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Abstract: Changes in marine ecosystem dynamics have led to alterations in the availability of fish in
established fishing grounds. Predictive models suggest their utility in understanding and predicting
species distribution at varying depths and times of the year, significantly influencing regional fisheries
management. Thus, access to information on oceanographic conditions, serving as a science-based
decision-making support tool for artisanal fishers, has been identified as an adaptation strategy
fostering social empowerment in the Colombian Pacific region. To address this need, an open-
source WebGIS (geographic information system) was co-created to provide users with the results of
species distribution models of marine fish species, aiming to expand knowledge of the ever-changing
environment dynamics. The Chocó Artisanal Fishing Geovisor offers options for planning fishing
operations and provides tools for understanding the results of species distribution models and
resource management. By promoting informed decision making and community empowerment, it
serves as a strategic response to marine environmental fluctuations, establishing itself as an essential
tool for adapting to shifting marine conditions and ensuring food security.

Keywords: species distribution models; predictive modeling; informed decision making; marine
artisanal fisheries; Chocó; Colombian Pacific coast

Key Contribution: 1. Our study demonstrates that predictive models significantly contribute to
understanding and forecasting marine species distributions at different depths and times. This
substantially influences regional fisheries management by providing a scientific information base
to support decision making. 2. The Chocó Artisanal Fishing Geovisor; a tool developed through a
research–community collaboration, provides updated oceanographic, climatic, and species distribu-
tion data. It equips artisanal fishers with technology-driven decision-making mechanisms.

1. Introduction

Fishing systems are complex and are usually subject to a series of internal and external
dynamics, such as the diversity of available resources, the possibility and guarantee of
access to inputs, market systems, support mechanisms or networks, and the scarcity
and uncertainty associated with the activity itself [1]. These dynamics have led to the
introduction of risk in fisheries management, associated with the effectiveness of fishing
efforts and the increasing need for computer science and scientific capacity in studies and
fishing applications [2,3].
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Fishers, according to the perspectives of [4–6], are decision-makers who assume
a behavior similar to that of “predators”, seeking food and sustenance in fishing sites
such as fishing banks and fishing grounds while exploiting the resources on which they
depend. These decision-making processes are influenced by resource availability, changing
environmental conditions, fishing regulations, and the skills and potential of fishers, vessels,
and their equipment [7–9]. The latter condition, for example, establishes the greatest
difference between industrial and artisanal fishing types.

For industrial fishing, using acoustic radars (video and echo sounding) helps reduce
uncertainty in detecting target fish [10,11]. In contrast, artisanal fishers in the Colombian
context, who typically have less installed and acquired capacity and low investment, often
carry out their work empirically and traditionally. For example, the methods used to
detect schools of fish can be visual, through bird watching over areas of abundance [10]
and observing dark spots on the ocean surface [11], or through transmitted and inherited
knowledge, relying on the experience of their colleagues [12–14].

“Industrial fishing” and “artisanal fishing” coexist in the Colombian Pacific fishing sec-
tor. The former focuses on commercialization and, if possible, exporting. At the same time,
the latter primarily contributes to food security and household sovereignty before market-
ing their products for the domestic market and supplementing industrial production [15].
It is estimated that at least 11,000 people engage in artisanal fishing in the Colombian
Pacific [16], with over 55,000 people directly dependent on the activity in the region and at
least 3000 participating on the Chocó Pacific coast, mainly in the municipalities of Nuquí,
Bahía Solano, and Juradó [17].

The fishing activity in Chocó is supported by a high biodiversity of fish that are
categorized as key to the balance of the ecological structure [16], standing out among the
main target resource species of tuna, hake, dorado, and snappers, among others [18] that
are usually caught with fishing gear such as longlines and handlines by artisanal fishers in
the region.

Acanthocybium solandri, Scomberomorus sierra, Euthynnus lineatus, and Thunnus albacares
are marine fish species that are widely distributed and possess significant fishing, commer-
cial, and food security importance in the tropical Pacific and the Colombian Pacific [19].
A. solandri is a migratory species, typically solitary or forming small, loose schools. Its
habitat spans the tropical waters of the Atlantic, Pacific, and Indian Oceans, where it preys
on scombrids, porcupinefishes, flyingfishes, herrings and pilchards, scads, lanternfishes,
other pelagic fishes, and squids. It is known that a mature female can release up to six (6)
million eggs per spawning season [20]. For industrial fishing, this species is often caught in-
cidentally as a bycatch of the tuna fishery [21]. However, artisanal fishing in the Colombian
Pacific is intentionally caught for home consumption and commercialization.

S. sierra is a highly migratory species in the Pacific from southern California to Peru [22].
It inhabits coastal areas, often forming schools [23], and has a reproductive season in the
Colombian Pacific between November and April [24]. E. lineatus is distributed in tropical
and subtropical waters of the eastern Pacific Ocean, from California to northern Peru.
It performs large-scale migrations and maintains a predominantly carnivorous diet that
includes pelagic fish, mollusks, and crustaceans [25]. Its reproduction is heterosexual. Like
E. lineatus, T. albacares is distributed throughout tropical and subtropical waters, performing
crucial trophic migrations and reproduction in its life cycle. Its reproduction involves
external fertilization and spawning in surface waters. In addition, this species is an active
predator, mainly feeding on fish and squid [26].

Concerning the distribution dynamics of the target species, understanding the rela-
tionship between the species and its environment allows for the analysis of spatial patterns
that happen at different geographic and temporal scales [27] and in different ways, such as
changes in species’ preference ranges and community composition, longitudinal and/or
latitudinal shifts of communities or ecosystems, and broader changes in ecosystem func-
tioning [28].
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For a species to be geographically distributed in a given location, ideal conditions
must be guaranteed for the interaction of three factors: (1) the possibility and guarantee of
dispersal, i.e., the species must be able to locate itself in the area; (2) the abiotic environment;
and (3) biotic interactions, combining 2 and 3, the species must be compatible with the
abiotic conditions of the location and with the species that inhabit it [29–31]. Given this, it
is pertinent to ask what the effect of climate change on species distribution will be. Two
currents of thought emerge:

The first, called “niche conservationism”, suggests that species do not change their
climatic requirements. Consequently, in the face of environmental changes, they will alter
their distribution (through perceptible variations in terms of longitude and latitude) to
occupy places with conditions similar to their native or original habitat. If a species cannot
“mobilize”, its geographical area could diminish or even lead to extinction [32].

The second, called “niche change”, suggests that species can vary their environmental
requirements, allowing them to remain in the same place despite climatic changes or
even expand to new habitats with conditions different from their native habitat [33]. These
authors indicate that niche change can occur due to phenotypic plasticity, biotic interactions,
changes in access conditions of a location, and/or the evolutionary adaptive response of
environmental tolerance.

