
Frontiers in Marine Science

OPEN ACCESS

EDITED BY

Rolf Adriaan Groeneveld,
Wageningen University and Research,
Netherlands

REVIEWED BY

Kristy Wallmo,
NOAA Fisheries, United States
Maarten Punt,
Windesheim University of Applied Sciences,
Netherlands

*CORRESPONDENCE

Michael J. Weir

mweir@whoi.edu

RECEIVED 19 April 2024

ACCEPTED 30 June 2025
PUBLISHED 25 July 2025

CITATION

Weir MJ, Lozinsky M and Jin D (2025)
Assessing public support for commercial
fishing in the ocean twilight zone considering
climate trade-offs and ocean literacy.
Front. Mar. Sci. 12:1420203.
doi: 10.3389/fmars.2025.1420203

COPYRIGHT

© 2025 Weir, Lozinsky and Jin. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 25 July 2025

DOI 10.3389/fmars.2025.1420203
Assessing public support for
commercial fishing in the ocean
twilight zone considering climate
trade-offs and ocean literacy
Michael J. Weir1*, Maya Lozinsky2 and Di Jin1

1Marine Policy Center, Woods Hole Oceanographic Institution, Woods Hole, MA, United States,
2Department of Politics and Department of Philosophy, Scripps College, Claremont, CA, United States
Biomass in the mesopelagic or twilight zone (OTZ) of the ocean is estimated to

be 10–100 times that of current annual capture fishery production and plays a

fundamental role in regulating global climate via both biological and physical

processes. Recently, OTZ fisheries have gained commercial attention to support

aquaculture feed production. However, scientific uncertainty remains about the

OTZ’s link to carbon cycling processes, making it difficult to craft a

comprehensive policy to regulate human intervention and mitigate negative

consequences. We distribute a choice experiment among U.S. residents to

estimate the potential social benefit associated with expanding OTZ fisheries

and whether ocean-literate individuals experience a different degree of benefits.

We find that ocean-literate individuals are more likely to support positive levels of

OTZ sourced seafood production relative to non-ocean-literate individuals.

Average individual annual benefits range from $1.84 to $124.74 conditional on

ocean literacy and harvest policy attributes. Ocean-literate individuals are

estimated to experience benefits two to three times higher than those who are

not ocean literate across all harvest policy scenarios, suggesting significant

heterogeneity in the distribution of OTZ-derived benefits conditional on ocean

literacy. While our results suggest significant social benefits to be gained from

expanding OTZ fishery production, back-of-the-envelope calculations suggest

that rapid development of OTZ fishing would likely induce social costs more than

10× that of any benefits experienced. As such, we recommend careful exercise of

the precautionary principle in consideration of mesopelagic governance

approaches and industry expansion.
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1 Introduction

The mesopelagic or twilight zone (OTZ) of the open ocean is

found at depths between 200 and 1,000 m (between 650 and 3,300

ft). While sunlight can no longer support photosynthesis at these

depths, the OTZ is home to a large volume of biomass and variety of

species. Recent estimates of mesopelagic biomass dwarf estimates of

pelagic biomass by one to two orders of magnitude (Anderson et al.,

2019; Proud et al., 2019; Irigoien et al., 2014; Kaartvedt et al., 2012).

Although there remain many unanswered questions about the OTZ,

it is known that mesopelagic species make what is considered to be

the largest daily migration on earth as they move closer to the

surface waters to feed at night and back down to the OTZ to avoid

predators during the daytime, more formally referred to as diel

vertical migration. Interesting in its own right, this vertical

migration is a key mechanism that supports the biological carbon

pump, cycling carbon from the surface waters toward the deeper

ocean where it can be captured and stored for 100 or more years.

Given its estimated vastness, OTZ resources have gained

commercial attention from the fishing industry as a new

ingredient source for fishmeal and fish oil (Food and Agricultural

Organization of the United Nations, 2016, 2018; Grimsmo et al.,

2017; Tacon and Metian, 2008). Many initiatives across the world

have begun to explore the additional commercial potential of OTZ

species1, ways they can be harvested, and what markets would be

available (Kourantidou and Jin, 2022). There are select OTZ species

already commercially harvested including the Orange Roughy

(Hoplostethus atlanticus) and Hoki (Macruronus novaezelandiae)

with some fisheries holding Marine Stewardship Council

sustainability certification. While there is promising potential for

the establishment of a larger commercial fishing sector to support

the aquaculture development, significant uncertainty remains about

the importance of OTZ species’ contribution to ecosystem services,

including carbon capture and climate regulation, and how

commercial harvest of these species may disrupt the diel vertical

migration and associated carbon cycle. As such, OTZ fishery

resources remain largely unexploited (Grimsmo et al., 2017;

Hidalgo and Browman, 2019; St. John et al., 2016). Crafting

comprehensive policy to regulate human interaction and mitigate

potential consequences is essential to responsibly utilizing OTZ

resources, if at all, and its role in climate regulation. An

understanding of the OTZ, and the ocean in general, is of critical

importance in this effort (Schadeberg et al., 2023).

To date, few social science studies investigate the human

dimensions of OTZ exploitation with most related literature

focusing on the preservation of specific deep-sea resources (see

Hilmi et al., 2023). Most related to our research are four stated

preference studies that estimate the non-market benefits provided

by deep-sea resources. Glenn et al. (2010), Aanesen et al. (2015),

and Wattage et al. (2011) conduct discrete choice experiments to

estimate willingness to pay for cold-water coral preservation.
1 OTZ project in the United States, EU horizon-funded projects (the

MEESO, SUMMER, MESOPP, and PANDORA), and the Norwegian

Mesopelagic Initiative.
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Jobstvogt et al. (2014) also implemented a discrete choice

experiment to measure Scottish households’ willingness to pay for

additional deep-sea protected areas. Lastly, O’Connor et al. (2020)

conduct a contingent valuation study and find positive willingness

to pay for the restoration of deep-sea ecosystems in the Bay of

Naples. Our study differs from the ones mentioned in that we are

the first to use a stated preference approach to measure the social

benefits of OTZ exploitation contributing to the growing literature

on the human dimensions of deep-sea resources.

