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Abstract

Fisheries management agencies in the U.S. Caribbean are currently taking steps into transi-
tioning from a single species approach to one that includes Ecosystem Based Fisheries
Management (EBFM) considerations. In this study, we developed and analyzed stake-
holder-driven conceptual models with seven different stakeholder groups in Puerto Rico and
the US Virgin Islands to assess and compare their perceptions of the fishery ecosystem.
Conceptual models were developed for each stakeholder group during 29 separate work-
shops involving a total of 236 participants representing Commercial Fishers, Managers,
Academics, Local Businesses, Environmental NGOs, and the Caribbean Fishery Manage-
ment Council (CFMC) District Advisory Panels (DAPs) and Scientific and Statistical Com-
mittee (SSC). Non-Metric Multidimensional Scaling (hMDS) and two-mode social network
analysis were used to investigate differences and similarities between stakeholder groups
as well as to identify priority ecosystem elements and threats. Results show important varia-
tions between stakeholders and islands in terms of their perceived importance of ecosystem
components and relationships, which supports the need for collaborative approaches and
co-production of knowledge in the United States (U.S.) Caribbean region. Despite this varia-
tion, important areas of common concern among stakeholders were identified such as: habi-
tat integrity (e.g., coral reefs), water quality, and influence of recreational fisheries and
tourism on marine ecosystems. Findings of this study support the use of stakeholder-driven
conceptual models as effective tools to guide decision-making, aid prioritization of data col-
lection, and increase collaboration and cooperation among stakeholders in the context of
fisheries management.
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1. Introduction

Fisheries management authorities in the U.S. have made substantial progress toward adopting
ecosystem-based approaches. Under the U.S. Ecosystem-Based Fisheries Management (EBFM)
Policy, NOAA Fisheries defines EBFM as “A systematic approach to fisheries management in a
geographically specified area that contributes to the resilience and sustainability of the ecosys-
tem; recognizes the physical, biological, economic, and social interactions among the affected
fishery-related components of the ecosystem, including humans; and seeks to optimize benefits
among a diverse set of societal goals” [1]. The focus on EBFM stems from the realization that
conventional management strategies, notably single species approaches to fisheries manage-
ment, have severe limitations, and generally overlook factors affecting the system at a larger
scale, e.g., loss of habitat, ecological interactions, and human adaptive behavior [2, 3].

In the U.S. Caribbean, efforts to adopt an ecosystem approach to fisheries management
began with a shift initiated in 2012 from a spatially undifferentiated management approach to
an island-based approach, with separate stock reference points for Puerto Rico, St. Thomas/
St. John (USVI), and St. Croix (USVI) (Fig 1) [4]. This new approach recognized differences in
the economic, social, and cultural landscapes that shape fishing practices in the different U.S.
Caribbean islands (see [4]) and establishes a basis for developing EBFM in the region.
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Fig 1. Map of the U.S. Caribbean showing fishery management subdivisions (ACL subdivisions) for each island
and the boundaries of the exclusive economic zone ([5]).

https://doi.org/10.1371/journal.pone.0304101.g001
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Currently, the Caribbean Fishery Management Council (CFMC) EBEM Technical Advisory
Panel (TAP) is tasked with developing a Fishery Ecosystem Plan (FEP) (see [6]), a document to
guide the council’s efforts in adopting EBFM. The process of developing the FEP in the U.S.

Caribbean has been heavily based on the “FEP loop” (Fig 2) developed by the Lenfest Fishery

Ecosystem Task Force (see [2]). In this loop, the process of development of an FEP is described
in five stages and the cycle is repeated over time, making it adaptive. The first stage in the FEP
process is characterized by the question “Where are we now?” and has the objective of guiding a
model and inventory of the fishery system. The efforts described in this paper were carried out to

THE STRUCTURE AND PROCESS OF FISHERY ECOSYSTEM PLANS
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Fig 2. FEP loop (Levin et al. 2018).
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address this initial stage, specifically through the development and analysis of conceptual models
constructed with various fishery stakeholders in the U.S. Caribbean to describe the ecological,
economic, social, and institutional components of the ecosystem and their causal connections.

Conceptual models are tools widely used in natural resource management. They serve vari-
ous purposes, including the development of simplified schematics of complex systems, espe-
cially those with limited data [7-9]. Conceptual models also facilitate interdisciplinary
collaboration [10] and provide holistic and diverse representations of social-ecological systems
from the perspectives of multiple stakeholders [11, 12]. The benefits of employing conceptual
models extend beyond the end product, as interactions between stakeholders during the devel-
opment phase can promote and strengthen collaborative and participatory efforts. Stakeholder
engagement is considered a crucial step in the successful adoption of more holistic ecosystem
management strategies [3], particularly when viewed through the lens of knowledge co-pro-
duction [13]. Engaging diverse stakeholders offers several advantages, including bridging the
gap between traditional (e.g., scientists) and non-traditional experts (e.g. fishers), increasing
stakeholders’ familiarity with the decision-making process [14], and establishing a mechanism
for stakeholder input, all which are associated with increased acceptance of managerial actions
[3, 11, 12, 15, 16).