Based on the notion that the ecological niche “includes all the biotic and abiotic factors
with which any organism is related, in a given time and space”, and considering that
many of these dynamics are the indirect consequence of climate change effects, predictive
models of species’ ecological niches have emerged [34,35]. These models are based on
the analysis of the interaction between the environmental conditions of sites with known
presences [36–38] and the influential environmental variables [39], aiming to understand
and evaluate the suitability of the environment for the species of interest.

Scientists argue that the conception of science, technology, and innovation, as well
as the dissemination of knowledge, influences the empowerment capacity of affected
communities [40–42]. As a result, decision-making processes and the application of actions
around problems or alternatives have recently tended to consolidate citizen participation.
Bearing this in mind, the purpose of this study was to identify and analyze the spatial and
temporal variation in the distribution of four species of recognized social and ecosystem
importance in the region and to deliver the information to the target community—artisanal
fishing households from the Chocó Colombian Pacific coast—in a clear, timely, and legible
manner. This approach aims to contribute to more informed decision making, encourage
the social appropriation of scientific knowledge, and promote local empowerment.

Understanding the distribution patterns of key species can provide valuable insights
for the fishing community, enabling them to better adapt to environmental changes and
optimize their fishing efforts. Moreover, involving the community in this research process
and sharing the findings in an accessible manner fosters a sense of ownership and active
participation in fisheries management and conservation efforts.

This research can also serve as a foundation for further studies examining the impact
of climate change on fish species and ecosystems. By combining traditional knowledge
with scientific research, we can develop more comprehensive strategies to ensure the long-
term sustainability of fisheries and the well-being of communities that depend on them.
Within the framework of the development and social appropriation of the open-source
WebGIS, it was possible to identify the potentialities of the combined use of climatic and
oceanographic data in near real time and species distribution as a result of an ensemble
of SDM models, not only for their application in the context of planning fishing activities,
but also, if not in the application of open science towards smart fishing for the Colombian
Pacific, as an experience gained and replicable in various applications for the articulation
of science, technology, and innovation.
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2. Methods
2.1. Study Area—Area of Influence

The department of Chocó, located in western Colombia (Figure 1), corresponds to
the largest of the biogeographic Chocó—an intertropical confluence zone between two
natural barriers, namely the Western Cordillera and the Pacific Ocean (45.7% of the area
of the region—132,083 km2)—and is inhabited in its majority by a cultural composition of
Afro-Colombians and indigenous, 96% of which are distributed in the collective territory
of 693 Afro-communities, grouped into 64 titled community councils and 125 indigenous
reservations of the “Emberá” ethnic groups [43].
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The study area extends along the 748 km of the Pacific coast of the department of
Chocó, forming a polygon of 79.5 km2, from the coastline to the furthest point offshore,
reaching a length of 202 nautical miles (Figure 1). This area includes the municipalities of
Juradó, Bahía Solano, Nuquí, Bajo Baudó, and El Litoral del San Juan, all of which are home
to artisanal fishing activities that contribute to the economic livelihood and food security of
coastal households in the region [44].

The oceanographic and coastal dynamics of the Chocoan Pacific allow for the char-
acterization of the coast into two zones: (1) the north, which extends for around 473 km
of coastline from Cabo Corrientes, a geographical feature, to the border with Panama in
the municipality of Juradó and is characterized by an annual average rainfall between
5030 and 7700 mm; (2) the southern zone, from the rocky coast of Cabo Corrientes to the
border with the department of Valle del Cauca [45,46], with a coastline of 275 km in length.
This zone includes the marine-coastal area of Bajo Baudó and El Litoral del San Juan. It
is characterized as a super-humid, warm region with a rainfall range oscillating between
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6000 and 7500 mm per year. Thus, Chocó is characterized by being one of the most humid
areas in the world and having a comprehensive genetic bank of flora and fauna [47].

Specifically, the coastal zone of the department is made up of some environmental
units with special management characteristics and conditions (Table 1), where the Exclusive
Zone for Artisanal Fishing (ZEPA; by its acronym in Spanish) and the Special Fisheries
Management Zone (ZEMP) are particularly important for artisanal fisheries management,
for its intention to improve economic activity, in addition to the conditions of the commu-
nities that make use of the resources, while seeking the permanence of the activity over
time to feed future generations. For their part, the areas of the Utría National Natural
Park (PNNU), Regional District of Integrated Management (DRMI) Gulf of Tribugá-Cabo
Corrientes, and Regional District of Integrated Management “Encanto de los Manglares
del Bajo Baudó”, which are part of the National System of Protected Areas (SINAP; by
its acronym in Spanish), have use regimes according to the environmental zoning of each
management plan.

Artisanal or small-scale fisheries in Colombia are crucial for coastal employment,
providing both direct and indirect job opportunities, including fishing, processing, and
distribution for self-consumption and wider marketing. The exact economic contributions
of artisanal fishing are not thoroughly estimated, but in 2016, it contributed 15.9% to the
GDP of the Chocó department, ranking third after social services and mining. The National
Fisheries Authority’s 2019 census revealed that the Pacific region had 13,915 registered
fishers, representing 42% of all registered fishers, with 2611 self-identified fishers in Chocó.
These figures include both marine and freshwater fishers.

Table 1. Environmental units of the coastal zone of the department of Chocó.

Name Regulation Main Features

Exclusive Zone for Artisanal
Fishing (ZEPA)

Resolution 899/2013 of the
National Fisheries and
Aquaculture Authority

(AUNAP) and the Ministry of
Agriculture and

Rural Development

Establishes the ZEPA, included within 2.5 nautical miles
counted from the lowest tide and limited to the north by the
border with Panama and to the south by the northern limit

of the Utría National Natural Park.
Subsistence fishing is permitted in the ZEPA, while

commercial, industrial, and exploratory commercial fishing
are prohibited. The use of gillnets and fishing hammocks is

also banned.

Special Fisheries Management
Zone (ZEMP)

Establishes the ZEMP from the ZEPA limit to 12 nautical
miles, in order to establish a fisheries management plan for

the rational use of resources.
In the ZEMP, industrial tuna fishing is forbidden with purse

seine vessels having a capacity equal to or exceeding one
hundred eight net registered tons. This prohibition also

extends to longline vessels of a length greater than or equal
to 24 m.

Utría National Natural
Park (PNNU)

Resolution 190/1987 of the
Ministry of Agriculture of the

Republic of Colombia

According to Agreement 052/1986, the PNNU is reserved,
bordered, and declared with an area of 51,483 ha between

the municipalities of Bahía Solano, Nuquí, Alto Baudó, and
Bojayá. It is the preferred site for migratory species such as

birds and whales, as well as being an ideal place for the
spawning of different species of fish.