There are a select number of studies that take a stylized

bioeconomic approach to assess the potential implications of

OTZ exploitation. Kourantidou and Jin (2022); Groeneveld et al.

(2024), and Oostdijk et al. (2024) show that the economic feasibility

of mesopelagic fisheries is not straightforward to determine due to

the lack of data on the biophysical processes of the OTZ.

Groeneveld et al (2024) results further suggest that the social cost

of climate impacts induced by harvesting mesopelagic fish is likely

to dwarf the market price fishers could obtain. Taking an ecosystem

services valuation approach, Prellezo et al. (2024) identify

significant losses to ecosystem service values in the Bay of Biscay,

on average, if harvesting mesopelagic fishes at levels producing

maximum sustainable yield. Each of these studies has another

commonality in their findings—point estimates of economic

feasibility and changes in ecosystem service values contained

within a large range of uncertainty. As identified by these social

science findings and natural science research, studying the

implications of OTZ exploitation is complicated by the paucity of

data and limited understanding of linkages among and between

OTZ biomass and carbon cycling. This uncertainty makes it

challenging to estimate the non-market value of OTZ resources.

Because of the stochasticity of natural processes and their

interaction with environmental policies, estimating precise policy

outcomes is rarely possible (Pindyck, 2007). In the stated preference

valuation literature, two main approaches are used to capture the

influence of uncertainty on preferences for environmental policy

and avoid biased welfare estimates (Johnston et al., 2017). The most

observed method utilizes a split sample design in which one

subsample of respondents is shown certain outcomes and another

subsample is shown outcomes with some amount of uncertainty. In

aggregate, this allows the researcher to separate the effects of

outcome uncertainty on policy preferences. Lew et al. (2010)

estimate willingness to pay for Stellar Sea Lion stock

enhancement using three different versions of a discrete choice

experiment that varied forecasted baseline stock changes, which had

a significant influence on willingness to pay. Faccioli et al. (2019)

find significant differences in preferences for conservation policies

between their certain and uncertain treatment samples. An

alternative to the split sample approach is to include uncertainty

directly into the experimental design as a choice experiment

attribute. Glenk and Colombo (2011) include a risk of failure

attribute that probabilistically communicates the chance that a

soil carbon program would fail to provide climate change

mitigation benefits. Communicating uncertainty in the

experimental design was shown to have significant influence on

their respondents’ preferences over public programs. As discussed
frontiersin.org

https://doi.org/10.3389/fmars.2025.1420203
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Weir et al. 10.3389/fmars.2025.1420203
above, outcome uncertainty for OTZ harvest policies is likely

significant, which motivated our experimental design to follow

the latter approach and include a likelihood variable to

probabilistically communicate the chance a given OTZ harvest

policy would result in a given combination of seafood production

and carbon capture.

Anthropogenic climate change is by and large the biggest threat

to the oceans, already contributing to a myriad of impacts, e.g.,

rising sea temperatures, ocean acidification, and rising sea levels,

among many others (Halpern et al., 2007). Ocean citizens make

informed choices to minimize impacts on ocean health and

contribute to solutions for seemingly insurmountable global

problems like climate change (Hawthorne and Alabaster, 1999;

Fletcher and Potts, 2007). Ocean literacy is an important criterion of

one being an ocean citizen. Previous studies found that enhancing

ocean literacy is critical for increasing support for policies and

measures that reduce negative impacts on the marine environment

caused by anthropogenic activities (Schoedinger et al., 2005) and

support for ocean-based solutions to climate change highlighted by

the High Level Panel for a Sustainable Ocean Economy (Stuchtey

et al., 2020). While many information campaigns exist to inform the

public about the consequences of unhealthy oceans and how one

can be a better steward of the ocean, there is no consistent evidence

that more knowledge, education, and public awareness of the ocean

directly leads to sustainable behavior (Stoll-Kleemann, 2019).

Mixed evidence on interventions’ efficacy in closing the pro-

environmental attitude–behavior gap is observed in controlled

experiments (Hagmann et al., 2019; Farjam et al., 2019),

intervention studies (Lanzini and Thøgersen, 2014), and empirical

studies (Keuschnigg and Kratz, 2017; Best and Kneip, 2011).

We make a novel contribution to both the marine policy and

resource economics literatures by conducting the first stated

preference study, to our knowledge, to elicit preferences for

mesopelagic resource exploitation policies. We build on the

limited body of social science literature by conducting a choice

experiment that asks respondents to evaluate the trade-off between

OTZ seafood production and carbon capture to measure the

potential social benefit associated with establishment of an OTZ

commercial fishery. Aside from the literature cited above, there is

little information available to resource managers regarding

preferences for OTZ fishing. Among the other complications

related to expansion of the OTZ commercial fishing sector, this

lack of information on public preferences, including estimates of

social welfare, could lead managers to institute suboptimal policies.

