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Accelerated innovation in climate-impacted oceans is outpacing standards of scientific responsibility.
Standards of responsibility are critical because they shape research agendas, funding flows, scientific
practice, and how innovations are regulated. Here, we examine responsibility debates among 243
marine scientists and end-users proposing, trialling and/or implementing 76 innovations for climate-
impacted oceans. We identify three distinct discourses: ‘science outside society’, ‘science for society’
and ‘science with society’. Competition within and across these discourses reveals heightened
tensions between the need to protect scientific autonomy and freedom, and moral duty to ensure
socially just and desirable ocean futures. Without thorough debate and oversight, the wide-reaching
power of such unresolved tensions could propel marine science and ocean futures into volatile ethical
and moral territory. Better connection and articulation of standards of responsibility with scientific
motivations, practices, and funding are key to ensuring the transparency and accountability required

to progress equitable and sustainable oceans.

“The ocean we need for the future we want’ is both a compelling manifesto
for the United Nations Decade of Ocean Science for Sustainable Develop-
ment (2021-2030) and a clear articulation of future-oriented scientific
responsibility. Since 2021, the Ocean Decade has provided an international
platform for scientific research that supports improved conditions for an
equitable and sustainable planet, aligned to achieving the Sustainable
Development Goals by 2030". Indeed, by foregrounding the moral obliga-
tion of science to pursue sustainable, desirable, and just futures, the Ocean
Decade embodies the longstanding pursuit of science for societal good.
However, the bounds of responsible marine science and innovation are now
being stress-tested as the push for innovative ocean ‘solutions’ outpaces
decisions about moral obligations and the ethics of responsibility’ ™.
Recent scientific responses to rapid, complex and uncertain ocean
change have culminated in a raft of ‘new and emerging’ ocean innovations
worldwide to boost the resilience of marine systems to global heating™’.
Examples of climate mitigation innovations include ocean alkalinity
enhancement to accelerate oceanic carbon uptake, and restoration, con-
servation and aquaculture of coastal habitats and species for carbon
sequestration”. Responses promoting climate adaptation include assisted
marine animal and plant migration, marine climate refuge protection, and

solar-radiation control*’. These innovations have been described as ‘new
frontiers’ of ocean science, each posing a myriad of visions and challenges
for science and policy’.

Such new frontiers are challenging notions of scientific responsibility.
In marine and climate science, responsibility is influenced by scientists’
values and their perceived role in and to society'*''; the assumed relationship
between humans and nature'?; specific ocean philosophies, ontologies and
epistemologies'’; and multiple moralities that shape scientific decisions
around climate action'*. These different positions, values, knowledge sys-
tems, and morals shape how science is problematized and evaluated, the end
goals that are pursued, and ideas about how science and innovation should
be governed (i.e., regulated and funded)'>"®. As such, notions of responsi-
bility directly influence how ocean science and innovation shape possible
futures”. However, it is unclear how notions of scientific responsibility
(henceforth ‘discourses’) are shaping new and emerging ocean innovations.
This gap requires urgent attention because collectively failing to reflect upon
the power of these discourses among the scientific community and new
ocean innovations risks propelling ocean futures into volatile ethical and
moral territory"*”'. Explicitly articulating and connecting ideas about
responsibility to scientific motivations, agendas, funding, and power is
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critical to ensuring scientific transparency, accountability, and benefit to
ocean systems and global society.

Here, we examine global survey data to identify responsibility dis-
courses articulated by 243 scientists and practitioners proposing, trialling
and/or implementing innovations to mitigate or delay climate impacts
upon oceans and marine systems (henceforth ‘ocean innovations’, Fig. 1).
Our survey recruitment strategy, undertaken in 2023, primed for ‘new and
emerging’ ocean innovations (see Methods section), including marine
carbon removal strategies, assisted evolution of species, and cloud
brightening, which are touted as some of the most ‘promising”®, ‘immature
but potentially crucial’”, ‘experimental”, ‘hyped”, and ‘costly’
innovations™. We used discourse analysis to understand views of
responsibility associated with these often contested and sometimes poli-
ticised innovations. In structuring our analysis, we drew on established
principles of responsibility across the sciences, including in research and
public policy'”****; ecology and biology™***"**; philosophy”*’; and science
and technology studies'*”.