Developing stakeholder driven conceptual models was considered a valuable first step in
the transition to EBFM in the U.S. Caribbean due to the complexity of the region’s fishery eco-
system and the critical data gaps that exist in both the natural and human dimensions. Scien-
tific knowledge gaps in the U.S. Caribbean arise from resource constraints for data collection
and the management of a large number of species (over 150 stocks) within the complex tropi-
cal social-ecological systems that characterize the region [17]. This inherent complexity,
including habitat interactions and diverse catch composition, results in a fishery characterized
by multiple gear use and a wide range of species targeted. Other challenging characteristics of
the U.S. Caribbean fisheries include the small-scale nature of the activity, the diversity of land-
ings sites; interactions with other sectors (e.g., recreational fisheries, tourism) for which data is
limited or non-existent, variations in data collection, management, enforcement between
islands and jurisdictions (federal v. local), and a history of limited cooperation between agen-
cies and stakeholders [17].

The diverse and complex characteristics of the region’s fisheries, coupled with the different
geographic, political, and social realities of the various islands and island groups, further high-
light the limitations of single species approaches to managing the region’s fisheries, and sup-
port the adoption of EBEM [17, 18]. The initial interactions with different stakeholder groups,
as discussed in this paper, focused on constructing models for the entire fishery ecosystem.
These models were analyzed by stakeholder group, by island/island complex, and for the U.S.
Caribbean (i.e., a consensus melded model). The construction of conceptual models by differ-
ent stakeholder groups in tropical socio-ecological systems, as presented here, constitutes a
novel approach for fishery ecosystem level analyses. Approaching the conceptual modelling
exercise from an ecosystem scale was considered a critical step to understand this complex
fishery system from a stakeholder viewpoint and obtain information that can inform the prior-
itization of policy and management actions and data needs.

2. Materials and methods
2.1. Data collection: Development of stakeholder driven conceptual models

The conceptual models presented in this study were developed through multiple concurrent
efforts led by different groups. The effort led by this study’s authors, referred to as Cruz-Motta
etal. in Table 1, engaged with commercial fishers (“fishers”), fisheries management personnel
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Table 1. Summary information about different workshops held to develop conceptual models with multiple U.S. Caribbean fisheries stakeholder group.

Stakeholder Group |Number of Number of Island Grouping (Number of Group Leading Method Year
Models Participants Workshops)* Workshops
Commercial 12 117 | PR (10); STT (1); STX (1) Cruz-Motta et al. In person 2021/
Fishers™* 22
Managers 3 9 | PR (2); USVI(1) Cruz-Motta et al. Virtual 2021
Academics 4 24 | PR (3); USVI (1) Cruz-Motta et al. Virtual 2021
Businesses 3 17 | PR (1); STT (1); STX (1) Mellivora Consulting Virtual 2021
NGOs 3 20 | PR (1); STT (1); STX (1) Mellivora Consulting Virtual 2021
DAPs 3 38 | PR(1); STT (1); STX (1) CFMC In person 2018
SSC 1 11 | U.S. Caribbean CFMC In person/ 2018/
Virtual 19
Total 29 236 - - - -

*PR = Puerto Rico; STT = St. Thomas, USV; STX = St. Croix, USVI
**Commercial fishers are those engaged in fishing activities with the purpose of selling their catch in the market.

https://doi.org/10.1371/journal.pone.0304101.t001

(“managers”), and fishery science academics (“academics”). Mellivora Consulting led the devel-
opment of conceptual models with local fishery related businesses (“businesses”) and environ-
mental Non-Governmental Organizations (“NGOs”). The CFMC was responsible for the
efforts involving their District Advisory Panels (“DAPs”) and Scientific and Statistical Commit-
tee (“SSC”). District Advisory Panels are comprised of individuals with diverse experience and
interest in the local fishing industry who provide information and recommendations to the
Council. Members include commercial and recreational fishers, local businesses, scientists, and
other members of the public (see: https://caribbeanfmc.com/about-us/cfme-district-advisory-
panels). The Scientific and Statistical Committee is comprised of scientists from state and Fed-
eral agencies, academic institutions, and other affiliations. Members of the SSC review manage-
ment plans and other documents to ensure the council is using the best available science in
their decision-making process (see: https://caribbeanfmec.com/about-us/cfmc-scientific-and-
statistical-committee). Coordination between the different efforts to develop conceptual models
helped to maximize the compatibility of employed methodologies and their outcomes. Separate
conceptual models were developed for each stakeholder group (see Table 1).