The aim of PNNU is to conserve exceptional flora and fauna
values and perpetuate biotic communities, physiographic
regions, biogeographic units, genetic resources, and wild
species threatened with extinction in their natural state. It
also seeks to safeguard specimens of natural, cultural, and
historical phenomena of international interest, contributing

to the preservation of humanity’s common heritage.
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Table 1. Cont.

Name Regulation Main Features

Regional District of Integrated
Management (DRMI) Gulf of

Tribugá-Cabo Corrientes

Agreement 011/2014 of the
Board of Directors

The Golfo de Tribugá-Cabo Corrientes DRMI is declared in
the municipality of Nuquí, department of Chocó, with an
area of 60,183 ha. It seeks to protect biodiversity along the
gulf while putting into practice strategies to improve the

living conditions of the population.
The DRMI aims to conserve the habitats for the mating,
reproduction, and breeding of the humpback whale and

other emblematic, endemic, and/or threatened species. It
seeks to maintain the structural and functional attributes of

marine ecosystems and coastal communities in the area,
support the cultural dynamics of Black communities reliant
on the ecosystem goods and services of the Gulf of Tribugá,
and promote the sustainability of hydrobiological resources

and other goods and services that support fishing and
extractive uses linked to marine and coastal ecosystems.

Regional District of Integrated
Management (DRMI) “Encanto

de los Manglares del
Bajo Baudó”

Agreement 008/2017
Regional Autonomous

Corporation for the Sustainable
Development of Chocó

Agreement 008/2017 reserves, delimits, borders, declares,
and administers the “Encanto de los Manglares del Bajo

Baudó” Regional District for Integrated Management in the
municipality of Bajo Baudó, with a total area of 314,562 ha.

The primary objectives of the DRMI are to preserve
biodiversity and the provision of environmental goods and

services. The specific goals include conserving the
productive capacity of ecosystems and the viability of wild

populations for sustainable use and supply, as well as
preserving populations and habitats for the survival of

species of conservation interest.

2.2. Species of Interest—Participatory Prioritization of Species and Identification of Traditional
Fishing Grounds

Species of interest used in the modeling exercise and in the decision-supportive tool
were selected in the participatory process described below. Using Colombia’s National Fish-
eries Statistics Service platform (SEPEC), data on key species in Chocó’s coastal zone were
gathered to create a participatory survey assessing their fishing, commercial importance,
and food security impact on artisanal fisher households, considering the national statistics
of the contribution of artisanal fisheries in two types of approaches, namely catch landings
by volume and landings of artisanal fisheries in collection sites of fishery production, to
identify the most representative species in the regional context. A semi-structured survey
identified significant species in Bahía Solano, Nuquí, and Bajo Baudó by asking about
fishing practices, gear, and locations. Three social cartography maps were used to locate tra-
ditional fishing grounds in the northern Colombian Pacific zone, accounting for protected
areas, coastal spatial management zones, and more. These maps helped recognize local
fishing dynamics and assess ancestral knowledge. Additionally, georeferencing activities
were conducted in Bahía Solano to aid in identifying fishing grounds. Through social
cartography and participatory recognition, 58 artisanal fisher households provided input
on 48 marine fish species, prioritizing those of interest for the study and creating a “fishing
grounds” information layer with geographical attributes.

2.3. Forecasting Model Methodologies

Predictive models for species distribution analyze the interplay between known envi-
ronmental conditions at specific locations [36–38] and influential environmental variables
that enable inferences and simulations of ecosystem dynamics [39]. The ultimate goal
is to assess and understand the environmental suitability of the species of interest. The
following sections outline this process’s methodological steps and information sources
(Table 2).
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Table 2. Sources of input data for predictive models of species distribution.

Input Data Type Source

Occurrence
databases

International source
Smithsonian Tropical Research Institute’s Online
Information System on Shorefish of the Tropical

Eastern Pacific

National source INVEMAR’s SiAM-Marine Environmental
Information System

International source Global Biodiversity Information Facility (GBIF)
International source Ocean Biogeographic Information System (OBIS)

Environmental
predictor variables

Physical

Salinity
Copernicus Marine Service Global Ocean

Physics Reanalysis
(GLOBAL_MULTIYEAR_PHY_001_030)

Temperature
U currents
V currents

Biogeochemical

Net primary
productivity Copernicus Marine Service Global Ocean

Biogeochemistry Hindcast
(GLOBAL_REANALYSIS_BIO_001_029)

Dissolved oxygen
pH

2.3.1. Species Occurrence and Pseudo-Absence Compilation

We established a comprehensive database of the species under investigation using
national and international sources, such as the Smithsonian Tropical Research Institute’s
Online Information System on Shorefish of the Tropical Eastern Pacific (https://biogeodb.
stri.si.edu/sftep/es/pages; accessed on 30 September 2021), INVEMAR’s SiAM-Marine
Environmental Information System (http://siam.invemar.org.co/; accessed on 10 Septem-
ber 2021), Global Biodiversity Information Facility (GBIF) (https://www.gbif.org/en/;
accessed on 22 September 2021), and Ocean Biogeographic Information System (OBIS)
(https://obis.org/; accessed on 13 September 2021) (Table 2). We downloaded and orga-
nized the presence/occurrence data of the study species into a database, consolidating
information for each month and for each depth of interest, as explained in the subse-
quent sections (refer to Table 3). For the models of each species, we used an average of
308 occurrence data per depth mentioned in Table 3.

Table 3. Prioritized species under study.

Family Genus Species
Common Name Depths under

AnalysisInternational Local (Spanish)

Scombridae

Acanthocybium Acanthocybium solandri Wahoo Sierra wahoo 0 m, 22 m, 47m
Scomberomorus Scomberomorus sierra Pacific sierra/Seerfish Sierra común 2 m, 34 m, 78 m

Euthynnus Euthynnus lineatus Black skipjack Atún patiseca 0 m, 22 m, 47 m

Thunnus Thunnus albacares Natural Yellowfin Atún albacora 0 m, 110 m, 222 m

The data were preprocessed using the R software’s (Version 4.1.2; R.studio, PBC;
Boston, MA; United States) “dplayer” and “CoordinateCleaner” libraries (https://cran.r-
project.org/; accessed on 18 June 2022) [48] to eliminate duplicate coordinates or errors
within the study area. Additionally, georeferenced data points were chosen to maintain
a minimum distance of 1 km from each other, consistent with the spatial resolution of
predictor variables [49]. This was accomplished using the “spThin” tool [50] to mini-
mize spatial biases that could impact model predictions [51]. Pseudo-absence data were
generated using the “Species Range Change” (SRC) method in the biomod2 package
(https://cran.r-project.org/web/packages/biomod2/index.html; accessed on 25 July 2022)
in R software, maintaining a 1:1 ratio with occurrences, considering that when using models
based on machine learning, it is recommended to maintain these proportions between
occurrences and pseudo-absences [52].