Results

We asked survey respondents (n=243) to identify an innovation for
climate-impacted oceans they were most familiar with (n =76). We then
classified these 76 innovations into five categories based on their over-
arching goals (Fig. 1, Supplementary Table 1). In describing these innova-
tions, the 243 scientists and practitioners surveyed revealed clear tensions of
scientific responsibility that oscillated between protecting scientific auton-
omy and freedom at one extreme, and moral duty to ensure socially just and
desirable futures at the other. In analysing our data, we found that these
tensions emerged as three distinct discourses; ‘ocean science outside society’;
‘ocean science for society’; and ‘ocean science with society’ (Fig. 2). Within
these discourses, we found that respondent perspectives varied according to
their views on i) the role of science; ii) the role of regulations; iii) approaching
social uncertainty and risk; iv) approaching scientific problems; v) the role of
the public; and vi) the relationship between research and application
(Box 1). We also found evidence of unspoken competition across discourse
proponents holding affirmative views and discourse critics holding negative
views, highlighting the cross-cutting need for more vigorous and open
debate about scientific responsibility in ocean-climate innovation.

Ocean science outside society discourse
Survey respondents expressing views aligned with the ‘ocean science outside
society’ discourse (henceforth ‘discourse proponents’) indicated that ocean
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science and innovations were inherently beneficial, value-neutral and
undertaken objectively (Table 1). Discourse proponents viewed science as a
public good, which warranted an unencumbered scientific freedom and a
‘right’ to generate knowledge. This view was characterized by appeals for
scientific autonomy to conduct experiments, and calls to curtail institu-
tional, regulatory, and permitting requirements related to ocean innovations
(Table 1 rows A, B).

Proponents of the ‘ocean science outside society’ discourse exhibited
an inherent assumption that science always serves society (Table 1. row
C). For instance, one respondent asked “Why do we need regulation when
we are improving an area?” (artificial habitat manipulation). When
questioned about the data used for innovation feasibility and risk
assessments, proponents expressed an ambivalence to social considera-
tions, which were underpinned by the view there is an inherent social risk,
or disservice to society, of not intervening (Table 1. row C). Respondents
critical of this position (henceforth ‘discourse critics’) were wary of the un-
reflexive assumption that ocean science and innovation is always good
(Table 1. row A). Discourse critics rejected the idea that science is apoli-
tical, objective or value-neutral; they perceived a privileging of techno-
fixes driven by neoliberal incentives principally concerned with job
creation and wealth accumulation (Table 1. row A). Referring to artificial
habitat manipulation, a respondent reported the current system of reg-
ulating and funding “operates as a black box where a node leader can
disburse research ‘for the boys’. The consequence is that important
research to guide decision making is not undertaken, regulators are dis-
empowered, and suboptimal decisions may be made about our
environment.”

Critics also signalled that a neoliberal push and fixation with techno-
logical ‘solutions’ meant that scientists could abrogate their responsibility for
addressing the root causes of climate change (Table 1 row D). A critic argued
the biggest risk of coral restoration is “cancelling the ongoing decline of coral
reefs with good news stories that clever scientists can regrow corals in the
face of anthropogenic climate change” (regrowing targeted underwater
species). Scientists and practitioners operating under this discourse were
said to be supporting “greenwashing for marketing value and for the
researcher it is a continued unethical program to secure funding”
(regrowing targeted underwater species). Critics pointed out that framing
science as neutral was dangerous and led to investing time and money into
technology without considering broader system-level impacts. By contrast,
proponents suggested that science should only concern scientists, with
limited space for non-science users (Table 1 rows E, F). Critics argued that
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Fig. 1 | Innovations for climate-impacted oceans identified by global survey respondents (n = number of responses, total responses n = 243). Respondents identified 76
unique innovations, which we grouped into five categories based on their overarching goals (see Supplementary Table 1 for expanded description).
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A. Ocean science outside society

Fig. 2 | Discourses of responsibility among 243 scientists and practitioners
proposing, trialling and/or implementing 76 bio-technical and social innova-
tions for climate-impacted oceans. Panel A the ‘Ocean science outside society’
discourse entails that (a) science is apart or detached from society; (b) scientific
innovation is objective and value-neutral; and (c) science, and therefore scientists,
require autonomy and freedom to generate knowledge. Panel B the ‘Ocean science
for society’ discourse contends that (a) science is unidirectional, whereby science is

B. Ocean science for society

C. Ocean science with society

‘delivered’ to, and received by society; (b) science and scientists provide public value
and good; and (c) science lives up to public demands for innovation. Panel C the
‘Ocean science with society’ discourse emphasizes (a) science as co-designed and co-
produced with societal actors; (b) long-term benefits for society; and (c) moral and
ethical obligations for scientists to contribute toward socially sustainable and just
futures.

