.1997.9516781.

Glasby TM, Connell SD. 2001. Orientation and position of substrata have large effects on epibiotic
assemblages. Marine Ecology Progress Series. 214:127-135. doi:10.3354/meps214127.

Godoy D, Smith A, Limpus C, Stockin K. 2016. The spatio-temporal distribution and population
structure of green turtles (Chelonia mydas) in New Zealand. New Zealand Journal of Marine
and Freshwater Research. 50:1-17. doi:10.1080/00288330.2016.1182034.

Godoy D, Stockin K. 2018. Anthropogenic impacts on green turtles Chelonia mydas in New
Zealand. Endangered Species Research. 37:1-9. doi:10.3354/esr00908.

Gordon DP, Beaumont J, Robertson DA, Ahyong ST. 2010. Marine biodiversity of Aotearoa New
Zealand. PLoS One. 5(8):e10905. doi:10.1371/journal.pone.0010905.

Grossman GD, Jones GP, Seaman Jr WJ. 1997. Do artificial reefs increase regional fish production?
A review of existing data. Fisheries. 22(4):17-23. doi:10.1577/1548-8446(1997)022<0017:
DARIRF>2.0.CO:;2.

Guerra M, Dawson SM, Somerford TR, Slooten E, Rayment WJ. 2022. Fine-scale habitat use of
foraging sperm whales is driven by seafloor topography and water column structure. Marine
Mammal Science. 38(2):626-652. d0i:10.1111/mms.12881.

Gusatu LF,, Menegon S, Depellegrin D, Zuidema C, Faaij A, Yamu C. 2021. Spatial and temporal
analysis of cumulative environmental effects of offshore wind farms in the North Sea basin.
Scientific Reports. 11:10125. doi:10.1038/s41598-021-89537-1.

Hale R, Godbold JA, Sciberras M, Dwight ], Wood C, Hiddink JG, Solan M. 2017. Mediation of
macronutrients and carbon by post-disturbance shelf sea sediment communities.
Biogeochemistry. 135:121-133. doi:10.1007/s10533-017-0350-9.

Hale R, Wadhwa S, Anderson T, Anderson A, Hupman K, Stephenson F, Lundquist C, Schnabel K,
Neill K. 2021. Seafloor habitats and fish, invertebrate and marine mammal diversity in the
Horizons Region coastal marine area. NIWA Client Report 2021069NE, prepared for
Horizons Regional Council. p. 171.

Halouani G, et al. 2020. A spatial food web model to investigate potential spillover effects of a
fishery closure in an offshore wind farm. Journal of Marine Systems. 212:103434. doi:10.
1016/j.jmarsys.2020.103434.

Hammar L, Perry D, Gullstrom M. 2016. Offshore wind power for marine conservation. Open
Journal of Marine Science. 6:66-78. doi:10.4236/0jms.2016.61007.

Hatami R, Inglis G, Lane SE, Growcott A, Kluza D, Lubarsky C, Jones-Todd C, Seaward K,
Robinson AP. 2022. Modelling the likelihood of entry of marine non-indigenous species
from internationally arriving vessels to maritime ports: a case study using New Zealand data.
NeoBiota. 72:183-203. doi:10.3897/neobiota.72.77266.

Hauraki Trust Board. 1999. Hauraki customary indicators report. Report prepared for the
Ministry for the Environment by the Hauraki Maori Trust Board. Wellington,, NZ: Ministry
for the Environment.

Hazel J, Gyuris E. 2006. Vessel-related mortality of sea turtles in Queensland, Australia. Wildlife
Research. 33(2):149-154. doi:10.1071/WR04097.

He Pou a Rangi. 2021. Chapter 19 Aronga Kaupapa - Te Whakawhiti hei oranga mé te Iwi Maori -
Policy direction for an equitable transition for Iwi/Maori. In: Carr R, Tumahai L, editors. Inaia
tonu nei: a low emissions future for Aotearoa - Advice to the New Zealand Government on its


http://www.doc.govt.nz/our-work/conservation-services-programme/
http://www.doc.govt.nz/our-work/conservation-services-programme/
https://doi.org/10.1016/j.ecocom.2010.02.008
https://doi.org/10.1111/mms.12468
https://doi.org/10.1080/00288330.1997.9516781
https://doi.org/10.3354/meps214127
https://doi.org/10.1080/00288330.2016.1182034
https://doi.org/10.3354/esr00908
https://doi.org/10.1371/journal.pone.0010905
https://doi.org/10.1577/1548-8446(1997)022%3C0017:DARIRF%3E2.0.CO;2
https://doi.org/10.1577/1548-8446(1997)022%3C0017:DARIRF%3E2.0.CO;2
https://doi.org/10.1111/mms.12881
https://doi.org/10.1038/s41598-021-89537-1
https://doi.org/10.1007/s10533-017-0350-9
https://doi.org/10.1016/j.jmarsys.2020.103434
https://doi.org/10.1016/j.jmarsys.2020.103434
https://doi.org/10.4236/ojms.2016.61007
https://doi.org/10.3897/neobiota.72.77266
https://doi.org/10.1071/WR04097

JOURNAL OF THE ROYAL SOCIETY OF NEW ZEALAND . 27

first three emissions budgets and direction for its emissions reduction plan 2022-2025.
Wellington, NZ: He Pou a Rangi the Climate Change Commission; p. 418.

Herbert-Read JE, et al. 2022. A global horizon scan of issues impacting marine and coastal biodi-
versity conservation. Nature Ecology and Evolution. 6:1262-1270. doi:10.1038/s41559-022-
01812-0.

Hermans A, Winter HV, Gill AB, Murk AJ. 2024. Do electromagnetic fields from subsea power
cables effect benthic elasmobranch behaviour? A risk-based approach for the Dutch
Continental Shelf. Environmental Pollution. 346. doi:10.1016/j.envpol.2024.123570.

Hitchmough R, Anderson P, Barr B, Monks J, Lettink M, Reardon ], Tocher M, Whitaker T. 2013.
Conservation status of New Zealand reptiles, 2012. New Zealand Threat Classification Series
2. New Zealand Threat Classification Series. 2.