Responsible exploitation policies require a holistic view of both

costs and benefits to society under varying assumptions. Our

research contributes to clarifying the balance sheet managers and

policymakers must evaluate before supporting protection of further

exploitation of OTZ resources. Methodologically, our study

contributes to the broader resource valuation literature by

incorporating outcome uncertainty into our experimental design

to reflect scientific uncertainty about OTZ biomass and carbon

cycling. In addition, by explicitly incorporating uncertainty into our

experimental design and empirical models, it is less likely that

welfare estimates derived from our analysis are biased.
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Furthermore, we assess respondents’ degree of ocean literacy

using a subset of questions from a validated measure of ocean

literacy (International Ocean Literacy Survey; Fauville et al., 2019)

that we use as a proxy for degree of ocean citizenship. We

investigate the extent to which ocean literacy moderates

preferences for OTZ policy attributes and its effect on consumer

welfare derived from an OTZ commercial fishery.
2 Materials and methods

2.1 Survey design

We designed our choice experiment to simulate a policy

scenario that directly considers the trade-off between carbon

sequestration and seafood production associated with the OTZ.

We first developed a one-page summary about the OTZ for

respondents to read prior to answering the choice questions. Our

description was based on a summary originally prepared by

researchers of the MEESO project in the European Union for

inclusion in a stakeholder survey about the mesopelagic socio-

ecological system and possible outcomes of fishing in the

mesopelagic zone. We adapted the language and content from the

MEESO description to avoid scientific jargon to be more

approachable for a general audience. Providing information about

the context considered in a stated preference study is critical to

ensure survey respondents can make informed choices. This is

important for our study given the public is likely unfamiliar with the

OTZ. Our OTZ description and full survey content are included in

the Supplementary Materials.

Attribute levels for the choice experiment were chosen based on

recent academic literature related to the mesopelagic carbon pump

and projected biomass and discussions with scientific experts. All

choice questions included two policy alternatives and a status quo

alternative. The order of each question in each block was

randomized for each respondent. To capture preferences for

exploiting OTZ biomass for food production, respondents were

presented with the percentage of global seafood demand that might

be met by establishing OTZ fisheries (19%, 48%, and 96%). Since

biomass and the biological carbon pump are linked, we

incorporated a carbon sequestration attribute summarizing how

much carbon is captured and stored by OTZ processes. For salience,

we expressed this in terms of the percentage of U.S. motor vehicle

emissions sequestered by OTZ processes (100%, 92%, and 85%).

While the use of varying scales may be a point of confusion for

respondents, i.e., global seafood demand and U.S. vehicle emissions,

we needed to present the attributes in an interpretable fashion. For

example, if we presented seafood consumption at the U.S. level,

harvesting 10% of OTZ biomass would translate to approximately

17,000% of U.S. seafood consumption being met. This amount is

difficult to interpret and would certainly lead to invalid measures of

welfare. Additional details on the definition of the carbon

sequestration and seafood production attributes can be found in

the Supplementary Materials. A crucial component of the

experimental design is the likelihood attribute that we designed to
frontiersin.org
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incorporate the large degree of scientific uncertainty regarding

interactions between mesopelagic biomass and carbon capture.

This attribute was included to communicate the joint outcome

probability of emissions captured and global seafood demand met.

The cost attribute levels were defined based on annual expenditure

for U.S. fisheries management covered by federal income tax. Back-

of-the-envelope estimates show that the median taxpayer in the

United States contributes less than 10 cents annually to fisheries

management in the form of income tax. As such, we defined five

cost levels ranging from $5 to $25 in even increments to reflect the

small amount contributed by taxpayers to fishery management

while also attempting to mitigate the potential inconsequentiality

of the cost attribute. In sum, the attributes and levels included in the

design are as follows:
Fron
Likelihood (%): 20, 50, and 80

Seafood production (%): 19, 48, and 96

Carbon sequestration (%): 92, 85, and 100

Annual cost (US dollars): 5, 10, 15, 20, and 25
We used a D-efficiency criterion to select the best experimental

design. Our optimal design had a D-efficiency of 95% and was

composed of 45 total choice questions divided into nine blocks each

containing five choice questions. Respondents were randomly
tiers in Marine Science 04
assigned to one choice question block to answer. An example

choice menu is presented in Figure 1.

In addition to the choice experiment, respondents self-reported

demographic information, climate change beliefs, environmental

preferences, perceptions of social norms, and self-assessed risk

preferences. The other primary component of the survey was the

ocean literacy assessment. The assessment consisted of 14 questions

taken from the most recent version of the International Ocean

Literacy Survey (IOLS; Chen et al., 2020). The IOLS was designed to

cover seven essential principles of ocean science that were agreed

upon during a decade-long effort by scientists and educators to

formalize a framework that outlined the core tenants that

comprised an ocean-literate individual (Figure 2). This framework

was designed to be incorporated into K-12 science education classes

to bolster young peoples’ working knowledge of the ocean. While

our sample of interest is not K-12 students, the IOLS can serve as a

validated assessment of ocean literacy to be adapted for use in other

populations. Since this assessment was to be incorporated into a

larger survey, we wanted to avoid unnecessary cognitive burden for

our respondents while still capturing meaningful, engaged

responses. The full IOLS assessment consists of 52 multiple

choice and true/false responses covering each of the seven

essential principles of ocean sciences summarized in Figure 2. For

our use case, we separated each question into its respective essential

principle and randomly selected two questions covering each of the
FIGURE 1

Example choice experiment menu.
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seven essential principles. Thus, our assessment included 14 total

questions. Each of the 14 questions and their summary scores are

shown in Table 1.
2.2 Survey distribution

Prior to distribution of the survey, the final survey design was

distributed among a small group of representatives from the marine

policy and marine science fields and members of the public to ensure

survey content was communicated effectively, particularly the choice

experiment attributes and levels included in the experimental design.

After receiving approval of our human subjects protocol from the

Woods Hole Oceanographic Institution’s Office of the Deputy

Director and Vice President for Research (Approval # IRB-006), we

distributed our survey in Spring 2023 among U.S. residents aged 18

years or older. Respondents were recruited from an opt-in panel

managed by the survey platform Alchemer. Recruitment was census

balanced by gender.