Box 1 | Views of responsibility varied among scientists and practitioners working on
innovations for climate-impacted oceans across six normative dimensions (henceforth

‘discourse features’)

1. The role of science: Views about the relationship science should have
with society; provision of public goods; and responsiveness to socie-
tal needs.

2. The role of regulations: Views about the function of regulatory, per-
mitting, and institutional mechanisms for ocean science and innovation.

3. Approach to social uncertainty and risk: Views about the type and
extent societal implications should be anticipated, measured, and
addressed.

positioning the public outside of knowledge creation led to public disen-
gagement as well as misleading views of the efficacy of ocean science,
“Assisted breeding of corals gives the general public the mistaken impres-
sion that scientists can effectively repair damaged reefs. That reduces a sense
of urgency for reducing carbon emissions” (assisted evolution of marine
species).

4. Scientific approach to problem characterisation: \liews about how
problems should be identified and addressed, including by whom this
should be determined, and which knowledge and data is valued.

5. The role of the public: \/iews about the role and space for public needs,
concems, and ideas.

6. The relationship between research and application: Views about the
interaction research should have with implementation, including the
relationship between science and non-science users.

Ocean science for society discourse

Proponents of the ‘ocean science for society” discourse (Table 2) generally
agreed that science with perceived public value should be developed and
then delivered to society. Yet, discourse critics argued that what was con-
sidered a ‘public good’ was too narrow. A critic contended there is a need for
“The conservative culture of governments and scientific funding bodies to
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think of broader opportunities that development can achieve rather than
jobs and wealth” (climate adaptive aquaculture management). Critics also
suggested influential vested interests that may not serve society were pro-
minent in the development of new and emerging ocean innovations,
reportedly reinforced by “output orientated donor funding” (regrowing
targeted coastal species). Critics called for improvements in the way science
and ocean innovation were governed through greater transparency of
“information sharing [and] creation of best practice standards” (artificial
habitat manipulation) and vetting all innovation proposals independently
“based on environmental, economic and societal criteria, with a clear risk-
benefit analysis” (artificial habitat manipulation) (Table 2 rows A, B).

Proponents saw regulators and permitting systems as principally
responsible for ensuring oversight of technological, ecological, and social
implications; issues they considered to be adequately considered and miti-
gated (Table 2 rows B, C). However, critics reflected on the tendency for
problems to be narrowly contained due to innovations being developed in
“siloes of science” (natural stabilisation of reefs and coasts) (Table 2 row D).
Such problem containment reportedly detracts from addressing broader,
system level drivers or impacts “... people have a single driven goal and are
not aware of multiple external factors which will impact it” (artificial habitat
manipulation). The science for society discourse was also linked to missed
opportunities to account for social uncertainty and risk (Table 2. row C). In
cases where social risks or impacts were considered, respondents indicated
they were contained to those that could be quantitatively modelled or
measured. Critics expressed concerns about the lack of social risk, impact,
and ethics considerations, including “organisations or individuals moving
ahead in a non-rigorous and non-evidence-informed way, with potential for
significant reputational risk to the field” (regrowing targeted underwater
species).

Proponents reflected on current mechanisms to encourage public and
stakeholder engagement, which mostly included formal or regulatory pro-
cesses set by federal agencies, with public outreach usually occurring post-
innovation (Table 2 row E). Yet, critics reported that public consultation
processes were in the form of “very limited surveys ... [which were] limited
to very narrow audiences” (ocean alkalinity enhancement). Several critics
argued engagement was focused on gaining social license to operate by “...
selling people a magic cure for the problems of climate change and reef
decline” (artificial habitat manipulation), generating a false confidence
among the public about the capability of innovations to mitigate or adapt to
climate impacts (Table 2 row E). Critics also reflected on the limited
diversity of people being engaged, specifically citing the need to “be able to
meaningfully engage IPLCs [Indigenous Peoples and local communities]”
(climate resilient marine protected area management). In addition to
identification of key stakeholders, critics reflected on a need to improve
processes of engagement and connection with innovation use (Table 2 row
F), “Projects should be conducted with appropriate due diligence and full,
prior, and informed consent procedures. In reality, [this is] probably unli-
kely, especially for experimental sites” (regrowing targeted underwater
species).