These stakeholders represented the islands of Puerto Rico, St. Thomas/St. John, and
St. Croix, and conceptual models were developed by island/island group, except for the man-
agers and academics models which were developed for Puerto Rico and the USVI (combining
USVI islands), and the SSC model which was developed for the U.S. Caribbean (Puerto Rico
and USVI combined). All 29 stakeholder workshops were held between 2018 and 2022 involv-
ing a total of 236 participants. Due to COVID-19 restrictions, workshops took place online,
except for those with the DAPs and commercial fishers. The DAPs models were constructed
over the course of three meetings with each group organized and led by the CFMC. Fishers’
workshops were organized in 10 different communities around Puerto Rico and one each in
St. Thomas and St. Croix. The SSC model was developed during multiple meetings held and
organized by the CFMC which were conducted both in person and online. Participants in the
online workshops were recruited by email from an initial list compiled by the researchers with
the assistance of collaborators with experience working with the respective stakeholder groups.
Fishers were recruited through flyers, social media posts, word of mouth, and direct communi-
cation by researchers and local fishery liaisons.

During stakeholder workshops, conceptual models were developed using a multi-step fuzzy
cognitive mapping approach based on Ozesmi and Ozesmi [19]. Participants were given an
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introductory brief summarizing the objectives of the conceptual models within the context of
the Caribbean FEP development, and an unrelated example (e.g., a forest ecosystem) to illus-
trate the process of building a conceptual model by identifying components and relationships
between them. Following the introduction, prompt questions were used to initiate the building
of the model. Participants were first asked to identify important components of the entire U.S.
Caribbean marine fishery system, which could be social, biological, economic, cultural, or
physical in nature, and then prompted to link these different components based on relation-
ships between them. These relationships could be positive or negative, meaning that compo-
nents could affect each other by increasing or decreasing their quantity or quality. Some
relationships were characterized as neutral when the direction of the effect could either vary
depending on the conditions, or involve components with optimal levels (e.g., salinity) and
thus be impossible to characterize as exclusively negative or positive.

During online workshops, models were constructed by the research team on the screen
using Mental Modeler online software [20]. In all in-person workshops, models were built
using post-it notes attached to a large white notepad and linked by arrows drawn by workshop
moderators based on input from attendees. After each virtual workshop, participants were
sent a link via email to access the model built during their workshop and had 2 weeks to pro-
vide comments and thus validate the model and increase process transparency [21]. Models
constructed in person were validated that same day. Final versions of each individual model
were created using Mental Modeler software and underlying information of each model was
saved as matrices for further analysis. Matrix rows listed individual relationship between com-
ponents (including signs +/-), and columns represented the different stakeholder groups/
islands. Matrix cells then indicated presence (1)/absence (0) of each relationship in the respec-
tive stakeholder groups’ conceptual models.

Approval from the University of New Haven Institutional Review Board (Protocol 2023-
051) was obtained prior to the analyses and publication of results to ensure that the use of the
qualitative data initially collected with the purpose of informing management strategies con-
formed with the ethical standards for research involving human subjects. The complete set of
data for analyses was obtained and compiled in July 2023. The manner with which the data
was collected and recorded makes the identification of individuals involved in the construction
of conceptual models virtually impossible, therefore consent was not obtained. The researchers
have taken the appropriate steps to guarantee confidentiality of individuals upon presentation
of methods and results.

2.2. Methods of conceptual models data analyses

2.2.1. Development of consensus models. All components identified by stakeholders in
each conceptual model were thoroughly examined for terminology cohesiveness. Only compo-
nents that were deemed identical or very similar were combined as to maintain the integrity of
the conceptual models while avoiding weakening relationships due to the use of synonyms by
different participants and stakeholder groups. Some idiosyncratic components were further
combined into broader categories (e.g., specific types of pollution grouped under non-point
source pollution). Conceptual model data were then merged to create a unique consensus
model for the U.S. Caribbean using social network analysis methodology in Gephi software
version 0.10.1 (Yifan Hu layout) [22]. Models by stakeholder group and by island/island group
were also created. Consensus models reflect the most important fishery ecosystem components
and relationships based on the collective perceptions of the participant stakeholder groups.

2.2.2. Stakeholder group similarity analysis. A presence/absence matrix containing all
relationships between components identified in stakeholders’ conceptual models and

PLOS ONE | https://doi.org/10.1371/journal.pone.0304101 May 31, 2024 6/17


https://doi.org/10.1371/journal.pone.0304101

PLOS ONE

Development and analyses of stakeholder driven conceptual models to support EBFM in the U.S. Caribbean

attributed to each stakeholder group by island/island group was used to analyze similarity
between groups using multivariate ordinations. Non-Metric Multidimensional Scaling
(nMDS) was used to visualize patterns of similarities between stakeholder groups and islands,
based on a simple matching index of identified relationships among ecosystem components.
In addition, statistically significant groupings were identified using the routine SIMPROF, in
which the null hypothesis of no grouping is constructed using permutations of original data.
All multivariate analyses were performed using the PRIMER-e software [23].