https://biogeodb.stri.si.edu/sftep/es/pages
https://biogeodb.stri.si.edu/sftep/es/pages
http://siam.invemar.org.co/
https://www.gbif.org/en/
https://obis.org/
https://cran.r-project.org/
https://cran.r-project.org/
https://cran.r-project.org/web/packages/biomod2/index.html
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2.3.2. Environmental Predictor Variables

Following a principal component analysis (PCA) [53,54], we selected four physical
predictors (temperature, salinity, U currents, and V currents) and three biogeochemi-
cal variables (net primary productivity, dissolved oxygen, and pH). Their relevance to
marine ecosystems and the species under study and their use in previous modeling
processes reported in the literature were considered [55,56]. We procured these vari-
ables and calculated their monthly averages over a ten-year climatology (January 2010
to December 2019), across 28 depth levels (0 to 266 m), from the Copernicus Marine
Service portal (https://marine.copernicus.eu/; accessed on 15 April 2022). Physical
variables were sourced from the Copernicus Marine Service Global Ocean Physics Re-
analysis (GLOBAL_MULTIYEAR_PHY_001_030), while biogeochemical variables were
obtained from the Copernicus Marine Service Global Ocean Biogeochemistry Hindcast
(GLOBAL_REANALYSIS_BIO_001_029) (Table 2).

The data were included in the predictive modeling processes in their original form, but
the spatial resolution of the physical (1/25◦) and biogeochemical (1/4◦) variables was scaled
to 1 km using the bilinear interpolation method in the Climate Data Operators software
(CDO, https://code.mpimet.mpg.de/projects/cdo/; accessed on 20 May 2022) [57]. This
1 km resolution, deemed optimal for regional studies [58,59], allows for more detailed
distribution models.

2.3.3. Model Ensemble, Configuration, and Performance Evaluation

The potential distribution of prioritized species was predicted using an ensemble of
nine predictive models, including five machine learning models (gradient boost models
(GBMs), classification tree analysis (CTA), artificial neural networks (ANNs), random forest
(RF), and maximum entropy (MaxEnt)) and four statistical regression models (functional
data analysis (FDA), generalized linear models (GLMs), multivariate adaptative regression
splines (MARSs), and generalized additive models (GAMs)) in the biomod2 package [60,61]
of R software (https://cran.r-project.org/web/packages/biomod2/index.html; accessed
on 25 July 2022). The models were chosen based on their individual predictive capacity
and through the ensemble developed, as detailed below.

Initially, models were independently run using default package settings, with three
cross-validations and two replicates per model. We allocated 75% and 25% of the species
occurrence data for training and “true skill statistic” (TSS) testing, respectively [62,63].
TSS is a robust performance measure, superior to others [64,65], and has been used in
evaluating ensemble models in past studies [66]. In the ensemble, we included models
with TSS scores ≥ 0.7 [67,68], facilitating monthly potential distribution modeling across
the 28 available depth levels of predictor variables. Ensemble models offer advantages
over individual models, such as reducing bias associated with a single model [69]. This
technique also enhances prediction [70,71].

The contribution and significance of each predictor variable indicated the relative
importance of the variable in influencing the species distribution. This was determined
by comparing the correlation coefficient between initial model predictions and predictions
made from random data permutations for each predictor variable [60]. We first calculated
the average contribution of each variable and then normalized the data so that the sum of
all variables’ importance equaled 1 [49,72].

2.4. Decision-Support Tool—Accessible Scientific Information for Empowering Communities

As part of the effort to develop adaptation strategies for artisanal fishers in the region,
taking into account the changing dynamics of economic and livelihood activities and
promoting science-based decision making, a WebGIS project was conceptualized, designed,
co-created, and delivered to the community. This integrated and articulated services
according to the functional requirements of the end users. The development of WebGIS
involved a 10-stage co-creation process:

https://marine.copernicus.eu/
https://code.mpimet.mpg.de/projects/cdo/
https://cran.r-project.org/web/packages/biomod2/index.html
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(1) Benchmarking: National and international geovisors for managing and visualiz-
ing oceanographic information were analyzed to identify common characteristics
and functionalities for implementing a WebGIS tailored for Chocó’s artisanal fish-
ers. These functionalities were later explored with the target community using a
participatory approach.

(2) Conceptualization and design of corporate identity: In order to conceptualize and
design the corporate identity for the WebGIS project, three community meetings were
organized in Bahía Solano, Nuquí, and Bajo Baudó (Pizarro), with the participation of
80 artisanal fishers. These meetings aimed to gather information about the participants’
perceptions and co-create the project’s corporate identity. Activities were conducted
to define a name, co-create a logo, identify desired colors, and select representative
phrases, figures, and images related to the fishing activity and the regional identity.
Information on ancestral knowledge related to the moon and tides’ influence on
fishing activities was also collected during these meetings.

(3) Architecture and functionalities: The architecture was structured with open-source
components to ensure transparent interoperability with other open and commer-
cial systems. Backend and front-end functionalities were determined (Figure 2),
utilizing open-source tools such as PostGIS, PostgreSQL, LeafletJS, Node.js, and
Geoserver, as well as a framework and Docker for rapid application deployment and
system security.

(4) Structuring of databases: A repository was structured in the PostgreSQL database to
store results published through interoperable web services using WMS.

(5) Integration of applied research results: An extraction, transformation, load (ETL)
process was employed to structure and articulate primary databases, integrating
workflows into custom ETL scripts developed in Python 3.8.

(6) Development of geoprocesses and advanced functions: Tools and functions for the
visor were co-created based on the information needs of artisanal fishers, such as
recording information, species markets, travel costs, and species distribution probabil-
ity and models. Basic functionalities like changing layer display and map scrolling
were also added.

(7) Usability tests: Three community meetings were held in Bahía Solano, Nuquí, and
Bajo Baudó (Pizarro) with 51 artisanal fishers to identify processes to improve WebGIS
access and navigation through user perception. A total of eight (8) activities were
assigned to participants, consisting of unsupervised tasks with varying levels of
difficulty, as follows: Activity 1—explore all the contents of the main page; Activity 2—
create a user account in the Geovisor; Activity 3—interact with the map and its tools;
Activity 4—interact with the map interface, tools, and menus; Activity 5—interact
with control layers; Activity 6—send a message; Activity 7—interact with distribution
models; and Activity 8—evaluate their performance in carrying out the assigned tasks
on a scale of 1 to 5, where 1 corresponds to “Very dissatisfied”, 3 to “Neutral”, and 5
to “Very satisfied”.