Ocean science with society discourse

The ‘ocean science with society’ discourse emphasized the need for a greater
focus on societal co-creation of innovations, societal co-benefits, and moral
and ethical deliberation. Although we found evidence of views aligning with
this discourse (Table 3), these were largely aspirational and idealistic rather
than reflective of current practice. Proponents perceived a need to ensure
clear societal benefits through innovation co-design and co-production with
societal actors, including local communities, Indigenous Peoples, and
Traditional Owners (Table 3 rows A, D, E). Specifically, proponents high-
lighted the need for slow, connected, culturally sensitive, inclusive scientific
development, with opportunities for capacity transfer and exchange
(Table 3 rows E, F). For example, a respondent called for a greater focus on
“capacitating local communities so that it [seaweed farming] does not
become a one-time project but a diversification of sectors and alternative
livelihoods” (regrowing targeted underwater species). Another suggested

more inclusive processes would lead to enhanced understanding of social
implications, “Because work is just beginning [on novel ocean innovations]
there is tremendous opportunity to get inclusion of interested parties correct
and examine social systems [as well as] environmental outcomes” (ocean
alkalinity enhancement).

In acknowledging the limitations of reliance on external regulations,
proponents argued deeper social and institutional mechanisms were needed
to ensure that adequate engagement protocols were in place. Examples
included protocols to enhance Indigenous leadership and knowledge inte-
gration (Table 3 row B); community needs, social impact, or vulnerability
assessments; and considerations for locally determined economic species
values, local food security, traditional cultural uses, and on-the-ground
capacity to lead innovations (Table 3 row C). Proponents also emphasised
the need for “transdisciplinary approach[es]”, including those that over-
come a lack of “social science information” (regrowing targeted underwater
species). Proponents cited a need for long-term scalable solutions (Table 3
row D), “We don’t know the real impacts of these interventions and if they
are going to be effective in the long term” (natural stabilisation of reefs and
coasts). Proponents were also conscious that current innovations were
symptomatic responses to deep-rooted problems. A respondent reported
“[There is] too much focus on the erroneous idea that small-scale inter-
ventions will ‘save the planet’, rather than educating and inspiring people to
become more involved in solving the root cause [of climate change]”
(artificial habitat manipulation).

Critical views of the ‘ocean science for society’ discourse reflected
unresolved concerns related to applying aspirational notions of responsi-
bility. Critics specifically cited structural limitations to enacting the values
articulated in this discourse, such as the rigidity of established systems of
funding, blurred regulatory responsibilities, lack of institutional will, time
constraints, limited access to social and ethical expertise, and uncertainty
around capacity exchange (Table 3 rows A, B, C, F). Critics also acknowl-
edged broader system level challenges in embracing a pluralism of world-
views and generating cohesion for desired futures among diverse
stakeholders (Table 3 row D). Importantly, these critics highlighted that the
aspirational nature of such goals posed an inherent risk by deferring
responsibility to local groups, and thereby abrogating scientists from public
accountability (Table 3 row E).

Discussion

As climatic impacts on oceans worsen, ocean innovations are being rapidly
deployed and upscaled across tropical, temperate, and polar regions. Dis-
courses of responsibility, and the normative value-frames upon which they
are based, will shape the futures that these innovations are likely to bring
about". Our examination of notions of responsibility among scientists and
practitioners proposing, trialling and/or implementing ocean climate
innovations reveal three prevalent discourses: ‘science outside society’,
‘science for society’, and ‘science with society’. One extreme, ‘science outside
society’, emphasizes protection of scientific autonomy and freedom above
all else. The other extreme, ‘science with society’, is premised on a moral duty
to ensure socially created, just and desirable futures. We find these views
about responsibility shape how scientists articulate the relationship between
science and public good; expectations about the function of regulatory
systems; the extent societal risks and benefits are accounted for; how sci-
entific problems are characterised; the role and space for public participa-
tion; and the relationship between research and application. Such discursive
variance within a small and tightly networked scientific community high-
lights clear moral and ethical tensions and underscores multiple urgent
challenges for science to ensure responsible innovation and ocean futures.
These challenges include: (1) reconciling views of responsibility in ocean
science and innovation; (2) holding scientists and innovation proponents
accountable for the futures they create; and (3) meeting the goals of sus-
tainable and equitable ocean futures. Addressing these challenges is neces-
sary to move towards ‘a common measure of success’ as set out under the
UN Ocean Decade’s vision for 2030, for which deliberations have already
commenced'. We now discuss each of these challenges in turn.
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Challenge 1. Reconciling views of responsibility in ocean science
and innovation
Any category of ocean innovation will inadvertently lead to modifications in
social systems” . Therefore, consideration of how different stakeholders
view the relationship between science and society is critical to fostering
socially responsible scientific process and impacts™. The diversity of the
77,000 individuals—including scientists, governments, business and
industry, philanthropic organisations and UN agencies from 4000 institu-
tions—who are part of the UN Ocean Decade highlights the challenge of
reconciling views of responsibility in ocean science and innovation™. In our
study, we found the ‘science outside society’ discourse was portrayed as
detached from societal goals and needs, and accountability to society. Here,
scientists and scientific practice were positioned as politically neutral and
objective (see also™*”’). There was limited consideration and articulation of
societal implications and scientific contributions were restricted to narrow
audiences, methods, and metrics. At the other extreme, the ‘science with
society” discourse emphasised the moral obligations of scientists to con-
tribute toward socially sustainable and just futures. Although largely
aspirational, this discourse offered an alternative vision of the future that
accounted for the dynamic relations between scientific innovation and
societal good, emphasizing long-term benefits for society (see also'******").
These extremity views highlight the vastly different relationships possible
between ocean science, innovation, and society, and clear tensions amongst
scientific visions for responsible ocean futures.