Horwath S, Hassrick J, Grismala R, Diller E, Krebs J, Manhard R. 2021. Comparison of environ-
mental effects from different offshore wind turbine foundations. Sterling, VA: U.S. Dept. of the
Interior, Bureau of Ocean Energy Management, Headquarters. OCS Study BOEM 2021-053.
p- 48.

Hughes AR, Mann DA, Kimbro DL. 2014. Predatory fish sounds can alter crab foraging behaviour
and influence bivalve abundance. Proceedings of the Royal Society B: Biological Sciences.
281:20140715. doi:10.1098/rspb.2014.0715.

Hutchison Z, Sigray P, He H, Gill AB, King J, Gibson C. 2018. Electromagnetic field (EMF)
impacts on Elasmobranch (shark, rays, and skates) and American Lobster movement and
migration from direct current cables. Vol. 3. Sterling, VA: US Department of the Interior,
Bureau of Ocean Energy Management. OCS Study BOEM. p. 2018

Hutchison ZL, Secor DH, Gill AB. 2020. The interaction between resource species and electromag-
netic fields associated with electricity production by offshore wind farms. Oceanography. 33
(4):96-107. doi:10.5670/0ceanog.2020.409.

IPCC. 2022. Climate change 2022: mitigation of climate change. In: P.R. Shukla, J. Skea, R. Slade,
A. Al Khourdajie, R. van Diemen, D. McCollum, M. Pathak, S. Some, P. Vyas, R. Fradera, M.
Belkacemi, A. Hasija, G. Lisboa, S. Luz, ]. Malley, editor. Contribution of working group iii to
the sixth assessment report of the intergovernmental panel on climate change. Cambridge, UK
and New York, NY, USA: Cambridge University Press.

Jouffray Jean-Baptiste, Blasiak Robert, Norstrém Albert V, Osterblom Henrik, Nystrém Magnus.
2020. The Blue Acceleration: The Trajectory of Human Expansion into the Ocean. One Earth. 2
(1):43-54. doi:10.1016/j.oneear.2019.12.016.

Kaiser MJ. 1998. Significance of bottom-fishing disturbance. Conservation Biology. 12:1230-1235.
doi:10.1046/j.1523-1739.1998.0120061230.x.

Kaldellis JK, Apostolou D. 2017. Life cycle energy and carbon footprint of offshore wind energy.
Comparison with onshore counterpart. Renewable Energy. 108:72-84. doi:10.1016/j.renene.
2017.02.039.

Kerckhof F, De Mesel I, Degraer S. 2016. Do wind farms favour introduced hard substrata species?
In: Degraer S, Brabant R, Rumes B. L. V, editor. Environmental impacts of offshore wind farms
in the Belgian part of the North Sea: environmental impact monitoring reloaded. Brussels,
Belgium: Royal Belgian Institute of Natural Sciences, OD Natural Environment, Marine
Ecology and Management Section; p. 61-75.

Kerr S, Colton J, Johnson K, Wright G. 2015. Rights and ownership in sea country: implications of
marine renewable energy for indigenous and local communities. Marine Policy. 52:108-115.
doi:10.1016/j.marpol.2014.11.002.

Kowalewski J, Patrick P, Christie A. 1993. Effect of acoustic energy on the zebra mussel (Dreissena
polymorpha). In: Zebra Mussels, editor. Biology, impacts, and control. Boca Raton, FL: Lewis
Publishers; p. 657-666.

Kraus S, Kenney R, Thomas L. 2019. A framework for studying the effects of offshore wind devel-
opment on marine mammals and turtles. Report by Anderson Cabot Center for Ocean Life.
Report for Massachusetts Clean Energy Center (MassCEC). p. 48.


https://doi.org/10.1038/s41559-022-01812-0
https://doi.org/10.1038/s41559-022-01812-0
https://doi.org/10.1016/j.envpol.2024.123570
https://doi.org/10.1098/rspb.2014.0715
https://doi.org/10.5670/oceanog.2020.409
https://doi.org/10.1016/j.oneear.2019.12.016
https://doi.org/10.1046/j.1523-1739.1998.0120061230.x
https://doi.org/10.1016/j.renene.2017.02.039
https://doi.org/10.1016/j.renene.2017.02.039
https://doi.org/10.1016/j.marpol.2014.11.002

28 (&) R.HALEETAL.

Lam-Gordillo O, Lohrer AM, Hewitt J, Dittmann S. 2023. NZTD - the New Zealand Trait Database
for shallow-water marine benthic invertebrates. Science Data. 10:502. d0i:10.1038/s41597-023-
02414-6.

Lane JV, Jeavons R, Deakin Z, Sherley RB, Pollock CJ, Wanless R], Hamer KC. 2020. Vulnerability
of northern gannets to offshore wind farms; seasonal and sex-specific collision risk and demo-
graphic consequences. Marine Environmental Research. 162:105196. doi:10.1016/j.marenvres.
2020.105196.

Langhamer O. 2012. Artificial reef effect in relation to offshore renewable energy conversion: state
of the art. The Scientific World Journal. 1:386713. doi:10.1100/2012/386713.

Lefaible N, Braeckman U, Degraer S, Vanaverbeke J, Moens T. 2023. A wind of change for soft-
sediment infauna within operational offshore windfarms. Marine Environmental Research.
188:106009. doi:10.1016/j.marenvres.2023.106009.

Lemasson A]J, et al. 2022. Evidence for the effects of decommissioning man-made structures on
marine ecosystems globally: a systematic map. Environmental Evidence. 11:35. doi:10.1186/
s13750-022-00285-9.

Leunissen EM, Rayment WJ, Dawson SM. 2019. Impact of pile-driving on Hector’s dolphin in
Lyttelton Harbour, New Zealand. Marine Pollution Bulletin. 142:31-42. doi:10.1016/j.
marpolbul.2019.03.017.

Li C, Coolen JWP, Scherer L, Mogollén JM, Braeckman U, Vanaverbeke J, Tukker A, Steubing B.
2023. Offshore wind energy and marine biodiversity in the North Sea: life cycle impact assess-
ment for benthic communities. Environmental Science & Technology. 57:6455-6464. doi:10.
1021/acs.est.2c07797.