(8) Verification and implementation of improvements: Results of the usability tests
were analyzed, and functionalities were integrated to enhance the user experience in
accessing, viewing, and presenting geographic results and exploring the tool.

The system was developed in the backend and the front end. The backend involved
server-side development, which included implementing the file system for storing geo-
graphic content, creating the database, using the map server system, and creating the API
REST service. It also involved part of the controller of the MVC pattern. The main functions
of the backend were to simplify the development process, perform logical actions, connect
to the database, and use web server libraries. On the other hand, the front end consisted of
programming the mobile application, which represented the view and controller parts of
the MVC pattern. The graphical user interface, or UI, was designed based on simplicity,
clarity, familiarity, coherence, and speed principles. This involved building the UI based
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on the chosen framework and libraries, using universal icons, naming menu and action
elements, following the style guide, and encouraging user familiarity with the interface.

Fishes 2023, 8, x FOR PEER REVIEW 10 of 31 
 

 

recording information, species markets, travel costs, and species distribution 
probability and models. Basic functionalities like changing layer display and map 
scrolling were also added.  

(7) Usability tests: Three community meetings were held in Bahía Solano, Nuquí, and 
Bajo Baudó (Pizarro) with 51 artisanal fishers to identify processes to improve 
WebGIS access and navigation through user perception. A total of eight (8) activities 
were assigned to participants, consisting of unsupervised tasks with varying levels 
of difficulty, as follows: Activity 1—explore all the contents of the main page; Activity 
2—create a user account in the Geovisor; Activity 3—interact with the map and its 
tools; Activity 4—interact with the map interface, tools, and menus; Activity 5—
interact with control layers; Activity 6—send a message; Activity 7—interact with 
distribution models; and Activity 8—evaluate their performance in carrying out the 
assigned tasks on a scale of 1 to 5, where 1 corresponds to “Very dissatisfied”, 3 to 
“Neutral”, and 5 to “Very satisfied”. 

(8) Verification and implementation of improvements: Results of the usability tests were 
analyzed, and functionalities were integrated to enhance the user experience in 
accessing, viewing, and presenting geographic results and exploring the tool.  

 
Figure 2. Architecture of the Chocó Artisanal Fishing Geovisor. 

The system was developed in the backend and the front end. The backend involved 
server-side development, which included implementing the file system for storing 
geographic content, creating the database, using the map server system, and creating the 
API REST service. It also involved part of the controller of the MVC pattern. The main 
functions of the backend were to simplify the development process, perform logical 
actions, connect to the database, and use web server libraries. On the other hand, the front 
end consisted of programming the mobile application, which represented the view and 
controller parts of the MVC pattern. The graphical user interface, or UI, was designed 
based on simplicity, clarity, familiarity, coherence, and speed principles. This involved 
building the UI based on the chosen framework and libraries, using universal icons, 

Figure 2. Architecture of the Chocó Artisanal Fishing Geovisor.

(9) Institutional domain and migration to a free access web environment: The Universi-
dad Nacional de Colombia sub-domain was defined as the executing entity, and the
WebGIS platform was migrated to provide free access. Adapting distinctive elements
according to the higher education public entity’s Institutional Image Use Manual in
Colombia was required.

(10) Training and social appropriation of the system: A participation strategy was created
through training sessions to improve fishing operation efficiency and, consequently,
fishers’ quality of life. During these sessions, the target community was provided
with a didactic primer, short videos, and a detailed user manual that compiled the
functionalities of all available tools for interaction and appropriation by the fishers.

3. Results and Discussion
3.1. Species of Interest—Participatory Prioritization of Species

As a result of secondary information collection, species from the Scombridae family
were identified as significant contributors to the landings of fishers in the Pacific region
of Chocó. Meanwhile, through the application of participatory mechanisms described
above—primary information collection—four tuna species were prioritized (Table 2). These
species are of particular importance due to their significance in capture, commercializa-
tion, and inclusion in the diets of fishing households in Chocó, and they are the focus of
this study.

For instance, in the Eastern Pacific, industrial-scale captures primarily focus on tunas,
especially those from the Scombridae family, which are considered the most important [73].
Nevertheless, in the Chocó Pacific Coastal Environmental Unit (UAC-PNCh), artisanal
fishing primarily targets species such as tuna, billfish, hake, dorado, and snapper [74].

Although the species were modeled at all available depth levels according to the
predictor variables, the depths listed in Table 3 were given special consideration. These
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depths were chosen based on changes relative to the thermocline and model performance
and following previous studies that related distribution dynamics in the water column to
the biological preferences of each species.

3.2. Species Distribution Models
3.2.1. Performance/Evaluation of Predictive Models

Figure 3 illustrates the performances of the ensemble models evaluated through cross-
validation. The models for Acanthocybium solandri, Scomberomorus sierra, and Euthynnus
lineatus yielded results above 0.9 (red horizontal reference line) across all months and
depths for each species. In contrast, some assembly models built for Thunnus albacares
displayed yields between 0.8 and 0.9, particularly at the third depth of 222 m. This decrease
for the Thunnus albacares assemblage—compared to the other species—may be attributed to
the number of occurrence records used as input data [75,76], and other factors potentially
influencing the species’ geographic range and environmental tolerance [77].
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For all species, the TSS test ranged between 0.8 and 1, generally outperforming
individual models (Supplementary Materials Tables S1–S4). Consequently, these types of
models have in general good predictive performance. For example, in recent applications
in the Colombian Pacific, an ensemble comprising ANN, MaxEnt, GBM, RF, and CTA
models demonstrated good performance [78]. Additionally, individual applications of
MaxEnt and GBM models also yielded favorable results [79,80] for the Colombian Pacific
geographic area.

3.2.2. Identification and Analysis of Potential Distribution and Variable Contribution

The following sections detail the results from applying prediction models to identify
the potential distribution of the four prioritized tuna species under study and the relative
importance of each predictor variable in the model, including temperature (T), salinity
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(S), pH, dissolved oxygen (O2), net primary production (nppv), U currents (Cu), and V
currents (Cv).

Acanthocybium solandri

At a 0 m depth, the models showed that Acanthocybium solandri has a wide distribution
in January, February, August, and October, with a probability of occurrence exceeding 60%
in oceanic waters. In the remaining months, the high probability of occurrence values were
limited to the coastal zone (Figure 4). These models’ most significant contributing variables
were salinity, ranging from 11% to 36% across all months, and net primary production,
contributing 10% to 21% in all months. Temperature, with notable contributions in May
(18%) and December (19.5%), and U currents, with contributions over 20% in July and
August (Figure 4), were also significant.