Such disparate views of responsibility present challenges for generating
a collective and shared set of principles or standards to ensure sustained
benefits (and avoidance of harms) for oceans and ocean dependent people.
Some scientists, for example, self-identify as ‘de facto governors"“ and
‘makers of knowledge™ when it comes to problem and solution identifi-
cation in experimental marine climate innovations. In doing so, they
acknowledge that they wield power by swaying how, where, and by whom
science is undertaken’”, including by controlling the generation of scien-
tific information and how data is accessed'***”. However, given that science
is not value-neutral or objective'®*’, and ocean climate innovations are
rapidly evolving, articulating implicit values and working towards gen-
erating agreement on what responsible ocean science and innovation entails
is still lacking. Assisted evolution of marine species (ie., the genetic
manipulation of wild organisms), for example, continues to raise complex
and unresolved ethical questions about the shifting role of humans from
being ‘protectors’ of nature to ‘designers or engineers’ of natural systems’.

Different agendas and incentives can also present challenges for
reconciling views of responsibility. We found in the ‘science for society’
discourse the delivery of science was perceived to be of public value, yet
powerful interests still had a hand in shaping the scope and direction of
innovations (i.e., privileging wealth and job creation). In fact, we found
instances where scientific problems were constructed to serve certain
solutions (i.e., those that prioritised technological, ecological, and economic
outcomes), coerced by political agendas, and driven by external incentives,
including to bring financial return on investment. Marine social scientists
warn that as oceans are increasingly viewed as a lucrative economic frontier,
economic motives are overriding consideration for social risks and
benefits***>. This concern is consistent with our findings, whereby both
‘science outside society’ and ‘science for society’ critics argued that neoliberal
incentives mask and/or outweigh responsibilities to ensure socially just
futures. The differing relationships with society, political agendas and
external incentives raise serious questions about generating shared
responsibility and accountability measures, particularly given the ethical
and moral questions about whose interest ocean innovation stands to serve.

Challenge 2. Holding scientists and innovation proponents
accountable for the futures they create

Mounting evidence suggests rapid and unchecked ocean innovation could
cause substantial ecological and social risks for more than three billion
ocean-dependent people'**>*. Yet, our findings indicated mixed views on
the role of regulatory and institutional measures for responsible ocean

science and innovation. The ‘science outside society’ respondents asserted
that scientists needed autonomy and freedom to generate knowledge (see
also”), perceiving regulatory and permitting requirements as a barrier to
ocean innovation. Calls for ‘greater scientific freedom’ is not wrong or
necessarily unjust, particular in cases where governments and corporations
have vested interests in supressing scientific discoveries (e.g., in ref. 43). The
problem arises when calls for scientific objectivity and autonomy are wiel-
ded to frame science as noble ‘solution-provider’, granting scientists con-
siderable freedom from political accountability and moral and social
responsibilities’.

In contrast, the ‘science for society’ discourse proponents perceived the
principal role of regulations to be the provision of responsible safeguards,
arguing that greater controls would ensure responsible science and devel-
opment of novel ocean innovations. However, critics suggested there is an
over-reliance on regulatory and institutional mechanisms ill-equipped to
ensure responsible ocean science and innovation. Compounding this issue is
a tendency for institutional ethical oversight to lack formal and/or sys-
tematic processes to account for public stakeholders needs, visions, and
broader impacts on culture and society**. The consequence is that scientists
and practitioners can become incentivised to consider poorly-designed
regulation as an externally presented bureaucratic hurdle, nuisance, or box-
ticking exercise that has to be overcome, rather than deeply engaging with,
internalizing and embedding responsible innovation within their own
practices”. This withdrawal of responsibility becomes particularly proble-
matic when ocean-dependent peoples bear the brunt of ill-conceived
impacts. For example, scientific research has in the past brought much harm
to Indigenous Peoples, and scientists continue to downplay their respon-
sibilities to uphold Indigenous rights, despite Indigenous Peoples being
among the most affected social groups of both climate change and climate
intervention*’. This harm risks being reinforced by the prioritisation of
Western and technocratic research framings, perpetuating ongoing colonial
legacies that “marginalize, misrepresent, or silence Indigenous voices and
perspectives”™”.