Lieber L, Nimmo-Smith WAM, Waggitt JJ, Kregting L. 2019. Localised anthropogenic wake gen-
erates a predictable foraging hotspot for top predators. Communications Biology. 2(1):1-8.
doi:10.1038/542003-019-0364-z.

Lindeboom HJ, et al. 2011. Short-term ecological effects of an offshore wind farm in the Dutch
coastal zone; a compilation. Environmental Research Letters. 6:035101. doi:10.1088/1748-
9326/6/3/035101.

MacArthur J, Matthewman S. 2018. Populist resistance and alternative transitions: Indigenous
ownership of energy infrastructure in Aotearoa New Zealand. Energy Research and Social
Science. 43:16-24. doi:10.1016/j.erss.2018.05.009.

Macpherson E, Banwell ], Makgill R, Paul A. 2021. ‘Trans-Tasman Resources v Taranaki-
Whanganui Conservation Board’[2021] NZSC 127: a new” high-water mark” for seabed
mining. New Zealand Journal of Environmental Law. 25:277-291.

Madsen PT, Wahlberg M, Tougaard J, Lucke K, Tyack P. 2006. Wind turbine underwater noise
and marine mammals: implications of current knowledge and data needs. Marine Ecology
Progress Series. 15(309):279-295. doi:10.3354/meps309279.

Majdi Nasab N, Kilby ], Bakhtiaryfard L. 2021. Case study of a hybrid wind and tidal turbines
system with a microgrid for power supply to a remote off-grid community in New Zealand.
Energies. 14(12):3636. d0i:10.3390/en14123636.

Masden EA, Haydon DT, Fox AD, Furness RW. 2010. Barriers to movement: modelling energetic
costs of avoiding marine wind farms amongst breeding seabirds. Marine Pollution Bulletin.
60:1085-1091. doi:10.1016/j.marpolbul.2010.01.016.

Mavraki N, Degraer S, Vanaverbeke J. 2021. Offshore wind farms and the attraction-production
hypothesis: insights from a combination of stomach content and stable isotope analyses.
Hydrobiologia. 848(7):1639-1657. d0i:10.1007/s10750-021-04553-6.

MBIE. 2022. Enabling investment in offshore renewable energy: discussion document. [accessed
2023 May 7]. https://www.mbie.govt.nz/have-your-say/enabling-investment-in-offshore-
renewable-energy/. ISBN 978-1-99-106904-7.

MBIE. 2023. Energy in New Zealand 2022. Ministry of Business, Innovation and Employment.
https://www.mbie.govt.nz/building-and-energy/energy-and-natural-resources/energy-
statistics-and-modelling/energy-publications-and-technical-papers/energy-in-new-zealand/
energy-in-new-zealand-2023/.


https://doi.org/10.1038/s41597-023-02414-6
https://doi.org/10.1038/s41597-023-02414-6
https://doi.org/10.1016/j.marenvres.2020.105196
https://doi.org/10.1016/j.marenvres.2020.105196
https://doi.org/10.1100/2012/386713
https://doi.org/10.1016/j.marenvres.2023.106009
https://doi.org/10.1186/s13750-022-00285-9
https://doi.org/10.1186/s13750-022-00285-9
https://doi.org/10.1016/j.marpolbul.2019.03.017
https://doi.org/10.1016/j.marpolbul.2019.03.017
https://doi.org/10.1021/acs.est.2c07797
https://doi.org/10.1021/acs.est.2c07797
https://doi.org/10.1038/s42003-019-0364-z
https://doi.org/10.1088/1748-9326/6/3/035101
https://doi.org/10.1088/1748-9326/6/3/035101
https://doi.org/10.1016/j.erss.2018.05.009
https://doi.org/10.3354/meps309279
https://doi.org/10.3390/en14123636
https://doi.org/10.1016/j.marpolbul.2010.01.016
https://doi.org/10.1007/s10750-021-04553-6
https://www.mbie.govt.nz/have-your-say/enabling-investment-in-offshore-renewable-energy/
https://www.mbie.govt.nz/have-your-say/enabling-investment-in-offshore-renewable-energy/
https://www.mbie.govt.nz/building-and-energy/energy-and-natural-resources/energy-statistics-and-modelling/energy-publications-and-technical-papers/energy-in-new-zealand/energy-in-new-zealand-2023/
https://www.mbie.govt.nz/building-and-energy/energy-and-natural-resources/energy-statistics-and-modelling/energy-publications-and-technical-papers/energy-in-new-zealand/energy-in-new-zealand-2023/
https://www.mbie.govt.nz/building-and-energy/energy-and-natural-resources/energy-statistics-and-modelling/energy-publications-and-technical-papers/energy-in-new-zealand/energy-in-new-zealand-2023/

JOURNAL OF THE ROYAL SOCIETY OF NEW ZEALAND . 29

McMorland J, Collu M, McMillan D, Carroll J. 2022. Operation and maintenance for floating wind
turbines: a review. Renewable and Sustainable Energy Reviews. 163:112499. doi:10.1016/j.rser.
2022.112499.

Mead HM. 2003. Tikanga Maori: living by Maori values. Wellington, NZ: Huia Publishing and Te
Wananga o Awanuiarangi.

Merriman MG, Markowitz T, Harlin-Cognato A, Stockin K. 2009. Bottlenose Dolphin (Tursiops
truncatus) abundance, site fidelity, and group dynamics in the Marlborough Sounds, New
Zealand. Aquatic Mammals. 35:511-522. doi:10.1578/AM.35.4.2009.511.

Michel P. 2021. Amendment to the New Zealand Threat Classification System manual 2008:
revised categories 2021. Wellington: Department of Conservation. p. 5.

Mikami K, Kazama K, Kazama MT, Watanuki Y. 2022. Mapping the collision risk between two
gull species and offshore wind turbines: modelling and validation. Journal of Environmental
Management. 316:115220. doi:10.1016/j.jenvman.2022.115220.

Militao T, Kiirten N, Bouwhuis S. 2023. Sex-specific foraging behaviour in a long-lived seabird.
Marine Biology. 170:132. doi:10.1007/s00227-023-04280-7.