The probability of A. solandri at a depth of 22 m exceeded 40% throughout the study
area during September, October, and November. In other months, the high probability of
occurrence values were mainly located in a strip parallel to the coastline. Salinity remained
one of the most significant contributing variables in models built at this depth, surpassing
10% throughout the year. Other notable variables include net primary production, with
contributions above 28% in the first four months; temperature in October and November,
contributing over 28%; and V currents, contributing more than 20% in November and
December (Figure 4).

At a depth of 47 m, A. solandri exhibits a high probability of occurrence (>60%) both
in a strip parallel to the coastal zone and in oceanic water areas from May to December.
However, these values are concentrated in strips parallel to the coastal zone from January
to April. The most significant variables contributing to the models at this depth were tem-
perature and salinity, with their contributions exceeding 10% in all months. Additionally,
other variables had contributions greater than 10% in some months (Figure 4).

The importance of the variables shows that salinity and net primary production are the
variables that determine the species distribution, although temperature is also highlighted,
which increases in importance as one descends in the water column. In a previous study
on the distribution of A. solandri, a similar result was obtained, where temperature and
chlorophyll were the variables that determined the species distribution; the probability of
capturing the species increases when specific conditions of these variables are met [81]. In
the Chocó Pacific, the environmental conditions for A. solandri are mainly present along the
coastal zone, where high probabilities of occurrence are located, as corroborated by artisanal
catch records of the species in Bahía Solano and the Utría National Natural Park [82].

The spatial distribution of A. solandri within the environmental units of the Pacific
coast of Chocó reveals that the probability of species occurrences is greater than 60% at all
three depth levels throughout the year in both the Special Fisheries Management Zone and
the Exclusive Zone for Artisanal Fishing, located in the northern zone. This pattern also
occurs in the central–southern part, where the “Utría” National Natural Park, the “Golfo
de Tribugá-Cabo Corrientes” DRMI, and the “Encanto de los Manglares del Bajo Baudó”
DRMI are situated. These results indicate that the species can be found in areas under
exploitation regimes, special management, and conservation.

The overlap of high occurrence values on the ZEMP and ZEPA environmental units
indicates the importance of generating adequate fishing resource management. It is neces-
sary to establish sustainable exploitation to maintain food security for the population that
depends on fishing. On the other hand, the overlap of high occurrence values of species in
the areas defined by Colombia’s National System of Protected Areas may be an indicator of
the ecological importance of these areas; these would be the spaces where the protection of
species is ensured, maintaining an ecosystem balance.



Fishes 2023, 8, 349 13 of 29

Fishes 2023, 8, x FOR PEER REVIEW 13 of 31 
 

 

However, these values are concentrated in strips parallel to the coastal zone from January 
to April. The most significant variables contributing to the models at this depth were 
temperature and salinity, with their contributions exceeding 10% in all months. 
Additionally, other variables had contributions greater than 10% in some months (Figure 
4). 

The importance of the variables shows that salinity and net primary production are 
the variables that determine the species distribution, although temperature is also 
highlighted, which increases in importance as one descends in the water column. In a 
previous study on the distribution of A. solandri, a similar result was obtained, where 
temperature and chlorophyll were the variables that determined the species distribution; 
the probability of capturing the species increases when specific conditions of these 
variables are met [81]. In the Chocó Pacific, the environmental conditions for A. solandri 
are mainly present along the coastal zone, where high probabilities of occurrence are 
located, as corroborated by artisanal catch records of the species in Bahía Solano and the 
Utría National Natural Park [82]. 

 

 

Fishes 2023, 8, x FOR PEER REVIEW 14 of 31 
 

 

 
Figure 4. Predictive models and performance of the variables (temperature—T; salinity—S; pH; 
dissolved oxygen—O2; net primary production—nppv; U currents—Cu; V currents—Cv) for the 
potential distribution of Acanthocybium solandri at 0, 22, and 47 m depths. 

The spatial distribution of A. solandri within the environmental units of the Pacific 
coast of Chocó reveals that the probability of species occurrences is greater than 60% at all 
three depth levels throughout the year in both the Special Fisheries Management Zone 
and the Exclusive Zone for Artisanal Fishing, located in the northern zone. This pattern 
also occurs in the central–southern part, where the “Utría” National Natural Park, the 
“Golfo de Tribugá-Cabo Corrientes” DRMI, and the “Encanto de los Manglares del Bajo 
Baudó” DRMI are situated. These results indicate that the species can be found in areas 
under exploitation regimes, special management, and conservation. 

The overlap of high occurrence values on the ZEMP and ZEPA environmental units 
indicates the importance of generating adequate fishing resource management. It is 
necessary to establish sustainable exploitation to maintain food security for the population 
that depends on fishing. On the other hand, the overlap of high occurrence values of 
species in the areas defined by Colombia’s National System of Protected Areas may be an 
indicator of the ecological importance of these areas; these would be the spaces where the 
protection of species is ensured, maintaining an ecosystem balance. 

Scomberomorus sierra 
The distribution models constructed for Scomberomorus sierra at a depth of 2 m reveal 

that the species primarily inhabits the coastal zone, where the probability of occurrence is 
100%. Only in January and February can areas with higher probabilities (>40%) be 
observed farther from the coast (Figure 5). Net primary production, which contributes 
between 29% and 33% in the first four months of the year, is the second most significant 
contributing variable, ranging between 30% and 64% across all months. Moreover, the pH 
variable contributed more than 10% in the last four months of the year, and V currents 
presented contributions of more than 10% in August, September, and October (Figure 5). 

At a depth of 34 m, the species maintains a high probability of occurrence (100%) 
throughout the year, forming a strip parallel to the coastline. However, from June to 
November, the area with a high probability of occurrence values expands, reaching 78.5° 
W in the southern section. Salinity remains the most significant contributing variable in 
the models created at this depth, with contributions between 24% and 85%. October, 
November, and December are the months with the highest contributions. Temperature 
contributes more than 20% in the first four months of the year (Figure 5). 

According to the models at a depth of 78 m, S. sierra displays a high probability of 
occurrence in a strip parallel to the coast, reaching up to 79° W in February and March. 
Furthermore, it was observed that in January and February, there are high probabilities 
of encountering the species in oceanic waters at latitudes of 6° N and 4° N, respectively. 