2.2.3 Identification of priority ecosystem components. Matrices listing components
identified as either drivers (components affecting other components) or receivers (compo-
nents being affected by another component) by each stakeholder group were created to
develop two-mode social network analysis diagrams using UCINET 6 [24] and NetDraw ver-
sion 2.181 [25] software for the U.S. Caribbean and by island/island group. These diagrams
were used to identify convergence and divergence between stakeholder groups with regard to
ecosystem components identified as either drivers or receivers.

3. Results
3.1. Consensus models

The consensus model displayed in Fig 3 provides a visual representation of the extent of infor-
mation obtained through the development of multiple stakeholder driven conceptual models
for the U.S. Caribbean (See S1 File for island/island group-based analysis). All ecosystem com-
ponents identified by stakeholders are included in Fig 3A and are linked to each other by lines
representing relationships that are either negative (red), positive (green), or neutral (yellow).
The size of the letters is indicative of the number of connections involving each component
and the thickness of the lines represents the number of stakeholder groups that mentioned the
relationship, providing a visualization of ecosystem elements and relationships that can be
considered important or as priorities for participant stakeholders. Fig 3B is a sub-model of
Fig 3A including only the relationships that represent the highest level of agreement between
stakeholder groups, i.e., were identified by 5 (maximum) or 4 stakeholder groups, again repre-
sented by line thickness (see also Table 2). Number of connections is also emphasized in

Fig 3B by the size of the font, with the most prominent components being Coral Reefs, Fisher-
ies Resources, and Water Quality. Table 2 lists the relationships displayed in Fig 1B, and the
respective stakeholder groups that included them in their conceptual models.

Stakeholders generally agreed that impacts of climate change, coastal development and pol-
lution have negative effects on marine habitats, including coral reefs, mangroves and seagrass
beds. Relationships involving law enforcement, management, and illegal fishing were also
identified by multiple stakeholder groups. The relationships with the highest level of agree-
ment among stakeholder groups are the impacts of run-off (negative), water quality (positive),
and marine diseases (negative) on coral reefs, the impacts of coastal development on run-off
(positive), and the effect of Education and Outreach efforts on compliance with fisheries rules
and regulations (positive) (Table 2).

3.2. Stakeholder group similarity

Patterns of spatial distribution can be identified in Fig 4 and, despite a medium to high stress
value of 0.2, can be used as indicative of relative differences and similarities between groups
regarding the relationships between components identified in each group’s conceptual models.
These analyses suggest that, generally, similarity of perceptions regarding important relation-
ships between ecosystem components is relatively high among similar groups of stakeholders

PLOS ONE | https://doi.org/10.1371/journal.pone.0304101 May 31, 2024 7/17


https://doi.org/10.1371/journal.pone.0304101

PLOS ONE Development and analyses of stakeholder driven conceptual models to support EBFM in the U.S. Caribbean

Deep-water Gnvironments
Aftican Dust

Gvee""w* Ges Emission Lack of Green nfrasiructyre Poor Land Management
n-Extractive Human Use of the Ocean
ater. ] y UserGonflt_ Plankion Heath Mud'Sand Haptat Integrity of Gpen Ocean o
7 Jexi om Stations. User Behavior _ Visibilty Life History of Fisheries Resources
~Poor Fishing: Gonr Management Human Diseases Crabs Droughts _  Fiber Optic Line
NS Byiagapecty—.c forel Coasta beveopmmont 8 it
Commuricaion whenfishers soou BN L L Easer M\O hueane;o = CEStiary Ruers.. oo nete Appea! Vessel Gperation Agricultural Gontamination
5 % M Off-of. Landml InshamReeVs Octapus Al Quali Ocean Sargassum P
Pubic Support of Consenvation & Management Marine Spatial Planing ozl erestrat Kot R Mossing s\ g o e o B Cootil Saramssomn = Forage Fish Availability
Lack of Runof Management /.- arks | arge Ve%se\s S n o R:’:é coastal Forest Target Species Calchabilty
Marine Temporal Planning/Management Flshems:';ys “'e’ < Erosion_ Adif

Co-management Agreements nQe ~Aquarium Trade.—
o —Coral Bl

J_X@%Habltat
= -Sargassum

Overfishing— MER] ;‘W"‘*
bifats
Connectivty.