Miller RG, Hutchison ZL, Macleod AK, Burrows MT, Cook EJ, Last KS, Wilson B. 2013. Marine
renewable energy development: assessing the benthic footprint at multiple scales. Frontiers in
Ecology and the Environment. 11(8):433-440. do0i:10.1890/120089.

Moller H, Berkes F, Lyver PO, Kislalioglu M. 2004. Combining science and traditional ecological
knowledge: monitoring populations for co-management. Ecology and Society. 9(3). doi:10.
5751/ES-00675-090302.

Mooney TA, Andersson MH, Stanley J. 2020. Acoustic impacts of offshore wind energy on fishery
resources: an evolving source and varied effects across a wind farm’s lifetime. Oceanography. 33
(4):82-95. d0i:10.5670/0ceanog.2020.408.

Mortensen LO, Chudzinska ME, Slabbekoorn H, Thomsen F. 2021. Agent-based models to
investigate sound impact on marine animals: bridging the gap between effects on
individual behaviour and population level consequences. Oikos. 130(7):1074-1086. doi:10.
1111/0ik.08078.

Mosher J. 1972. The responses of Macoma balthica (Bivalvia) to vibrations. Journal of Molluscan
Studies. 40:125-131.

Nall CR, Schlappy ML, Guerin AJ. 2017. Characterisation of the biofouling community on a
floating wave energy device. Biofouling. 33:379-396. doi:10.1080/08927014.2017.1317755.

National Marine Fisheries Service. 2018. 2018 Revisions to: technical guidance for assessing the
effects of anthropogenic sound on marine mammal hearing (Version 2.0): underwaterthres-
holds for onset of permanent and temporary threshold shifts. U.S. Dept. of Commer.,
NOAA. NOAA Technical Memorandum NMFS-OPR-59. p. 167.

New Zealand Government. 2022. Wildlife Act 1953, Version as at 6 May 2022.

New Zealand Government. 2023a. Resource Management Act 1991, Version as at 24 August 2023.

New Zealand Government. 2023b. Exclusive Economic Zone and Continental Shelf
(Environmental Effects) Act 2012, Version as at 23 December 2023.

Nodder S, Watson S, Davidson S, Frontin-Rollet G, Woelz S. 2023. Organic carbon stocks and
potential vulnerability in marine sediments around Aotearoa New Zealand. NIWA Client
Report No. 2023162WN. Prepared for Parliamentary Commissioner for the Environment
June 2023.

Nowacek DP, Thorne LH, Johnston DW, Tyack PL. 2007. Responses of cetaceans to anthropo-
genic noise. Mammal Review. 37(2):81-115. doi:10.1111/j.1365-2907.2007.00104.x.

Qijorden 1. 2016. Influence of offshore wind farms on primary production in the North Sea
[master thesis in Energy]. University of Bergen. p. 104.

Paskyabi MB. 2015. Offshore wind farm wake effect on stratification and coastal upwelling. Energy
Procedia. 80:131-140. doi:10.1016/j.egypro.2015.11.415.

Petersen JK, Malm T. 2006. Offshore windmill farms: threats to or possibilities for the marine
environment. Ambio. 35:75-80. doi:10.1579/0044-7447(2006)35[75:O0WFTTO]2.0.CO;2.

Pine MK, Jefts AG, Radford CA. 2014. Turbine sound may influence the metamorphosis behaviour
of estuarine crab megalopae. PLoS One. 7(12):e51790. doi:10.1371/journal.pone.0051790.


https://doi.org/10.1016/j.rser.2022.112499
https://doi.org/10.1016/j.rser.2022.112499
https://doi.org/10.1578/AM.35.4.2009.511
https://doi.org/10.1016/j.jenvman.2022.115220
https://doi.org/10.1007/s00227-023-04280-7
https://doi.org/10.1890/120089
https://doi.org/10.5751/ES-00675-090302
https://doi.org/10.5751/ES-00675-090302
https://doi.org/10.5670/oceanog.2020.408
https://doi.org/10.1111/oik.08078
https://doi.org/10.1111/oik.08078
https://doi.org/10.1080/08927014.2017.1317755
https://doi.org/10.1111/j.1365-2907.2007.00104.x
https://doi.org/10.1016/j.egypro.2015.11.415
https://doi.org/10.1579/0044-7447(2006)35[75:OWFTTO]2.0.CO;2
https://doi.org/10.1371/journal.pone.0051790

30 (&) R.HALEETAL.

Plew DR, Stevens CL. 2013. Numerical modelling of the effect of turbines on currents in a tidal
channel-Tory Channel, New Zealand. Renewable Energy. 57:269-282. doi:10.1016/j.renene.
2013.02.001.

Plew DR, Stevens CL, Spigel RH, Hartstein ND. 2005. Hydrodynamic implications of large
oftshore mussel farms. IEEE Journal of Oceanic Engineering. 30(1):95-108. doi:10.1109/JOE.
2004.841387.

Pollock CJ, Lane JV, Buckingham L, Garthe S, Jeavons R, Furness RW, Hamer KC. 2021. Risks to
different populations and age classes of gannets from impacts of offshore wind farms in the
southern North Sea. Marine Environmental Research. 171:105457. doi:10.1016/j.marenvres.
2021.105457.

Popper AN, Haxel J, Staines G, Guan S, Nedelec SL, Roberts L, Deng ZD. 2023. Marine energy
converters: potential acoustic effects on fishes and aquatic invertebrates. Journal of the
Acoustic Society of America. 154(1):518-532. doi:10.1121/10.0020150.

Pratt DR, Lohrer AM, Pilditch CA, Thrush SF. 2014. Changes in ecosystem function across sedi-
mentary gradients in estuaries. Ecosystems. 17:182-194. doi:10.1007/s10021-013-9716-6.

Prickett N. 2002. The archaeology of New Zealand shore whaling. Wellington: Department of
Conservation. p. 14.

Raghukumar K, Nelson T, Jacox M, et al. 2023. Projected cross-shore changes in upwelling
induced by offshore wind farm development along the California coast. Communications
Earth & Environment. 4:116. doi:10.1038/543247-023-00780-y.

Raoux A, Dambacher JM, Pezy J-P, Mazé C, Dauvin J-C, Niquil N. 2018. Assessing cumulative
socio-ecological impacts of offshore wind farm development in the Bay of Seine (English
Channel). Marine Policy. 89:11-20. doi:10.1016/j.marpol.2017.12.007.