We collected a total of 1,625 survey responses. We removed

responses that completed the full survey in less than one-third the

median completion time for the sample. We also dropped

incomplete responses to the choice questions. This filtering

procedure left a final sample of 5,947 choices made by 1,196

unique individuals for analysis.
2 We ultimately selected this specification by first estimating conditional

logit models as a parsimonious representation of our model of consumer

preferences. These are parsimonious in the sense that they do not rely on

distributional assumptions of the researcher as in a mixed logit. We present

results for two conditional logit models in the Supplementary Materials to

support our decision of Equation 1 being our preferred model specification.
2.3 Random parameter logit specification

We use a random utility framework to analyze our data and

assume individual imakes choices between J alternatives in T choice

situations by considering all available alternatives and chooses the

alternative with the highest utility. The expression, Uijt = Vijt + eijt ,
characterizes the indirect utility associated with alternative j for

individual i in choice situation t, where Vijt = bixijt   is the

deterministic portion of utility with x the vector of attributes and

b the individual parameter vectors assumed to be drawn from a
Frontiers in Marine Science 05
population distribution,   g(b q)j , where q is a vector of the

parameter of the distribution, and the error term eijt is

independent and identically distributed extreme value type 1.

Since each participant answered more than one choice question,

we account for the panel structure of our data in the choice

probability as discussed in Train (2009).

We estimate a random parameter logit ("RPL") model to

capture the marginal change in utility given the different OTZ

harvest scenario attributes. We use maximum-likelihood methods

to numerically evaluate the choice probability integral using 5,000

Sobol draws. Our specification for the empirical model captures

preferences for the expected value of a scenario outcome as

determined by the corresponding likelihood level for a given

alternative. This specification is grounded in expected utility

theory, which assumes that utility from a particular outcome is

multiplied by the probability of that outcome (e.g., Roberts et al.,

2008)2. Furthermore, preferences over uncertainty itself are not

theoretically justified in this framework, which limits its value for

estimating welfare. Thus, our empirical model is specified as

follows:

vijt = aSQ
i + bi   costcost + bi   seafoodmseafood + bi  OL,seafood

· OLimseafood + bi   carbonmcarbon + bi  OL,  carbon · OLimseafood , (1)

where for a given likelihood, p , mseafood = p · xseafood + (1 − p) ·
xSQseafood , mcarbon   = p · xcarbon + (1 − p) · xSQcarbon, aSQ

i i s t h e

alternative specific constant for status quo that captures utility

respondents associated with current OTZ harvest policy as

described in the experimental design and OLi is an indicator
FIGURE 2

The seven essential principles of ocean sciences reproduced from Fauville et al. (2019).
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variable equal to one if a respondent scored at least 60% on the

ocean literacy assessment. The likelihood level, p , is the level of

scientific uncertainty presented in each choice menu. The variables

xseafood and xcarbon indicate the level of seafood production and

carbon sequestration in each choice menu, while xSQseafood and xSQcarbon
are held constant at the status quo level of seafood production and

carbon sequestration, respectively. Aside from the cost coefficient,
Frontiers in Marine Science 06
each coefficient is assumed to follow a normal distribution that

allows us to account for unobserved individual heterogeneity

without imposing undue restrictions on the population

distribution for any given parameter. We modeled the cost

coefficient as a negative log-normal distribution. This assumption

guarantees that the sign of the cost coefficient, bcost , is consistent
with economic theory and that welfare estimates have finite
TABLE 1 IOLS question summary and average respondent scores.

Ocean literacy principle IOLS question and correct answer (bold) Mean score

Principle 1 Rivers can transport ______ to the ocean. 0.62

Nutrients; sand; rocks; pollutants

Changes to sea level are caused by ______. 0.52

Movement of the continental plates; Melting and growing of ice caps on land; Warming and
cooling of ocean water

Principle 2 Which statement describes the main process that shapes the features of the land and the
ocean floor? 0.5276

Both the land and the ocean floor are shaped by movement of the earth's crust

Sand on the shoreline is: 0.63

Continually transported by waves and currents

Principle 3 The ocean affects climate change by absorbing, storing, and moving: 0.40

Carbon and heat

What happens in an El Niño year? 0.52

There are large but temporary changes in global weather patterns

Principle 4 Where did most of the oxygen in the atmosphere originally come from? 0.18

Released during photosynthesis by marine organisms

Fossil evidence shows that life most likely first evolved: 0.66

In the ocean

Principle 5 Which of the following most influences the depth at which organisms live in the open ocean
(away from the shoreline)? 0.29

Light levels

Most living material (biomass) in the ocean is found in: 0.56

Plankton (jellyfish, krill, diatoms, etc.)

Principle 6 Humans depend on the ocean for ______. 0.60

Food and medicine; mineral and energy resources; transportation and jobs; benefits to
our economy

Which statement is the best explanation of ocean acidification? 0.43

Burning fossil fuels adds carbon dioxide to the atmosphere, which is then absorbed by the
ocean and increases its acidity.

Principle 7 Which of the following is true concerning the exploration of the ocean? 0.55

Most of the ocean is still unexplored despite improvements in technology in the last 50 years.

The use of satellites, buoys, and remotely operated vehicles improve our understanding of the
ocean because the new technologies: 0.39

Collect much more data than scientists on ships can.
Bold text indicates the correct answer to the preceding IOLS question in the table.
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moments (Ray et al., 2023; Weir et al., 2021; Carson and

Czajkowski, 2019). Both bseafood and bcarbon are expected to be

positive given the commodity characteristics of (sea)food and

public good provided by capturing more carbon. Given the mixed
Frontiers in Marine Science 07
evidence on the efficacy of ocean literacy to promote ocean

stewardship, it is less straightforward to make confident

predictions about the signs of bOL,  seafood and bOL,  carbon. However,

if we assume ocean citizens in our sample consider sustainable
TABLE 2 Summary of respondent characteristics, median (SD); %.