Human & Financial Resource " Indu: {if
Live Aboard House Boala/Privale Vessels = Pdiht Pollution- umm‘ ublic—
aste

i tmen! X

ind-
— Hum Natugal Disaster Respon
(o) ities = Oceanographlc Variables.
f%oenceIScnsauﬁc Survey/ g Mm ineDi Water-Temperature
= Nosse Roluion” Leglslahon > Marine Bi

ion:
icanes E\shmg as.Livelinood

~Detri vmm fomBVI—_ Marginalized:Communities—
Cultural and Community Leaders 0 ernmem\qeg

mal
NG Wing: Iglsheﬂes Indusma!Flshlng ~Fetes

——— ~Com| : = — T:ommeveqal Fishin,
Manage ”61 e FvsnerCooperahon —SocalTrogass=redging Clguete[a Bywwl oastabWaters SUBence SN0 ciinanip Fishing 9 N\
e relaty for Edscation A to lﬁe Wa(erlResouroes Invasive Spsec\es Mana ememg?smer'ﬁs“ k“eri‘nneoT?:faﬁrxuvéoqoeoonomy of Fishers F h m
Te E \ccess: X =
mm.“:az;m:“""'*yc e e oo i ety isher esources
ommunity Enforeement Programs SErap Food S is! ar et—Price _ Cost of Material
Local Cultural and Religious Traditions AR B Hionasar < Canubin - Ffigioanses import ControlCatoh-Yield Fehisiled Susinesses
nrastrciroMainanence ' Covermest Relatons - Emigaton _ Fishing trest Disloyal Compsmmn Supply CGmﬁque-]al F|Shers
inagers of Rishing Villages  Fishing.Control  Dealers/Dealer’s Permxls Fishers Cooperatives  Intermediary Down Island Fiehing Pressure
Famiy Suffering Poliioal Wil Inundations | iation B0at Malntanence Incompatibility of Laws.
Lack of Contol otdocal Aduacure ErauthetLissnns UG Faly Mo
Tourism
Non Point, Pollution
\ Sargassum
\ 4
Compliance
Seagrass
Education/Outreach
Law Enforcement
Managément NU
‘\; S Invasive. Species
1UU Fishing q H
U Fshing Marine 'Habitat
HmioefTZS, \ = Cllmate Change
Run-Off
Fisheries*Resources
Coastal Development Water Temperature
Mangroves i
9 poilen Commercial Fishers
Nursery Habitats

Fig 3. A. Consensus conceptual model for the U.S. Caribbean, merging all conceptual models for the seven stakeholder groups for all island/island groups. B.
Consensus conceptual model for the U.S. Caribbean showing only relationships present in at least four stakeholder group’s conceptual models. Arrow direction
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thickness of the lines reflects agreement, i.e., the number of stakeholder groups that mentioned each relationship.

https://doi.org/10.1371/journal.pone.0304101.g003

regardless of the island/island group to which they belong. The highest disparity is observed
among the DAPs.

Detailed analysis of the correlation between each original variable (i.e., relationships
between components) and the axis ordinations revealed that relationships involving the
importance of coral reefs for fishery resources and the effect of commercial fishery activities
on these resources (which is indicative of dependence and impact), were important for the
stakeholder groupings on the left side of the plot, which includes fishers, managers, and the
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Table 2. List of top relationships by stakeholder agreement level and respective stakeholder groups for the U.S. Caribbean. Number of groups refer to the total num-
ber of stakeholder groups that identified each relationship in their conceptual model(s).

Relationship

Run Off-Coral Reefs

Marine Diseases-Coral Reefs

Water Quality-Coral Reefs

Coastal Development-Run Off
Education/Outreach-Compliance
Invasive Species-Coral Reefs

Water Temperature-Coral Reefs
Non-Point Pollution-Water Quality
Coastal Development-Mangroves
Sargassum-Tourism

Commercial Fishers-Fisheries Resources
Sargassum-Water Quality

Marine Diseases-Fisheries Resources
Climate Change-Coral Reefs
Hurricanes-Coral Reefs

Law Enforcement-IUU Fishing
Water Temperature-Marine Diseases
Water Quality-Seagrass

Marine Habitat-Coral Reefs

Marine Habitat-Seagrass

Run Off-Pollution

Marine Habitat-Fisheries Resources
Fisheries Resources-Commercial Fishers
Climate Change-Marine Diseases
Law Enforcement-Management