Raoux A, Tecchio S, Pezy JP, Lassalle G, Degraer S, Wilhelmsson D, Cachera M, Ernande B, Le
Guen C, Haraldsson M, Grangeré K. 2017. Benthic and fish aggregation inside an offshore
wind farm: which effects on the trophic web functioning? Ecological Indicators. 72:33-46.
doi:10.1016/j.ecolind.2016.07.037.

Ravache A, Bourgeois K, Thibault M, Dromzée S, Weimerskirch H, de Grissac S, Prudor A,
Lorrain A, Menkes C, Allain V, et al. 2020. Flying to the moon: lunar cycle influences trip dur-
ation and nocturnal foraging behavior of the wedge-tailed shearwater Ardenna pacifica. Journal
of Experimental Marine Biology and Ecology. 525:151322. doi:10.1016/j.jembe.2020.151322.

Rayment W, Dawson S, Webster T. 2015. Breeding status affects fine-scale habitat selection of
southern right whales on their wintering grounds. Journal of Biogeography. 42(3):463-474.
doi:10.1111/jbi.12443.

Rayner M]J, Hauber ME, Steeves TE, Lawrence HA, Thompson DR, Sagar PM, Bury SJ, Landers TJ,
Phillips RA, Ranjard L, Shaffer SA. 2011. Contemporary and historical separation of transequa-
torial migration between two genetically-distinct seabird populations. Nature Communications.
2:1-7. doi:10.1038/ncomms1330.

Rayner M]J, Taylor GA, Thompson DR, Torres LG, Sagar PM, Shaffer SA. 2011. Migration and
diving activity in three non-breeding flesh-footed shearwaters Puffinus carneipes. Journal of
Avian Biology. 42:266-270. doi:10.1111/j.1600-048X.2010.05238.x.

Reid K, Baker GB, Woehler E. 2022. Impacts on birds from offshore wind farms in Australia.
Australia: Department of Climate Change, Energy, the Environment and Water.

Richardson WJ, Greene CR, Malme CI, Thomson DH. 1995. Marine mammals and noise. San
Diego: Academic Press.

Roach M, Cohen M, Forster R, Revill AS, Johnson M. 2018. The effects of temporary exclusion of
activity due to wind farm construction on a lobster (Homarus gammarus) fishery suggests a
potential management approach. ICES Journal of Marine Science. 75:1416-1426. doi:10.
1093/icesjms/fsy006.

Roberts L, Cheesman S, Elliott M, Breithaupt T. 2016. Sensitivity of Pagurus bernhardus (L.) to
substrate-borne vibration and anthropogenic noise. Journal of Experimental Marine Biology
and Ecology. 474:185-194. do0i:10.1016/j.jembe.2015.09.014.


https://doi.org/10.1016/j.renene.2013.02.001
https://doi.org/10.1016/j.renene.2013.02.001
https://doi.org/10.1109/JOE.2004.841387
https://doi.org/10.1109/JOE.2004.841387
https://doi.org/10.1016/j.marenvres.2021.105457
https://doi.org/10.1016/j.marenvres.2021.105457
https://doi.org/10.1121/10.0020150
https://doi.org/10.1007/s10021-013-9716-6
https://doi.org/10.1038/s43247-023-00780-y
https://doi.org/10.1016/j.marpol.2017.12.007
https://doi.org/10.1016/j.ecolind.2016.07.037
https://doi.org/10.1016/j.jembe.2020.151322
https://doi.org/10.1111/jbi.12443
https://doi.org/10.1038/ncomms1330
https://doi.org/10.1111/j.1600-048X.2010.05238.x
https://doi.org/10.1093/icesjms/fsy006
https://doi.org/10.1093/icesjms/fsy006
https://doi.org/10.1016/j.jembe.2015.09.014

JOURNAL OF THE ROYAL SOCIETY OF NEW ZEALAND . 31

Roberts L, Elliott M. 2017. Good or bad vibrations? Impacts of anthropogenic vibration on the
marine epibenthos. Science of the Total Environment. 595:255-268. doi:10.1016/j.scitotenv.
2017.03.117.

Robertson HA, Baird KA, Elliott GP, Hitchmough RA, McArthur NJ, Makan TD, Miskelly CM,
O’Donnell CFJ, Sagar PM, Scofield RP, et al. 2021. Conservation status of birds in Aotearoa
New Zealand, 2021. New Zealand threat classification series, 36. Wellington: Department of
Conservation.

Rowden AA, et al. 2012. A review of the marine soft-sediment assemblages of New Zealand: New
Zealand Aquatic Environment and Biodiversity Report No 96.

Russell DJ, Brasseur SM, Thompson D, Hastie GD, Janik VM, Aarts G, McClintock BT,
Matthiopoulos J, Moss SE, McConnell B. 2014. Marine mammals trace anthropogenic struc-
tures at sea. Current Biology. 24(14):R638-R639. d0i:10.1016/j.cub.2014.06.033.

Scheidat M, Tougaard J, Brasseur S, Carstensen ], van Polanen Petel T, Teilmann J, Reijnders P.
2011. Harbour porpoises (Phocoena phocoena) and wind farms: a case study in the Dutch
North Sea. Environmental Research Letters. 6(2):025102. doi:10.1088/1748-9326/6/2/025102.

Schuchert P, Kregting L, Pritchard D, Savidge G, Elséfler B. 2018. Using coupled hydrodynamic
biogeochemical models to predict the effects of tidal turbine arrays on phytoplankton dynamics.
Journal of Marine Science and Engineering. 6(2):58. doi:10.3390/jmse6020058.

Scott K, Harsanyi P, Lyndon AR. 2018. Understanding the effects of electromagnetic field emis-
sions from Marine Renewable Energy Devices (MREDs) on the commercially important
edible crab, Cancer pagurus (L.). Marine Pollution Bulletin. 131:580-588. do0i:10.1016/j.
marpolbul.2018.04.062.