Characteristic N = 1,196 2023 ACS 5-year estimates

Age (years) 45.01 (16.43) 39.2

Gender (%)

Male 47.74 49.0

Female 52.09 51.0

Gender-variant/Non-conforming 0.08 –

Prefer not to answer 0.08 –

Education (%)

Did not complete high school 1.59 11.6

High school graduate or GED 10.62 28.8

Trade/technical school 2.59 –

Some college, no degree 11.04 17.0

College degree (2-year, 4-year, or advanced) 74.17 42.6

Income (%)

Less than $25,000 9.78 15.1

$25,000 to $34,999 7.86 6.8

$35,000 to $49,999 6.19 10.4

$50,000 to $74,999 9.78 15.7

$75,000 to $99,999 8.03 12.7

$100,000 or more 58.36 39.3

Race (%)

Asian 1.17 5.8

Black or African American 4.77 12.0

White 87.79 58.2

Hispanic or Latino 2.09 19.0

American Indian or Alaska Native 0.84 .5

Other 0.25 .5

Two or more races 3.09 3.9

Ocean literacy score (out of 14)
6.50 (2.32)

(Mean = 6.87)

Risk tolerance (out of 10)
8.00 (2.53)

(Mean = 7.21)

Climate change cause beliefs (%)

Human activity 64.46

Natural patterns 25.25

No evidence Earth is warming 7.44

None of the above 2.84
ACS, American Community Survey.
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behavior to be less harvest of wild fish, then we might expect

bOL,  seafood < 0 and bOL,  carbon > 0.

To generate individual welfare estimates, CS, for different policy

scenarios we follow Hanemann (1984):

CS =
1

exp(mcost + scost · zcost)
½lnon exp v

s
n − lnon exp v

SQ
n � (2)

where mcost is the mean of the cost coefficient distribution, scost is the

standard deviation, and zcost is a standard normal random

disturbance. We must exponentiate the cost parameter expression

for welfare calculations because bcost is assumed to follow a log-normal

distribution. The distributions of the other random parameters are

simulated in the same manner to calculate the indirect utility, vsn, for

each policy scenario, s, considered below. The indirect utility for each

scenario is calculated by substituting the estimate coefficients into a

function of the same specification as Equation 1 and the level of each

attribute of interest. The baseline scenario used in all welfare

calculations uses the following attribute levels: 80% likelihood, 107%

U.S. auto emissions, 0% seafood production, and $0 cost. As shown in

the second part of Equation 2, the difference between indirect utility

from scenario s and the status quo scenario, vSQn , are differenced to

calculate the change in utility by implementing a scenario other than

the status quo. Scaling this difference by the cost parameter expression

in the first half of Equation 2 translates the unitless indirect utility

calculation into monetary term. Further discussion on attribute level

definition and status quo attribute levels is in the Supplementary

Materials for this manuscript.
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3 Results

3.1 Respondent characteristics

Summary statistics for the final sample are presented in Table 2.

Overall, our sample is diverse and represents a distribution of

individuals similar to the makeup of the United States within age

and gender. Similar to other online convenience samples, such as

Amazon Mechanical Turk, our respondents are more educated,

have a higher income, and represent a larger white population by

about 30% when compared to the general population.

The overall ocean literacy of our sample hovers near the

midpoint with a median score of 6.5 out of 14 total points,

consistent with previous findings of low ocean literacy among

Americans (Steel et al., 2005). Respondents received a full point

for a correct answer and a half point if selecting at least one but not

all correct responses for a select all that apply question type. Since

each question in our subset of the IOLS was a multiple choice, it is

unlikely that respondents would achieve this median score by

simply guessing. Relatedly, if respondents were dishonest and

searching for correct answers online or other sources, we would

expect a higher median score. In fact, the highest score recorded was

13.5, which, taken together with the other observations, suggests

that the summary scores accurately reflect the degree of ocean

literacy of respondents.

Based on the concept of distance decay, we assumed that

respondents from areas with higher concentration of coastal
FIGURE 3

Summary of IOLS scores by state and US bureau of economic analysis region.
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states, like the Northeast, might exhibit a higher degree of ocean

literacy while those regions further away from the ocean would have

lower ocean literacy. Surprisingly, average ocean literacy score by

region did not differ significantly. Notably, regions with a high

concentration of coastal states (New England, Southeast and West)

did not outperform land-locked regions in terms of average ocean

literacy scores (Figure 3). Based on our definition of earning a

minimum 60% or 8.5 out of 14 points on the IOLS subset,

approximately 30% of our sample qualifies as ocean literate.
3.2 Model results

Table 3 reports RPL results in preference space. The cost

parameter is negative and statistically different from zero. Those

that are not ocean literate in our sample are more likely to accept a

policy with higher expected OTZ seafood production relative to the

status quo. This result suggests that for every 1% increase in OTZ

seafood production, the odds of supporting a policy increase by

1.003. At the median level of OTZ seafood production (48% of

global seafood demand met), this would suggest an odds increase of

approximately 16% in support of a given policy relative to the status

quo. RPL results also suggest that increasing emissions captured

reduces the odds of accepting a policy relative to the status quo, but

this coefficient is not statistically different from zero. In other words,
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respondents are not responsive to changing levels of emissions

capture, on average.