Mangroves-Nursery Habitats

https://doi.org/10.1371/journal.pone.0304101.t002

Sign MAN EXP DAPs BUS NGO FISH SSC # of Groups

= 1 1 0 1 1 1 0 5
= 0 1 1 1 1 1 0 5
+ 0 1 1 1 1 0 1 5
+ 0 1 0 1 1 1 1 5
+ 1 1 1 0 1 0 1 5
- 0 1 1 0 1 1 0 4
- 0 1 1 1 0 1 0 4
- 1 1 1 0 1 0 0 4
- 0 1 0 1 1 1 0 4
- 1 1 1 0 0 1 0 4
- 1 1 1 0 0 1 0 4
- 1 0 1 1 1 0 0 4
- 1 1 1 0 0 1 0 4
- 0 1 0 1 1 1 0 4
- 0 1 1 0 1 1 0 4
- 0 0 1 1 1 1 0 4
+ 0 1 1 0 0 1 1 4
+ 0 1 0 1 1 0 1 4
+ 1 1 1 0 0 0 1 4
+ 1 1 1 0 0 0 1 4
+ 0 1 1 1 0 0 1 4
+ 1 1 1 0 0 1 0 4
+ 1 1 1 0 0 1 0 4
+ 1 0 1 1 1 0 0 4
+ 0 1 1 0 1 1 0 4
+ 0 1 1 1 1 0 0 4

Puerto Rico DAP (Groups 1 and 2) (See S2 File). The right side of the plot, where Businesses
and NGOs are mostly found, is characterized by a concern over the impacts of marine diseases
(e.g., stony coral tissue disease) on coral reef habitats (Group 4). The top portion of the plot,
mostly driven by the St. Thomas/St. John DAP, is characterized by the importance of the rela-
tionship between management decisions and the development of fishery regulations. The bot-
tom section of the plot, mainly influenced by the SSC conceptual model, is characterized by
the impacts of anthropogenic forces, such as tourism, pollution and coastal development, on
marine habitat including coral reefs, mangroves, and seagrass beds, as well as the importance
of seagrass habitat for species of marine turtles. Stakeholder groups located in the middle of
the plot (Group 3), which includes Academics and the St. Croix DAP, are those whose views
represent a combination of the relationships explaining the distribution displayed in Fig 4 and
for which no specific relationships emerge in the 2-dimensional space represented.

3.3. Priority ecosystem components

The diagrams displayed in Fig 5 show the collective perception of participant stakeholder
groups regarding components that can be considered critical drivers and receivers of the U.S.
Caribbean ecosystem, i.e., those which display high level of agreement between stakeholder
groups. Components mentioned by all seven stakeholder groups (red circles in Fig 5) are listed
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2D stress: 0.2 || Stakeholder
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m DAP
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Fig 4. nMDS ordination of stakeholder groups and U.S. Caribbean islands based on a simple matching coefficient between relationships of ecosystem
components identified in conceptual models. (MAN = managers; EXP = academics; DAP = District Advisory Panels; BUS = businesses;

NGO = Environmental Non-Governmental Organizations; FISH = commercial fishers; SSC = Scientific and Statistical Committee; PR = Puerto Rico;

STTJ = St. Thomas/St. John, STX = St. Croix; Ellipses = statistically significant groups defined by SIMPROF).

https://doi.org/10.1371/journal.pone.0304101.g004

in Table 3. The diagrams displayed in Fig 5 also provide a visual representation of the number
of unique components that were identified by each stakeholder group, representing the high
diversity of perceptions captured in the melded model (Fig 3). Diagrams for each island/island
group can be found in S3 File.

Table 3 identifies the components considered important elements of the U.S. Caribbean
fishery ecosystem based on the maximum level of agreement between different stakeholder
groups and can, therefore, be considered areas of common concern and priorities for stake-
holders in the region. These include habitat integrity, water quality, the impacts of marine dis-
eases, coastal development and pollution, the influence of recreational fisheries and tourism,
as well as the positive impacts of education and outreach and local culture on the fishery
ecosystem.

Ecosystem components that were characterized as major receivers based on stakeholder
agreement level (Table 3), were selected and the most significant threats to them, i.e., elements
that most stakeholders agreed had a detrimental impact on these receivers, were identified
(Table 4). Run-off and marine diseases, while identified by stakeholders as important receivers
(Table 3), were not included in Table 4 because when these components played the role of
receivers, drivers maximize rather than impacted them in a detrimental way (e.g., water tem-
perature-marine diseases or river-run-off). The major threats identified to marine habitat,
water quality, recreational fishing activities, tourism, and outreach and education efforts
included factors related to or compounded by climate change impacts, pollution, diseases, and
anthropogenic pressures (Table 4).
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Fig 5. Two-mode network diagram showing all components identified as important drivers (A) or Receivers (B) of
relationships (circles) by each stakeholder group (grey squares) in the U.S. Caribbean. The size of the circles is
indicative of frequency with which component was mentioned by stakeholders. Circles color scheme indicates the
number of stakeholder groups mentioning the component: red = 7; orange = 6; yellow = 5; light green = 4; dark
green = 3; blue = 2; pink = 1.