Results also confirmed a tendency for the viability of ocean innovations
to be based on technological readiness and ecological feasibility more so
than on societal risks or benefits. Technocratic worldviews, with strong
footholds in the biosciences, tend to emphasise technical and ecological
feasibility”, with limited consideration for societal risks and benefits™'".
Ocean-based bio- and geo-engineering innovations in particular are
inherently technocratic, prioritising technical and scientific interventions
that perpetuate the extraction of services from nature over social-ecological
care’™*, Technocratic frames can position societal applications, uses, and
implications outside the mandates of scientists and innovation funders™.
Instead, such societal considerations are treated as a moral load that can be
abrogated or delegated to others (ie, national governments, local
communities)”. Using technical feasibility as a principal guiding metric can
also lock in a unidirectional and one-dimensional view of innovation.
Unidirectional, because technical and feasibility readiness are temporary
milestones to be overcome on the path towards the ultimate goal: applica-
tion. One-dimensional, because these assessments focus only on ‘what can
be done’, not on ‘why should it be done’, ‘whether it should be done at all’,
‘who is affected’, or ‘who is responsible’. Such assessments downplay the
societal contributions of ocean innovations, and minimise the account-
ability of scientific agents to take responsibility for the futures they create™.

Challenge 3. Meeting the goals of sustainable and equitable
ocean futures

The United Nations Decade of Ocean Science for Sustainable Development
(2021-2030) outlines goals for equitable and sustainable ocean futures in
support of all the 17 Sustainable Development Goals of the 2030 Agenda'.
Equity, inclusiveness, respect, and scientific integrity are core principles of
the Ocean Decade', endorsed within the ‘Ocean Voices: Advancing Equity
Though the UN Ocean Decade’ programme’’. In practice, the Ocean
Decade is focused on delivering ocean science and ocean solutions that focus
on ‘the science we need and advancing understanding of the problems
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facing ocean dependent people, including “the barriers and enabling con-
ditions for equity, fairness and justice”*'. Yet, our results indicate stark
differences in notions about how ocean science and innovation should
responsibly interact with societal goals and needs. These findings raise
significant concerns about the likelihood of fulfilling or progressing toward
high-level commitments such as the UN Ocean Decade and the Sustainable
Development Goals.

In both the ‘science outside society’ and ‘science for society’ discourses,
we found a tendency for respondents to support the unidirectional ‘delivery’
of ocean science and innovation to society, whereby engagement entailed
the public being informed or consulted at best. We also found the direction
of communication occurring between science and society tended to be one-
way; whereby science speaks to society, yet society is not granted the space to
communicate back to science (see also™). Such prevalence of one-way sci-
entific communication has been documented in the fields of genetically
modified foods, solar-engineering and nuclear energy, where there are direct
societal implications, yet experimentation is often shielded from the
public™*. This pattern is concerning as ocean science is already typically
concentrated in Western, advanced economies”, indicating a global
imbalance in the production and flow of scientific knowledge from the West
toward those in developing economies. Interdisciplinary scientists warn that
if public engagement is viewed as peripheral or optional, innovations may
perpetuate colonialism and ecological imperialism whereby Western sci-
entists or conservationists impose extrinsic environmental goals, strategies
and imagined solutions and futures on less powerful groups, for example
First Nations Peoples and local communities*>*’.

Of all three discourses, the ‘science with society” discourse of respon-
sibility is likely best positioned to meet the UN Ocean Decade goals, and
equitable and sustainable ocean futures more broadly. This discourse
emphasises the moral and ethical obligations of scientists to contribute
toward socially sustainable and just futures, founded on the principle that
science should draw on diverse knowledge systems and values through co-
construction with societal actors (see also™). Platforms such as the UN
Ocean Decade provide a forum to garner attention and international
momentum to ensure socially sustainable and just futures. Specifically,
under the Ocean Decade’s convening framework, there are opportunities for
providing strategic guidance on the implementation of key actions to
reconcile divergent views of scientific responsibility, challenge climate
coloniality, and enable greater accountability. Despite such aspirations, our
study findings suggested there are several barriers to enacting such a dis-
course, which pertain to time, commitment, resources, and expertise. As
such, scientists and innovation proponents intervening in oceans need to
enable the marine social sciences to play a larger role in understanding
trade-offs, competing values, inequities and conflicts that may currently
hamper socially responsible practice'*. Likewise, social scientists have a
responsibility to be leading voices and wade into this debate'.