We see similar qualitative findings for the ocean-literate

individuals in our sample. There is a statistically significant,

positive effect on support for increasing OTZ seafood production

equivalent to an increase in policy support of 37% at the median

OTZ seafood production level. Considering the 16% increase in

policy support among the comparison group, this suggests a 53%

total increase in support of an OTZ harvest policy among ocean-

literate individuals in our sample relative to the status quo. We

again observe no statistical effect on policy support from higher

levels of emissions capture. The results for emissions capture are

counterintuitive as we would expect, at a minimum, a positive sign

regardless of one’s degree of ocean literacy given that emissions

captured are a public good. There are a few possibilities for why we

observe these effects that we discuss below. The results for seafood

production follow our intuition. We further identify significant

preference heterogeneity for the status quo alternative and seafood

production for ocean-literate individuals based on the statistically

significant standard deviations of the RPL parameters. This

indicates that there are factors influencing preferences to preserve

the status quo among our full sample and expected seafood

production among ocean-literate individuals that are not captured

by our model specification that would be interesting to explore in

future work.
3.3 Welfare estimates

We estimate individual-level consumer surplus, CS, for a suite

of potential policy outcomes following Hanemann (1984).

Consumer surplus represents the additional social benefit

experienced by a representative consumer if a policy is enacted

that is different from the status quo. Confidence intervals were

estimated using the Krinsky–Robb method (Krinsky and Robb,

1986) with 10,000 draws from estimated parameter distributions.

The surplus estimates presented in Table 4 are all relative to the

status quo alternative. For each level of certainty presented in the

choice experiment, we present consumer surplus estimates for both

ocean-literate and non-ocean-literate individuals to be consistent

with our mixed logit specification. Individual-level welfare estimates

are shown in Table 4.

First, scenarios a, d, and g consider the minimum expected

seafood production assuming a harvest policy is enacted (19%)

while maintaining enough carbon capture equivalent to 100% of

annual U.S. auto emissions or 1.4 PgC (referred to as maximum

emission capture scenarios). All surplus estimates considered in this

suite of scenarios are statistically different from zero. Furthermore,

each is statistically different from the maximum seafood scenarios

(c, f, and i). Specifically, each of these surplus estimates is positive

but smaller than their respective maximum seafood counterpart by

roughly a factor of five. Among non-ocean-literate individuals in

our sample, surplus estimates range from $1.84 to $7.43, which are

roughly one-third of the surplus estimates for those that are ocean

literate in our sample, which range from $5.00 to $21.08.
TABLE 3 Association between utility and policy attributes.

Parameter Estimate (robust SE)

ASC-Status Quo −1.1563 (0.1231) ***

Cost −5.6865 (0.8553) ***

Seafood Production 0.0033 (0.0012) ***

Emissions capture 0 (0.0047)

OL × Seafood production 0.0076 (0.0024) ***

OL × Emissions capture −0.0067 (0.0086)

Standard deviations of random parameters

ASC-Status Quo −2.9627 (0.1503) ***

Cost −0.0166 (0.4465)

Seafood production −0.0059 (0.0036)

Emissions capture −0.0002 (0.0003)

OL × Seafood production −0.0143 (0.0039) ***

OL × Emissions capture 0.0193 (0.0348)

Model fit

LL(0) −6,533

LL(final) −5,615

Adjusted McFadden's R2 0.139

AIC 11,255

BIC 11,335
*** indicates significance at the 1% level.
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Scenarios b, e, and h all represent the median attribute level

scenarios for the respective likelihood. In this case, nearly half of

global seafood demand is met while the amount of carbon captured

by the OTZ would be equivalent to 92% of annual U.S. auto

emissions or roughly 1.3 PgC. For those in our sample that are

not ocean literate, average surplus ranges from $4.67 to $19.15 per

person per year. Each of these surplus estimates is statistically

significant. In the subsample of those that are ocean literate, as

defined herein, welfare values are approximately three times larger

and all statistically different from zero ranging from $12.60

to $56.93.

In scenarios c, f, and I, we consider maximizing expected

seafood production and minimizing emissions captured by the

OTZ (referred to as maximum seafood scenarios). Based on the

experimental design, this implies that 96% of global seafood

demand is met and the equivalent of 85% of U.S. auto emissions

are captured (1.2 PgC). Surplus estimates for non-ocean-literate

individuals more than double compared to the median attribute

scenarios ranging from $9.43 to $39.48 in annual benefits per

person. For those that are ocean literate, surplus further increases,

ranging now from $25.07 to $124.74 in annual benefits per person.

All surplus estimates are statistically significant from zero.

Our results indicate that significant societal benefits could be

derived under different OTZ harvest scenarios ranging from $1.84

to $124.74 per person conditional on ocean literacy and harvest

policy attributes. To estimate potential social welfare gains, we

assume a U.S. population over 18 years of age equal to 258.3 million.

We also assume that our observed distribution of 30% ocean literacy

holds on average such that that 77.5 million individuals are ocean

literate and 180.8 million are not ocean literate in the United States.

Table 5 summarizes the social welfare estimates for these two sub-

populations. Social welfare for non-ocean-literate individuals

ranges from $332.67 million to $7.13 billion while estimates for
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those that are ocean literate range from $387.50 million to $9.67

billion. For a frame of reference, U.S. commercial fishery landings

revenues were $5.9 billion in 2022. Since revenues only reflect

market prices, they do not capture the non-market value of

resources that our methodology is designed to measure. This, in

part, can explain why our high-end estimates of social welfare

eclipse the market value of fishery landings. While our estimates

suggest the non-market value of carbon capture may not be high

within our sample, we could be detecting a second-order

interpretation of the seafood attribute as conservation of

traditional stocks that support seafood demand, which is known

to be associated with positive WTP and social surplus (e.g. Ojea and

Loureiro, 2010).