https://doi.org/10.1371/journal.pone.0304101.g005

4. Discussion

In this study, analyses of 29 stakeholder-driven conceptual models constructed using a fuzzy
cognitive approach with over 230 participants helped to visualize and better understand the U.
S. Caribbean fishery ecosystem from a stakeholder perspective and identify areas of concern
among seven different fishery stakeholder groups. The large number of components and rela-
tionships found in the consensus model is indicative of the inherent diversity that characterizes
the U.S. Caribbean region fisheries systems. The identification of ecosystem elements and
threats considered collective priorities will be provided to federal and state agencies (e.g.,
CEFMC, USVI Department of Planning and Natural Resources (DPNR) and Puerto Rico
Department of Natural and Environmental Resources (DNER)) to advance fisheries manage-
ment and policy in the region. These analyses emphasized the importance of participatory
methods and co-production of knowledge to better understand factors affecting the region’s
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Table 3. Components identified by all seven stakeholder groups as being important drivers (D) and/or receivers
(R) in the U.S. Caribbean fishery ecosystem.

Ecosystem Components
Recreational Fishing (D/R)
Coral Reefs (D/R)

Run-off (D/R)

Tourism (D/R)
Education/Outreach (D/R)
Marine Diseases (D/R)
Disturbances (D)

Coastal Development (D)

Local Cultural and Religious Traditions (D)
Water Quality (R)
Mangroves (R)

Seagrass (R)
https://doi.org/10.1371/journal.pone.0304101.t003

fisheries. In addition, the analyses identified several important ecosystem components that
were unique to each stakeholder group. The development of separate conceptual models with
different stakeholder groups, which increased the depth and diversity of data collected,
expanded the analytical possibilities allowing for comparisons between different stakeholder
groups to objectively understand convergence and divergence of perceptions and priorities.
One important outcome of the described efforts to develop conceptual models for the U.S.
Caribbean was the schematic representation of the local fishery ecosystem as conceptualized

Table 4. Major threats—characterized by the highest level of agreement between stakeholder groups—that affect
the most significant receivers identified by all stakeholder groups.

Major Threats™ Components Affected
Run Off Coral Reefs
Climate Change Marine Habitat**
Water Quality
Hurricanes Coral Reefs
Recreational Fishing
Tourism Marine Habitat®
Education/Outreach
Non-Point Pollution Marine Habitat™
Water Quality
Marine Diseases Coral Reefs

Invasive Species
Water Temperature

Coastal Development Marine Habitat™*
Disturbances

Anchoring

Nutrients Water Quality
Erosion

Point Pollution

Sargassum Tourism

*Identified by at least 3 stakeholder groups, except for Hurricanes-Recreational Fishing (2 group) and Tourism-
Education/Outreach (1 group).

**Including mangroves and seagrass beds in addition to other habitats.

https://doi.org/10.1371/journal.pone.0304101.t1004
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by diverse stakeholders. While conceptual models are widely used as tools to include and rep-
resent stakeholder perceptions in the conceptualization of fishery ecosystems [3, 12, 26, 27],
this study is unique, to the best of the authors’ knowledge, in its development of singular con-
ceptual models with different fishery stakeholder groups. Analysis of similarity and agreement
between stakeholder groups allowed for the identification of common concerns regarding
important ecosystem components and their respective threats. Major ecosystem components
characterized as receivers, i.e., affected by other components, include marine habitat, particu-
larly coral reefs, water quality, recreational fishing activities, tourism, and education and out-
reach efforts. Stakeholders also recognized, through multiple relationships, the important
interactions between different marine habitats, particularly positive feedback between coral
reefs, mangroves, and seagrass beds. The most significant factors negatively affecting these ele-
ments, i.e., threats, include multiple sources of pollution, run-off, marine diseases, invasive
species, coastal development, erosion, sargassum, tourism, and climate change impacts includ-
ing water temperature changes, hurricanes, and coral bleaching, among other anthropogenic
stressors. Many of these findings are in line with previous studies investigating U.S. Caribbean
stakeholders’, particularly fishers’, perceptions of factors affecting the fishery and marine eco-
system, notably those related to pollution, habitat/coastal degradation, tourism, and climate
change impacts [28-38]. Stakeholders also agreed on the positive influence of education and
outreach efforts on compliance with rules and regulations and the effects of law enforcement
in combating IUU fishing and contributing to fishery management objectives.