Figure 4. Predictive models and performance of the variables (temperature—T; salinity—S; pH;
dissolved oxygen—O2; net primary production—nppv; U currents—Cu; V currents—Cv) for the
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Scomberomorus sierra

The distribution models constructed for Scomberomorus sierra at a depth of 2 m reveal
that the species primarily inhabits the coastal zone, where the probability of occurrence is
100%. Only in January and February can areas with higher probabilities (>40%) be observed
farther from the coast (Figure 5). Net primary production, which contributes between 29%
and 33% in the first four months of the year, is the second most significant contributing
variable, ranging between 30% and 64% across all months. Moreover, the pH variable
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contributed more than 10% in the last four months of the year, and V currents presented
contributions of more than 10% in August, September, and October (Figure 5).
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At a depth of 34 m, the species maintains a high probability of occurrence (100%)
throughout the year, forming a strip parallel to the coastline. However, from June to
November, the area with a high probability of occurrence values expands, reaching 78.5◦

W in the southern section. Salinity remains the most significant contributing variable in the
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models created at this depth, with contributions between 24% and 85%. October, November,
and December are the months with the highest contributions. Temperature contributes
more than 20% in the first four months of the year (Figure 5).

According to the models at a depth of 78 m, S. sierra displays a high probability of
occurrence in a strip parallel to the coast, reaching up to 79◦ W in February and March.
Furthermore, it was observed that in January and February, there are high probabilities of
encountering the species in oceanic waters at latitudes of 6◦ N and 4◦ N, respectively. The
variables that contributed the most to the models at this depth were O2, with contributions
between 14% and 41% across all months; net primary production, with contributions greater
than 25% in January, March, April, May, and June; and pH, with contributions greater than
10% from January to August.

In the Chocoan Pacific, the distribution of S. sierra would be defined by the behavior
of the variables salinity, net primary production, and temperature due to their significant
contributions to the models. In previous studies on the distribution of the species, a
relationship between temperature and chlorophyll and the distribution of the species has
also been found [79,83]. On the other hand, models applied to this species in the Colombian
Pacific also resulted in the species maintaining a distribution regime in areas close to the
coast [78,79]. The distribution results are consistent with sighting and capture records in
the Chocoan Pacific [82,84].

The probability of occurrence of S. sierra at all three depth levels is high (>80%),
throughout the year, in the areas that include the Special Zone for Fisheries Management
and the Exclusive Zone for Artisanal Fishing, located in the northern part of the study area.
Similarly, this occurs in the Utría National Natural Park, the DRMI Golfo de Tribugá-Cabo
Corrientes, and the DRMI Encanto de los Manglares del Bajo Baudó, which are distributed
from the center to the south of the coastal zone. The results demonstrate that the species is
distributed almost homogeneously, maintaining a high probability of occurrence in both
ecosystem protection areas and regions designated for the exclusive use of artisanal fishing.

The high probability of S. sierra’s occurrence over the environmental units within the
study area underscores the importance of environmental zoning. This process is crucial
for developing fishery management policies for sustainable resource exploitation. Such a
strategy ensures resource stability and guarantees the persistence of ecosystem services
over time.

Euthynnus lineatus

Euthynnus lineatus is a pelagic species widely distributed worldwide in tropical and
subtropical waters [85]. Studies of the distribution of E. lineatus in this zone have indicated
that its presence is frequent in the coastal zone at depths of up to 0 m, and a greater
abundance has been observed in the months of May to September [86]. However, from June
to November, the species has been recorded moving into deeper waters, reaching depths
of up to 150 m. These changes in the spatial distribution of E. lineatus may be related to
environmental factors, such as water temperature, food availability, and salinity [87].

The prediction models indicate that Euthynnus lineatus is frequently found in the
Pacific coastal zone of Chocó at a depth of 0 m. However, it shows movements toward the
open sea in January, June, July, August, and November, which coincides with the results
presented in [86].

Regarding the variables influencing the presence of the species, it was found that net
primary production contributed significantly, exceeding 33% in all cases during January,
February, March, and April. Salinity is also important during June, July, and August. In
addition, net primary production was a determining factor in January, March, and April,
while pH contributed more than 30% during October, November, and December (Figure 6).
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Figure 6. Predictive models and performance of the variables (temperature—T; salinity—S; pH;
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potential distribution of Euthynnus lineatus at 0, 22, and 47 m depths.

The prediction for E. lineatus at a depth of 22 m presents a probability greater than
0.9 in areas close to the coast. However, it has been observed that from June to November,
the probability of its occurrence moves towards deeper waters. Regarding the analyzed
variables, salinity was significant from June to December, reaching its greatest relevance in
July and September (Figure 6).

According to the prediction models developed at a depth of 47 m, the distribution of
the species presents variations with respect to the coast in August, September, and October,
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as it moves towards the open sea with probabilities greater than 0.7. On the other hand,
during March, April, May, and November, prediction values greater than 0.8 are observed
in areas close to the coast. Regarding the variables influencing the model, salinity presented
a significant contribution from July to December, with percentages higher than 28%.

The results show that the distribution of this species at the analyzed depth levels has a
high probability of occurrence (greater than 0.8) in areas close to the coast. When combining
these results with the areas occupied by the environmental units in the Chocoan Pacific, it is
observed that they overlap with important areas of the National System of Protected Areas
of Colombia, located in the north-central zone, such as the PNN of “Utría”, the “Golfo
de Tribugá-Cabo Corrientes” DRMI, and the “Encanto de los Manglares del Bajo Baudó”
DRMI. These results may be indicative of the positive impact on zoning and environmental
management that government authorities and the community exercise; in turn, they suggest
the importance of implementing adequate conservation and management measures in
terms of spatial management of protected areas and the implementation of sustainable
artisanal fishing in the geographical context that is allowed, all of this given the need to
protect marine biodiversity and the communities that depend on it in harmony with the
environmental zoning established in their Environmental Management Plans.

Regarding the environmental units of the northern zone (ZEMP and ZEPA), there
is also an overlap with the results of the highest probability of presence, which raises
the need to implement and adopt management measures in line with the policies and
strategies for use of these areas, such as the use of appropriate gear and for selective
fishing and harvesting in regulatory sizes, to contribute to the sustainability and growth of
biological communities.

Thunnus albacares

The predictive models employed in the study area demonstrated a remarkable perfor-
mance exceeding 88% in predicting the distribution of Thunnus albacares across all modeled
depths. Many factors, including bathymetry, chlorophyll-a concentration, sea surface tem-
perature (SST), slope, and the interaction between SST and chlorophyll-a concentration,
contribute to the abundance of this species. Moreover, research suggests that the species
has a stronger affinity for shallow, warm waters with elevated primary production, higher
chlorophyll-a concentrations, and complex bottoms such as rocky reefs [88,89].

At a depth of 0 m, the species is predominantly found along the coast from March
to October. However, from November to December, its distribution expands towards
areas farther from the coast. Intriguingly, a 100% occurrence probability was observed
in the coastal strip, and the assemblage performance exceeded 89% in all months. At
this depth, the net primary productivity significantly influenced the species distribution
during January (40%), February (48%), and March (31%). Conversely, temperature was the
dominant variable in April (31%), May (70%), June (50%), July (38%), and August (31%).
Lastly, pH played a crucial role in November (37%) and December (36%) (Figure 7).