While these high-level estimates might suggest that both groups

experience similar social welfare under a given policy, it is

important to keep in mind that this aggregation masks the fact

that individual benefits are much smaller for non-ocean-literate

individuals as discussed above. Another crucial note for

interpretation of these findings is that while these values

represent net benefits from the perspective of welfare economics,

these gains do not explicitly incorporate societal costs due to

potentially lost carbon capture, for example. In fact, the results of

several recent studies suggest that the rapid development of OTZ

fishing could lead to a significantly higher social cost of climate

change (Groeneveld et al., 2024; Oostdijk et al., 2024; Prellezo et al.,

2024). To gain initial insight into this dimension, we use the climate

damage estimate of $343/ton of OTZ harvest from Groeneveld et al

(2024). As an example, the minimum seafood scenario implies an

upper-bound OTZ harvest of 240 MMT based on our assumptions

described in the Supplementary Materials. At this harvest level and

damage value assumption, climate damages would cost society

approximately $82 billion, which, by and far, eclipses even our

high-end social welfare estimates by nearly 10-fold. While the
TABLE 4 Individual-level consumer surplus conditional on ocean literacy.

Scenario

Non-ocean literate Ocean literate

Surplus ($)
95% Confidence

interval Surplus ($)
95% Confidence

interval

80% likelihood

a. 19% global seafood demand, 100% U.S. auto emissions captured 7.43 (5.9, 8.86) 21.08 (17.76, 24.05)

b. 48% global seafood demand, 92% U.S. auto emissions captured 19.15 (17.93, 20.27) 56.93 (54.74, 58.82)

c. 96% global seafood demand, 85% U.S. auto emissions captured 39.48 (38.82, 40.07) 124.74 (124.58, 124.76)

50% likelihood

d. 19% global seafood demand, 100% U.S. auto emissions captured 4.62 (3.02, 6.12) 12.84 (9.26, 16.06)

e. 48% global seafood demand, 92% U.S. auto emissions captured 11.83 (10.42, 13.14) 33.53 (30.6, 36.12)

f. 96% global seafood demand, 85% U.S. auto emissions captured 24.13 (23.05, 25.12) 70.22 (68.45, 71.71)

20% likelihood

g. 19% global seafood demand, 100% U.S. auto emissions captured 1.84 (1.19, 8.46) 5.00 (1.17, 8.45)

h. 48% global seafood demand, 92% U.S. auto emissions captured 4.67 (9.04, 15.84) 12.60 (9.02, 15.83)

i. 96% global seafood demand, 85% U.S. auto emissions captured 9.43 (21.9, 27.94) 25.07 (21.88, 27.92)
frontiersin.org

https://doi.org/10.3389/fmars.2025.1420203
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Weir et al. 10.3389/fmars.2025.1420203
benefit estimates presented herein are only applicable for

interpretation within the United States, we have reasonable doubt

that OTZ fisheries are worth developing.
4 Discussion

A consistent finding across all consumer surplus estimates is

that the maximum seafood production scenarios are always valued

higher than the maximum emission capture scenarios. This raises a

question as to what is driving our respondents’ preferences in this

manner. The first consideration might be that respondents could

more easily evaluate the trade-offs for seafood production given

seafood is a tangible good and food, more generally, is a necessity.

As such, this attribute might have been more salient to our

respondents. In comparison, emissions capture, the social cost of

not capturing emissions, and potential costs of alternative carbon

removal technologies are unverifiable or credence attributes of OTZ

harvest for the public that could have made it difficult to evaluate

the presented trade-offs.

To explore this hypothesis, we looked to answers to individual

questions of the IOLS from the survey. Specifically, one question

asked The ocean affects climate change by absorbing, storing, and

moving: with the correct answer being carbon and heat. Thirty-nine

percent of our sample answered this question correctly. The second

most popular answer choice was carbon and salt, which 25% of the

sample selected. Thus, nearly two-thirds of our sample have some

degree of understanding about the ocean’s relationship to carbon.

We interpret this as partial evidence to refute the hypothesis that

our sample is unfamiliar with carbon emissions capture. With that

in mind, the context in which we asked respondents to evaluate

trade-offs regarding carbon capture may be the dimension that is

lacking saliency rather than the attribute itself. While we did collect

feedback on saliency of the context and attribute description prior
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to distributing the survey, there is still a possibility that this could

drive the result.

In addition to the interesting relationship between seafood

production and emissions capture, our results suggest that ocean-

literate individuals might experience higher surplus gains assuming

some positive quantity of OTZ harvest relative to the status quo. All

of the surplus estimates for non-ocean-literate and ocean-literate

individuals are statistically different from one another, indicating

significant heterogeneity in the distribution of benefits. The

distributional differences we observe in our results could be

exacerbated by potential lost carbon capture and associated shifts

in climate patterns, which is known to have its own distributional

impacts (Mumtaz and Theophilopoulou, 2024). Relatedly, while

previously successful ocean literacy and awareness campaigns (e.g.,

Zoological Society of London’s Project Ocean or Monterey Bay

Aquarium’s Seafood Watch) suggest that improving public

awareness and literacy related to the ocean and its processes

could provide societal benefits, we caution the interpretation of

our findings that increasing ocean literacy would necessarily

increase societal benefits derived from implementing an OTZ

harvest policy. Our study design did not address this hypothesis.

Previous research exploring this topic found that more knowledge

does not necessarily translate into more informed and/or correct

choices as evidenced by recent studies. For example, Lackner et al.