Analysis of similarity between different stakeholder groups among the different island/
island groups showed significant cohesiveness among groups despite geographic location, sug-
gesting that many of the identified concerns and priorities are shared within stakeholder
groups throughout the U.S. Caribbean. The disparity observed among the DAPs can be poten-
tially explained by the current heterogeneity in the composition of these committees among
the three island/island groups. While the St. Thomas/St. John DAP is mostly comprised of
commercial fishers, the St. Croix DAP includes members representing related businesses (e.g.,
professional divers), as well as academics and other fields. The Puerto Rico DAP has a majority
of commercial fishers but includes more representation from recreational and aquarium trade
sectors when compared to St. Thomas/St. John’s. This might have contributed to the differing
perspectives between these groups, but it does not explain the significant differences observed
between the St. Thomas/St. John DAP and the commercial fishers. However, this observation
emphasizes findings by [38], showing that many fishers in St. Thomas/St. John expressed dis-
content about adequate representation of their perspectives and priorities in the fisheries man-
agement process. More research is needed to further investigate these disparities and develop
adequate responses to ensure a more participatory environment in fisheries management in
the U.S. Caribbean. Despite these differences, analyses comparing stakeholder groups and geo-
graphic locations further demonstrate the importance of participatory approaches and the
development of a shared vision and co-production of knowledge to address complex problems,
as different groups clearly bring their unique set of perspectives to the table.

Conceptual modeling is well established as a tool to understand and explore behavior of
complex systems, but its usefulness has shown limitation when outcomes are aimed at sup-
porting decision making [21, 39]. This concern motivated, in part, the decision to develop sep-
arate conceptual models for different stakeholder groups, which allowed for more objective
comparisons of similarities and differences between groups and minimized the effects of
group dynamics. In this sense, the identification of areas of agreement between stakeholders
regarding important ecosystem elements and their threats, not by achieving consensus
through discussion but by the identification of similar elements and relationships among dif-
ferent conceptual models, provides a compelling method for prioritization to guide fisheries
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policy and management actions. Furthermore, targeting areas and concerns that are common
to multiple stakeholder groups can objectively promote collaboration and contribute to
increased acceptance of and participation in the decision-making process [3, 11, 12, 15, 16].

The results of the conceptual model analysis presented here are currently being used in
efforts by the CEMC to develop a Fishery Ecosystem Plan (FEP) for the U.S. Caribbean region
as part of a transition to EBFM, exemplifying a successful use of conceptual model methodol-
ogy to directly inform and influence management and policy decisions. The melded concep-
tual model for the region is being used to provide a conceptualization of the fishery ecosystem
from the perspective of key stakeholders, and ecosystem elements characterized as priorities
based on stakeholder agreement are being used to guide strategic objectives that will be used
by the CEMC to guide future action. In addition, threats to ecosystem elements identified by
stakeholders are also being used in the identification of risk factors as part of an effort to
develop a risk assessment framework to guide management decisions by the CFMC and fur-
ther advance EBFM in the region.

It is also noteworthy that relationships identified by stakeholders often involved compo-
nents which are overseen by different government agencies (e.g., EPA and NOAA) and levels
(e.g., federal v. local), thus action to address them would require interagency collaboration.
The holistic approach proposed by EBFM, well reflected in the outcomes of the conceptual
models, is often inconsistent with established governance structure, emphasizing the need for
more effective collaborative strategies to address complex fishery management problems [39].
The identification of these “outside of jurisdiction” issues through the conceptual model pro-
cess can, however, provide a tool for stakeholders to initiate and justify increased cooperation.
Through the FEP process in the U.S. Caribbean, concerns and priorities identified in stake-
holders’ conceptual models which are outside of the scope of the CFMC are being used to pro-
vide a framework for future interagency cooperation using, for instance, letters and public
support mechanisms to initiate action to address these issues.

Common concerns and priorities identified by stakeholders can also be used to identify
data gaps and potentially guide the development of research priority documents and alloca-
tion of research funds. Addressing these knowledge gaps will help to advance management
priorities and further understand interactions and cumulative impacts of factors outside of
the jurisdiction of fisheries management agencies (e.g., pollution). Linking stakeholder con-
cerns and research priorities also strengthens public participation in the policy process, pro-
viding opportunities for education and outreach efforts with a focus on increasing
awareness and understanding of the decision-making process, and compliance with rules
and regulations.

One important characteristic of conceptual models is their adaptable nature, supporting
future iterations that can be used to strengthen, update, include other stakeholder groups (e.g.
the U.S. Caribbean recreational sector) and mold models to include new perspectives and sup-
port adaptive management strategies. This will also help to further develop the communication
language initiated here and refine methods for more effective interactions and consensus
representation. Iterations of the conceptual model process can also be a useful tool to ensure
continuous and increased stakeholder engagement, which can build upon initial momentum
and lead to other fruitful collaborations. Further analysis of the data presented here, including
quantitative and qualitative approaches to test hypotheses (e.g., testing relationships against
existing biological, environmental, and socio-economic data), and scenario development, will
help to inform and guide the continuation of this process and increase the usefulness of the
conceptual modeling approach for fishery management purposes in the U.S. Caribbean region
and elsewhere.
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