Shaffer SA, Tremblay Y, Weimerskirch H, Scott D, Thompson DR, Sagar PM, Moller H, Taylor
GA, Foley DG, Block BA, Costa DP. 2006. Migratory shearwaters integrate oceanic resources
across the Pacific Ocean in an endless summer. Proceedings of the National Academy of
Sciences. 103:12799-12802. doi:10.1073/pnas.0603715103.

Siders ZA, Murray C, Puloka C, Harley S, Duffy C, Long CA, Ahrens RNM, Jones TT. 2024.
Potential of dynamic ocean management strategies for western Pacific leatherback sea turtle
bycatch mitigation in New Zealand. Frontiers in Marine Science. 11:1342475. doi:10.3389/
fmars.2024.1342475.

Slavik K, Lemmen C, Zhang W, Kerimoglu O, Klingbeil K, Wirtz K. 2019. The large scale impact of
offshore windfarm structures on pelagic primary production in the southern North Sea.
Hydrobiologia. 845:35-53. d0i:10.1007/s10750-018-3653-5.

Solan M, Hauton C, Godbold JA, Wood CL, Leighton TG, White P. 2016. Anthropogenic sources
of underwater sound can modify how sediment-dwelling invertebrates mediate ecosystem prop-
erties. Scientific Reports. 6:20540. doi:10.1038/srep20540.

Southall BL, Bowles AE, Ellison WT, Finneran JJ, Gentry RL, Greene Jr CR, Kastak D, Ketten DR,
Miller JH, Nachtigall PE. 2009. Marine mammal noise exposure criteria: Initial scientific rec-
ommendations. The Journal of the Acoustical Society of America. 125(4_Supplement):2517-
2517. doi:10.1121/1.4783461.

Sparling C, Lonergan M, McConnell B. 2018. Harbour seals (Phoca vitulina) around an oper-
ational tidal turbine in Strangford Narrows: no barrier effect but small changes in transit behav-
iour. Aquatic Conservation: Marine and Freshwater Ecosystems. 28:194-192. doi:10.1002/aqc.
2790.

Stelzenmiiller V, Gimpel A, Haslob H, Letschert J, Berkenhagen J, Briining S. 2021. Sustainable co-
location solutions for offshore wind farms and fisheries need to account for socio-ecological
trade-offs. Science of the Total Environment. 776:145918. doi:10.1016/j.scitotenv.2021.145918.

Stephenson F, et al. 2023. An atlas of seabed biodiversity for Aotearoa New Zealand. Earth System
Science Data. 15:3931-3939. doi:10.5194/essd-15-3931-2023.

Stevens C.. 2024. Marine Renewable Energy Research and Development in New Zealand in the
Pre-Offshore Wind Era. N.Z. Science Review. 79. https://doi.org/10.26686/nzsr.v79.8251.

Stevens C, Plew D, Hartstein N, Fredriksson D. 2008. The physics of open-water shellfish aquacul-
ture. Aquacultural Engineering. 38(3):145-160. doi:10.1016/j.aquaeng.2008.01.006.


https://doi.org/10.1016/j.scitotenv.2017.03.117
https://doi.org/10.1016/j.scitotenv.2017.03.117
https://doi.org/10.1016/j.cub.2014.06.033
https://doi.org/10.1088/1748-9326/6/2/025102
https://doi.org/10.3390/jmse6020058
https://doi.org/10.1016/j.marpolbul.2018.04.062
https://doi.org/10.1016/j.marpolbul.2018.04.062
https://doi.org/10.1073/pnas.0603715103
https://doi.org/10.3389/fmars.2024.1342475
https://doi.org/10.3389/fmars.2024.1342475
https://doi.org/10.1007/s10750-018-3653-5
https://doi.org/10.1038/srep20540
https://doi.org/10.1121/1.4783461
https://doi.org/10.1002/aqc.2790
https://doi.org/10.1002/aqc.2790
https://doi.org/10.1016/j.scitotenv.2021.145918
https://doi.org/10.5194/essd-15-3931-2023
https://doi.org/10.26686/nzsr.v79.8251
https://doi.org/10.1016/j.aquaeng.2008.01.006

32 (&) R.HALEETAL.

Stevens CL, O’Callaghan JM, Chiswell SM, Hadfield MG. 2021. Physical oceanography of New
Zealand/Aotearoa shelf seas-a review. New Zealand Journal of Marine and Freshwater
Research. 55(1):6-45. doi:10.1080/00288330.2019.1588746.

Tait L, Inglis G, Seaward K. 2018. Enhancing passive sampling tools for detecting marine bioinva-
sions. Marine Pollution Bulletin. 128:41-50. doi:10.1016/j.marpolbul.2018.01.015.

Taylor GA, Elliott GP, Walker KJ, Bose S. 2020. Year-round distribution, breeding cycle, and
activity of white-headed petrels (Pterodroma lessonii) nesting on Adams Island, Auckland
Islands. Notornis. 67:369-386.

Teilmann J, Carstensen J. 2012. Negative long term effects on harbour porpoises from a large scale
oftshore wind farm in the Baltic—evidence of slow recovery. Environmental Research Letters. 7
(4):045101. doi:10.1088/1748-9326/7/4/045101.

Te Uri o Hau Settlement Trust & Environs Holdings Trust. 2011. Te Uri o Hau kaitiakitanga o te
taiao. Whangarei, New Zealand. p. 142. https://www.landcareresearch.co.nz/assets/Discover-
Our-Research/Environment/Sustainable-society-policy/VMO/Te_Uri_o_Hau_
Environmental_management_plan.pdf.

Tezanos-Pinto G, Constantine R, Brooks L, Jackson JA, Mourdo F, Wells S, Scott Baker C. 2013.
Decline in local abundance of bottlenose dolphins (Tursiops truncatus) in the Bay of Islands,
New Zealand. Marine Mammal Science. 29(4):E390-E410. doi:10.1111/mms.12008.

Thompson DR, Goetz KT, Sagar PM, Torres LG, Kroeger CE, Sztukowski LA, Orben RA, Hoskins
AJ, Phillips RA. 2021. The year-round distribution and habitat preferences of Campbell alba-
tross (Thalassarche impavida). Aquatic Conservation Marine and Freshwater Ecosystems.
31:2967-2978. doi:10.1002/aqc.3685.