We also acknowledge that notions of responsibility are not always as
neatly bounded as presented in this study. For example, one could advocate
for greater scientific autonomy and freedom to trial novel techniques, yet
still desire to deliver science that addresses complex social problems. In
addition, our spectrum of scientific responsibility positions citizen co-
production as the end goal, a premise that can overlook the role of context
and politics™. Given that climate change is a wicked problem, addressing
social learning of the wider community (‘science for society’), rather than
increasing power held by individual citizens (‘science with society’) may be
more warranted, at least in the short-term. Even with these caveats, the
articulation of these discourses provides an important first step and basis for
understanding the different logics of responsibility, and the implications of
such views. A failure to query such logics of responsibility may enable
current popular innovations to crowd out alternative and socially innovative
approaches™, risking technological lock-in, and path dependencies™”,
and further departure from sustainable and equitable futures. Under-
standing these foundations of responsibility can serve as a pre-cursor and set
of principles to the realisation of an alternative vision of what responsible
ocean science and innovation can entail. Established responsible innovation

frameworks from the field of science and technology studies offer four broad
dimensions and criteria to aid the realization of an alternative visions of
responsibility in ocean science'”*****. The dimensions include ‘anticipation’
(the level of foresight given to both the intended and potentially unintended
social impacts), ‘inclusion’ (the accessibility and inclusiveness of public and
stakeholder deliberation), ‘reflexivity’ (institutional responsibility and
competency to interrogate societal implications), and ‘responsiveness’ (the
presence and effectiveness of governance mechanisms to account for and
manage societal implications). However, further applied research exploring
how these four dimensions of responsibility could be used to develop
marine-specific criteria for ensuring responsible ocean innovation are
warranted.

Outlook for scientific responsibility in global ocean futures
Ocean science and innovation have the power to shape our shared future.
However, ocean science and innovation itself does not lead to sustainable or
unsustainable, just or unjust outcomes; these outcomes rest on enactments
of responsibility based on implicit worldviews that shape scientific agendas,
and how science is designed, funded, practiced and regulated”. In articu-
lating these implicit yet divergent discourses of responsibility, we have better
positioned ocean scientists and innovators to understand, question and
improve their own standards of responsibility. Specific areas urgently
requiring deeper reflection and enquiry include the purpose, motivations,
and agendas of intervening in climate-impacted oceans. Such reflection and
enquiry is dependent upon explicitly considering the motivations of vested
interests, the depth and range of deliberation opportunities, the extent that
diverse perspectives and worldviews are integrated into science and inno-
vation, and the connection to broader societal goals'®'**. Urgent and fun-
damental research questions for both biophysical and social marine
scientists include: does ocean science and innovation respond to the needs of
ocean-dependent people, and is it meeting those needs? Have anticipated
implications for the well-being of these people been considered? Whose
interest is ocean science and innovation serving? Do political and financial
incentives undermine science outcomes that are of public value and good?
Are adequate regulatory or institutional social safeguards in place? If there is
limited room to anticipate and explore social implications and benefits of
innovations, who then is accountable for the futures ocean innovations
create? And are there more socially innovative alternatives that are being
crowded out by current approaches?

Connecting responsibility discourses to scientific motivations, agen-
das, funding, and power could be a critical pathway to building scientific
transparency, accountability, and benefit to ocean systems and global
society. As we have suggested, existing responsible innovation frameworks
(i.e."7***) could be a useful starting point in developing shared visions of
what responsible ocean science and innovation may ultimately entail.
Platforms such as the UN Ocean Decade provide a potential forum for the
development of such shared understandings. Without this understanding,
ocean science and innovation may inadvertently undermine sustainable and
equitable development, and disproportionately impact ocean-dependent
people and societies. The divergent discourses of responsibility revealed in
this study present a fundamental and potentially incendiary moral and
ethical quandary in ocean science. Ultimately, it is a question of which value-
based interpretation of science takes priority: science as autonomous entity;
science as noble provider of solutions; or science as a tool to work alongside
society to fulfill humanity’s needs. If the goal is to build more sustainable and
just futures for oceans and people, ocean science requires a transformation
in current approaches to responsibility to embrace an alternate vision—one
that better accounts for the dynamic relations between ocean science and
societal good.