(2023) identify significant overconfidence exhibited by individuals

with intermediate scientific knowledge when asked about general

science topics. Specifically, these individuals chose incorrect

answers on a science assessment rather than selecting the offered

I don’t know option on topics they were unfamiliar with. In a study

on perceptions of deep-sea mining, Kaikkonen and Putten (2021)

find that self-assessed knowledge of the deep sea does not directly

correlate with how much individuals care about the deep sea. What

we intend to highlight is a need to consider ways to promote

understanding of topics rather than simply familiarity with a topic.
TABLE 5 Aggregate social welfare estimates conditional on degree of ocean literacy in US dollars.

Scenario
Non-ocean literate (180.8 mil-

lion people)
Ocean literate

(77.5 million people)

80% likelihood

a. 19% global seafood demand, 100% U.S. auto emissions captured 1.34 billion 1.63 billion

b. 48% global seafood demand, 92% U.S. auto emissions captured 3.46 billion 4.41 billion

c. 96% global seafood demand, 85% U.S. auto emissions captured 7.14 billion 9.67 billion

50% likelihood

d. 19% global seafood demand, 100% U.S. auto emissions captured 835.30 million 995.10 million

e. 48% global seafood demand, 92% U.S. auto emissions captured 2.14 billion 2.60 billion

f. 96% global seafood demand, 85% U.S. auto emissions captured 4.36 billion 5.44 billion

20% likelihood

g. 19% global seafood demand, 100% U.S. auto emissions captured 332.67 million 387.50 million

h. 48% global seafood demand, 92% U.S. auto emissions captured 844.34 million 976.50 million

i. 96% global seafood demand, 85% U.S. auto emissions captured 1.71 billion 1.96 billion
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As mentioned above, an alternate interpretation of the

estimated differences in surplus gains might be that respondents

in our survey interpreted the OTZ seafood production attribute to

imply that exploitation of traditional stocks would be halted,

leading to conservation and stock rebuilding. While not explicitly

communicated as an attribute, it is a reasonable conjecture that

respondents could make this second-order connection. Though we

cannot be certain that respondents of our survey would interpret

the seafood attribute in this manner and no one in our survey would

pre-test the provided commentary on this point, it would be

interesting to understand how seafood consumers, and the public

more generally, would interpret the co-benefit of OTZ fishery

development. Regardless of how the public might interpret these

co-benefits, the large uncertainties and impacts on oceanic carbon

sequestration of rapid mesopelagic fisheries development warrant a

precautionary approach (Groeneveld et al., 2024; Oostdijk et al.,

2024; Prellezo et al., 2024). This is particularly true given the fact

that any social benefits derived from development of an OTZ

seafood supply chain are likely to be eclipsed by the social costs

of weakening oceanic carbon sequestration as discussed above.
4.1 Limitations and extensions

Given the nascent state of knowledge about the OTZ and related

social preferences, there are some limitations to our work that could

serve as important extensions for future researchers. One important

dimension our study does not incorporate is the external cost of lost

carbon capture and sequestration by removing biomass from the

OTZ. The results presented in our work only capture social benefits

to the public from different OTZ harvest scenarios. Incorporating

the external cost of lost carbon capture and sequestration into the

experimental design would allow for more complete estimation of

net benefits to society, which could be more informative for policy

design. Of course, appropriately incorporating these costs into a

stated preference design is conditional on more work in the natural

sciences to refine estimates of OTZ-related carbon capture and how

the biological carbon pump would interact with the harvest of OTZ

species. However, credible estimates from the literature are a useful

starting point and seem to suggest that OTZ exploitation is unlikely

to offer net positive benefits to society as a whole.

Another important extension to this work would be expanding

the population sampled to be more diverse along lines of geography

and roles in society. Our sample focused only onU.S. residents. Given

the OTZ is part of the global ocean and the geographic diversity of

commercial interests in the OTZ, distributing the survey among

residents in other countries would provide more generalizable

estimates of social preferences for OTZ resources. In this vein,

including perspectives of policymakers, fishery managers, and

industry representatives is an invaluable extension for considering

the costs and benefits of establishing OTZ fisheries. This extension

would add a valuable contribution to research on social license and

societal engagement in deep-sea governance, which is an ongoing

challenge for management of resources outside national jurisdictions.
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5 Conclusions

While there is a growing volume of scientific discovery about

the OTZ in the natural sciences, further work in the social sciences

should be pursued to develop responsible policy alternatives

regarding exploitation of OTZ resources. Our study joins this

growing literature as a first step towards estimating the social

benefits derived from OTZ fisheries and deep-sea resources more

broadly. We find that on average, those that are ocean literate

experience benefits two to three times higher than those that are not

ocean literate across all harvest policy scenarios, suggesting

significant heterogeneity in the distribution of OTZ-derived

benefits. This finding alone can be interpreted to show that the

public would likely support OTZ fisheries if they are presented with

a similar description to the one in our choice experiment. The

troubling dimension of this observation is that it also implies

supporting reduction in the ocean’s ability to capture and

sequester carbon. Given the initial evidence of substantial social

costs from OTZ harvest, this presents an opportunity for scientists

and policymakers to carefully present the balance sheet of impacts

in a clear manner among themselves and the public for discussion

regarding OTZ fishery development.

As we note, much more work is required across disciplines to

fully consider the potential implications of exploiting OTZ

resources though, and the current body of evidence in

conjunction with the current study leads us to echo previous

literature by recommending a precautionary approach when

considering the exploitation of OTZ fishery resources. As

Schadeberg et al (2023). acknowledge, mesopelagic science serves

a de facto governing role in the absence of traditional state-led,

legally binding forms of mesopelagic governance, thus holding a

significant portion of power when it comes to decision-making

about exploitation of the OTZ. It is a responsibility of the scientific

community to refine our knowledge about the societal costs and

benefits of OTZ exploitation to inform confident recommendations

on governance approaches and industry expansion.
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