Thompson PM, Hastie GD, Nedwell J, Barham R, Brookes KL, Cordes LS, Bailey H, McLean N.
2013. Framework for assessing impacts of pile-driving noise from offshore wind farm construc-
tion on a harbour seal population. Environmental Impact Assessment Review. 43:73-85. doi:10.
1016/j.eiar.2013.06.005.

Thompson PM, Lusseau D, Barton T, Simmons D, Rusin J, Bailey H. 2010. Assessing the responses
of coastal cetaceans to the construction of oftshore wind turbines. Marine Pollution Bulletin. 60
(8):1200-1208. doi:10.1016/j.marpolbul.2010.03.030.

Tipa G. 2020. Cultural impact assessment for Hananui aquaculture project. Prepared on behalf of
Te Runanga o Awarua, Te Runanga o Oraka Aparima, Te Runanga o Waihopai and Te Runanga
o Hokonui by Tipa & Associates. p. 66.

Tjernlev RS, Skov H, Armitage M, Barker M, Jorgensen JB, Mortensen LO, Thomas K, Uhrenholdt
T. 2023. Resolving key uncertainties of seabird flight and avoidance behaviours at offshore wind
farms. Client report prepared for Vattenhall. DHI, Hersholm, Denmark.

Torres LG, Rayment W, Olavarria C, Thompson DR, et al. 2017. Demography and ecology of
southern right whales Eubalaena australis wintering at sub-Antarctic Campbell Island, New
Zealand. Polar Biolpgy. 40:95-106. doi:10.1007/s00300-016-1926-x.

Torres LG, Smith TD, Sutton P, MacDiarmid A, Bannister J, Miyashita T. 2013. From exploitation
to conservation: habitat models using whaling data predict distribution patterns and threat
exposure of an endangered whale. Diversity and Distributions. 19(9):1138-1152. doi:10.1111/
ddi.12069.

Tougaard ], Hermannsen L, Madsen PT. 2020. How loud is the underwater noise from operating
oftshore wind turbines? The Journal of the Acoustical Society of America. 148(5):2885-2893.
doi:10.1121/10.0002453.

Turek J, Slooten E, Dawson S, Rayment W, Turek D. 2013. Distribution and abundance of Hector’s
dolphins off Otago, New Zealand. New Zealand Journal of Marine and Freshwater Research. 47
(2):181-191. doi:10.1080/00288330.2013.771687.

Twigg E, Roberts S, Hofmann E. 2020. Introduction to the special issue on: understanding the
effects of offshore wind development on fisheries. Oceanography. 33(4):13-15. doi:10.5670/
oceanog.2020.401.

Underwood LH, Jeffs AG. 2023. Settlement and recruitment of fish in mussel farms. Aquacult
Environ Interact. 15:85-100. doi:10.3354/aei00454.


https://doi.org/10.1080/00288330.2019.1588746
https://doi.org/10.1016/j.marpolbul.2018.01.015
https://doi.org/10.1088/1748-9326/7/4/045101
https://www.landcareresearch.co.nz/assets/Discover-Our-Research/Environment/Sustainable-society-policy/VMO/Te_Uri_o_Hau_Environmental_management_plan.pdf
https://www.landcareresearch.co.nz/assets/Discover-Our-Research/Environment/Sustainable-society-policy/VMO/Te_Uri_o_Hau_Environmental_management_plan.pdf
https://www.landcareresearch.co.nz/assets/Discover-Our-Research/Environment/Sustainable-society-policy/VMO/Te_Uri_o_Hau_Environmental_management_plan.pdf
https://doi.org/10.1111/mms.12008
https://doi.org/10.1002/aqc.3685
https://doi.org/10.1016/j.eiar.2013.06.005
https://doi.org/10.1016/j.eiar.2013.06.005
https://doi.org/10.1016/j.marpolbul.2010.03.030
https://doi.org/10.1007/s00300-016-1926-x
https://doi.org/10.1111/ddi.12069
https://doi.org/10.1111/ddi.12069
https://doi.org/10.1121/10.0002453
https://doi.org/10.1080/00288330.2013.771687
https://doi.org/10.5670/oceanog.2020.401
https://doi.org/10.5670/oceanog.2020.401
https://doi.org/10.3354/aei00454

JOURNAL OF THE ROYAL SOCIETY OF NEW ZEALAND . 33

Vaissiére A-C, Levrel H, Pioch S, Carlier A. 2014. Biodiversity offsets for offshore wind farm pro-
jects: the current situation in Europe. Marine Policy. 48:172-183. d0i:10.1016/j.marpol.2014.03.
023.

Vallejo GC, Grellier K, Nelson EJ, McGregor RM, Canning SJ, Caryl FM, McLean N. 2017.
Responses of two marine top predators to an offshore wind farm. Ecology and Evolution. 7
(21):8698-8708. doi:10.1002/ece3.3389.

Van den Eynde D, Baeye M, Brabant R, Fettweis M, Francken F, Haerens P, Mathys M, Sas M, Van
Lancker V. 2013. All quiet on the sea bottom front? Lessons from the morphodynamic moni-
toring. In: Degraer S, Brabant R, Rumes B, editors. Environmental impacts of oftshore wind
farms in the Belgian part of the North Sea: Learning from the past to optimise future monitoring
programmes. Brussels: Royal Belgian Institute of Natural Sciences (RBINS), Operational
Directorate Natural Environment, Marine Ecology and Management Section; p. 35-47.

Van de Pol L, et al. 2023. Impacts of human activities on the supply of marine ecosystem services: a
conceptual model for offshore wind farms to aid quantitative assessments. Heliyon. 9:e13589.
doi:10.1016/j.heliyon.2023.e13589.

van der Molen J, Smith HCM, Lepper P, Limpenny S, Rees J. 2014. Predicting the large-scale con-
sequences of offshore wind turbine array development on a North Sea ecosystem. Continental
Shelf Research. 85:60-72. doi:10.1016/j.csr.2014.05.018.

van Deurs M, Grome T, Kaspersen M, Jensen H, Stenberg C, Serensen TK, Stettrup J, Warnar T,
Mosegaard H. 2012. Short-and long-term effects of an offshore wind farm on three species of
sandeel and their sand habitat. Marine Ecology Progress Series. 458:169-180. doi:10.3354/
meps09736.

von Ammon U, Wood SA, Laroche O, Zaiko A, Tait L, Lavery S, Inglis GJ, Pochon X. 2018.
Combining morpho-taxonomy and metabarcoding enhances the detection of non-indigenous
marine pests in biofouling communities. Scientific Reports. 8:article no. 16290. doi:10.1038/
s41598-018-34541-1.