Methods

Between October 2022 and March 2023, we conducted an anonymous,
online, global survey of scientists and practitioners engaged in innovations
currently being tested, implemented, or proposed globally to boost the
resilience of marine systems to global heating. The survey instrument was
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created using Qualtrics, an online survey platform, and delivered via survey
software provider SurveyMonkey. Our survey recruitment strategy primed
for those with knowledge of ‘new and emerging’ ocean climate innovations,
such as assisted evolution of species and cloud brightening. Recruitment first
included purposive web sampling of the programs, funding schemes, and
listed activities of global organisations and networks proposing, trialling
and/or implementing ocean climate innovations. Invitation emails were
distributed to leading actors in these organisations and networks via contact
details publicly obtained. We then undertook a second round of targeted
recruitment, where we invited participants from regions underrepresented
in the sample, including participants associated with technologies or insti-
tution types not yet captured. The final round of recruitment included open
sharing of the survey on social media platforms.

To ensure broad geographical coverage of respondents and innova-
tions, the survey was produced in six languages, including English (EN)
(82.8%, n=203), Chinese (ZH-S) (4.9%, n=12), Japanese (JA) (4.1%,
n=10), French (FR) (3.7%, n=9), Spanish (ES-ES) (2.5%, n=6), and
Portuguese (PT) (2.0%, n=5). A team of translators with marine science
expertise translated non-English responses into English. Informed consent
was obtained from respondents prior to commencing the survey. At the start
of the survey, we provided a set of screening questions to ensure respondents
were either scientists or practitioners who were engaged in marine inno-
vation(s) which has/have been proposed, tested, or implemented globally to
increase the resilience of oceans and marine systems to global heating. We
excluded those aged 17 years or younger; and those who were unfamiliar
with a specific ocean climate innovation.

Our final study sample was 243 respondents. Our survey sample was
non-statistical as target respondents were a specialist group. Although we
refer to respondents as ‘scientists and practitioners’, they identified as
researchers (54%, n = 132), practitioners (agency employees, consultants,
not-for-profit representatives) (35%, #n = 86), community representatives
(Traditional Owners or First Nations persons, artists, journalists, activists,
teachers and students) (10%, n=25) or donors (1%, n=2). Nearly all
respondents (91%, n =224) were familiar with a specific ocean climate
innovation for at least one year, with 44% (n = 107) reporting familiarity
spanning 1-5 years; 27% (n=65) spanning 5-10 years; 21% (n=>52)
spanning 10 or more years; and 9% (1 = 21) spanning less than 1 year. The
innovations discussed by survey respondents were distributed across 10
geographic regions: Australia (tropical) (n = 48), Australia and New Zeal-
and (temperate) (n = 46), North Pacific (1 = 46), Caribbean (n = 31), North
Atlantic (n = 22), Indian Ocean (12), Mediterranean (n = 11), South Pacific
(n=7), South Atlantic (n=3), Red Sea (n=1), and 22 were described as
‘global’.

Discourse identification

A discourse is an ensemble of ideas, concepts and value-propositions
through which meaning is produced®. Our discourse analysis traced for
similarities and variance in how notions of responsibility were presented in
survey responses. The three emergent discourses of responsibility were
determined based on generally accepted principles from diverse areas of

scholarship including responsible public research and policy'”*****’; ecology
and/or biology ethics™*”**; philosophy””’; and science and technology
studies'*".

Survey questions included multiple-choice with expanded response
options, and open-ended question formats. We examined data from survey
questions that elicited descriptive responses indicating where notions of
responsibility were present. We then thematically grouped these qualitative
descriptions based on normative dimensions of responsibility, using both
inductive (survey data driven) and deductive (literature driven) reasoning.
These included the role of science; the role of regulation; approach to social
uncertainty and risk; approach to problem characterisation; role of public;
relationship between research and application (defined in Box 1). We then
organised these normative dimensions into three distinct discourses by
adapting and expanding upon discourses of responsibility proposed by
others (i.e.,””*7**"). We coded responses to identify support and critique

for each discourse. We also acknowledge that discourses of responsibility
contain broader elements than we examine. However, we reduced the ele-
ments explicitly to those our data confirmed. Examples of those we excluded
were ‘approach to ethics’, ‘governing experiments’ or ‘expectations of
experimental systems’ (see). Hence, there is opportunity for future
research to explore a more expansive range of responsibility elements from
this data, and we encourage future researchers to do so.

Data availability
The dataset used and analysed in this study is available from the corre-
sponding author on reasonable request.
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