Wang T, Ru X, Deng B, Zhang C, Wang X, Yang B, Zhang L. 2023. Evidence that offshore wind
farms might affect marine sediment quality and microbial communities. Science of The Total
Environment. 856:158782. doi:10.1016/j.scitotenv.2022.158782.

Watanabe YY, Takahashi A, Sato K, Viviant M, Bost C-A. 2011. Poor flight performance in deep-
diving cormorants. Journal of Experimental Biology. 214:412-421. doi:10.1242/jeb.050161.
Watson SCL, et al. 2024. The global impact of offshore wind farms on ecosystem services. Ocean &

Coastal Management. 249:107023. doi:10.1016/j.0cecoaman.2024.107023.

Weimerskirch H, Doncaster CP, Cuenot-Chaille F. 1994. Pelagic seabirds and the marine environ-
ment: foraging patterns of wandering albatrosses in relation to prey availability and distribution.
Proceedings of the Royal Society London B. 255:91-97. doi:10.1098/rspb.1994.0013.

Weir J, Duprey N, Wiirsig B. 2008. Dusky dolphin (Lagenorhynchus obscurus) subgroup distri-
bution: are shallow waters a refuge for nursery groups? Canadian Journal of Zoology. 86
(11):1225-1234. doi:10.1139/Z08-101.

Weiss CV, Guanche R, Ondiviela B, Castellanos OF, Juanes J. 2018. Marine renewable energy
potential: a global perspective for offshore wind and wave exploitation. Energy conversion
and management. 177:43-54. doi:10.1016/j.enconman.2018.09.059.

Werner KM, Haslob H, Reichel AF, Gimpel A, Stelzenmiiller V. 2024. Offshore wind farm foun-
dations as artificial reefs: The devil is in the detail. Fisheries Research. 272:106937. doi:10.1016/j.
fishres.2024.106937.

Westerberg H, Lagenfelt I. 2008. Sub-sea power cables and the migration behaviour of the
European eel. Fisheries Management and Ecology. 15:369-375. doi:10.1111/j.1365-2400.2008.
00630.x.

Whiting JM, Copping AE, Freeman MC, Woodbury AE. 2019. Tethys knowledge management
system: working to advance the marine renewable energy industry. International Marine
Energy Journal. 2(PNNL-SA-140333):29-38. doi:10.36688/ime;j.2.29-38.

Wilber DH, Brown L, Griffin M, DeCelles GR, Carey DA. 2022. Offshore wind farm effects on
flounder and gadid dietary habits and condition on the northeastern US coast. Marine
Ecology Progress Series. 683:123-138. doi:10.3354/meps13957.


https://doi.org/10.1016/j.marpol.2014.03.023
https://doi.org/10.1016/j.marpol.2014.03.023
https://doi.org/10.1002/ece3.3389
https://doi.org/10.1016/j.heliyon.2023.e13589
https://doi.org/10.1016/j.csr.2014.05.018
https://doi.org/10.3354/meps09736
https://doi.org/10.3354/meps09736
https://doi.org/10.1038/s41598-018-34541-1
https://doi.org/10.1038/s41598-018-34541-1
https://doi.org/10.1016/j.scitotenv.2022.158782
https://doi.org/10.1242/jeb.050161
https://doi.org/10.1016/j.ocecoaman.2024.107023
https://doi.org/10.1098/rspb.1994.0013
https://doi.org/10.1139/Z08-101
https://doi.org/10.1016/j.enconman.2018.09.059
https://doi.org/10.1016/j.fishres.2024.106937
https://doi.org/10.1016/j.fishres.2024.106937
https://doi.org/10.1111/j.1365-2400.2008.00630.x
https://doi.org/10.1111/j.1365-2400.2008.00630.x
https://doi.org/10.36688/imej.2.29-38
https://doi.org/10.3354/meps13957

34 (&) R.HALEETAL.

Wilberforce T, El Hassan Z, Durrant A, Thompson J, Soudan B, Olabi AG. 2019. Overview of
ocean power technology. Energy. 175:165-181. doi:10.1016/j.energy.2019.03.068.

Wilding TA, et al. 2017. Turning off the DRIP (‘Data-rich, information-poor’) - rationalising
monitoring with a focus on marine renewable energy developments and the benthos.
Renewable and Sustainable Energy Reviews. 74:848-859. doi:10.1016/j.rser.2017.03.013.

Williamson B, Fraser S, Williamson L, Nikora V, Scott B. 2019. Predictable changes in fish school
characteristics due to a tidal turbine support structure. Renewable Energy. 141:1092-1102.
doi:10.1016/j.renene.2019.04.065.

Zehtindjiev P, Whitfield D. 2022. Summary of activates and the results of ornithological monitor-
ing in the integrated system for protection of birds, 2021. Report by Bulgarian Academy of
Sciences.

Zhang Z, Liu X, Zhao D, Post S, Chen J. 2023. Overview of the development and application of
wind energy in New Zealand. Energy and Built Environment. 4(6):725-742. doi:10.1016/j.
enbenv.2022.06.009.


https://doi.org/10.1016/j.energy.2019.03.068
https://doi.org/10.1016/j.rser.2017.03.013
https://doi.org/10.1016/j.renene.2019.04.065
https://doi.org/10.1016/j.enbenv.2022.06.009
https://doi.org/10.1016/j.enbenv.2022.06.009

	Abstract
	Introduction
	Te Tiriti o Waitangi (The Treaty of Waitangi)
	Impacts
	Location
	Benthic effects
	Water column effects
	Fish impacts
	Marine mammal impacts
	Marine turtles
	Seabird impacts

	Future perspectives
	MRED positives and opportunities
	Vulnerabilities and knowledge gaps
	Te Tiriti implications
	Closing thoughts

	Acknowledgements
	Disclosure statement
	ORCID
	References