The species was found to extend towards waters further from the coast throughout
the year at a depth of 110 m, with an ensemble performance surpassing 88%. The data
reveal that during January, February, and March, O2 and pH exerted the most significant
influence at this depth. Additionally, temperature was a key factor in April (40%), May
(43%), June (28%), October (38%), and November (37%) (Figure 7).

Finally, the predictive models displayed a performance above 88% in the ensemble
at a depth of 222 m, with the species distribution extending towards waters far from the
coastline, predominantly in February, March, June, and November. In terms of variable
importance, dissolved oxygen had a more substantial impact in January (36%), Febru-
ary (38%), March (35%), November (28%), and December (29%), while temperature also
presented notable values during these months (Figure 7). Net primary production was
another essential variable in June (32%), July (47%), August (48%), September (40%), and
October (42%).
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Figure 7. Predictive models and performance of the variables (temperature—T; salinity—S; pH;
dissolved oxygen—O2; net primary production—nppv; U currents—Cu; V currents—Cv) for the
potential distribution of Thunnus albacares at 0, 110, and 222 m depths.

The findings for T. albacares across the three depth levels exhibit a probability greater
than 0.8 in areas near the coast that coincide with the initially described environmental
units of the Chocó department. This includes special management areas, exclusive zones
for artisanal fishing, and SINAP areas. As a result, the importance of implementing and
adopting effective management and conservation measures per the policies and strategies
for these areas is once again highlighted, ensuring the sustainability of marine resources
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and their responsible use. Furthermore, in SINAP category areas, embracing suitable con-
servation and management measures is crucial for protecting biodiversity and guaranteeing
food security for local communities, all within the context of established environmental
zoning provisions in Management Plans.

3.2.3. Probability of Occurrence of Species around the Main Fishing Grounds

Concerning traditional or customary fishing sites, banks, and grounds in the region,
69 were identified. These sites were divided into three geographic zones based on the
distribution of maps used for social cartography: the northern zone between “Juradó” and
“Punta de San Francisco Solano”, the central zone from “El Valle” to “Cabo Corrientes”,
and the southern zone from “Cabo Corrientes” to the San Juan River boundary along the
San Juan Coast.

The results highlight the significance of these traditional fishing sites, which are rooted
in the inherited and cultural knowledge of the artisanal fishing communities. It was possible
to discern that the probability of occurrence for Acanthocybium solandri and Euthynnus
lineatus follows a spatiotemporal dynamic, with their presence shifting throughout the
year. In contrast, according to the developed predictive models, Scomberomorus sierra and
Thunnus albacares exhibit more stable behavior across all identified fishing sites in the
region (Figure 8). However, artisanal fishers frequently target Thunnus albacares along the
Pacific coast of the Chocó department in areas farther from the coast (at distances greater
than 20 nautical miles from the shoreline). This distribution is subject to territorial fishing
dynamics and depends on the fishing gear and autonomy of the local community.
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3.2.4. General Considerations for Predictive Models of Species Distribution

Regarding the biogeochemical variable pH, the literature suggests that species are
distributed within specific ranges of variables, and a pH change can substantially affect
organisms’ survival [90,91]. Moreover, pH is intricately linked to the availability of other
nutrients and elements in the water column. It influences these elements’ solubility and bio-
logical availability, affecting the productivity of primary producers and the entire food web.
This connection can indirectly shape fish distributions by affecting their prey availability.
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In general, for the predictive distribution models developed, it is important to high-
light that other potential factors, such as biotic interactions and time-lagged variables
like SST, chlorophyll-a concentration, bottom features of the habitat, and prey predation
relations, can have potential implications for the distribution of the four target species
under study [92,93].

In particular, the idea of a time lag in chlorophyll-a concentration’s impact on higher
trophic levels is compelling [94]. It aligns with the trophic delay or accumulation concept,
where nutrients at lower levels of the food chain might not be immediately evident in
higher trophic levels due to processing time through the food web. However, it is also
widely accepted that these time lags may vary among different species and regions, making
it difficult to generalize or assume a specific time lag applicable to the target species [95,96].
In addition, given the mobility of the species and the ocean’s vastness, the assumption
of real-time environmental conditions as a significant determinant of species distribution
remains valid.

In any case, the incorporation of such factors into the predictive model would require
additional data and complex modifications of the model structure that go beyond the scope
of the current study, but would certainly be valuable directions for future research.

3.3. Decision-Support Tool—Accessible Scientific Information for Empowering Communities

The “Chocó Artisanal Fishing Geovisor” is an open access WebGIS tool that offers
options for planning fishing operations and tools to understand distribution models and
resource management outcomes for fishing interest. As a result, communities can access
near-real-time oceanographic and habitat distribution data for vital commercial species on
the North Pacific coast of Colombia (in the Chocó department). The web tool incorporates
various GIS operations, from basic functions such as visualization, superimposition, and se-
lection to advanced queries and data processing operations essential for informed decision
making in changing climate conditions and artisanal fishing practices.

This tool enables straightforward interaction for the target community. The architec-
ture is structured with user-friendly, easy-to-use open-source components and transparent
interoperability with other open and commercial systems. It consists of a three-layer
representation: interface, model, and data, as follows:

• The interface layer displays user data across various platforms like the web, desk-
top GIS, and mobile devices. System management is conducted through this layer
according to assigned roles.

• The model layer contains all processes that enable the functionality of each system
tool, including data processing, report graph generation, and information analysis and
consultation.

• The data layer stores binary files, flat files, and the database engine, the latter managing
spatial and non-spatial information.

As a result of the “Co-creating the Geovisor for Chocó Artisanal Fishermen” work-
shop meetings, the fishers’ perceptions, fishing gear and instruments representing them,
and the colors they most identify with (Figure 9) and the graphic elements in terms of
conceptualization and design of the corporate identity for the “Chocó Artisanal Fishing
Geovisor” (Figure 10) were established. From these meetings, the name, logo, iconography,
colors, and keywords were designed within the Geovisor interface structure, allowing for
the identification and visualization of figurative and representative elements of the region’s
artisanal fishing activity (Figure 10).
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The “Chocó Artisanal Fishing Geovisor” (Figure 11) features a structure and develop-
ment that include base layer controls with maps such as marine topographic relief (The
General Bathymetric Chart of the Oceans (GEBCO) 2020), satellite view, and ocean maps
(Environmental Systems Research Institute (ESRI) Ocean Base Map). It also uses internal
and external sources, such as geo-services of the Colombian Pacific Economic Exclusive
Zone (EEZ), study areas, reference sites, distances from the coast, bathymetric contour
lines, conservation and environmentally protected areas, climate maps, and physical and
biogeochemical variables, such as sea surface temperature, surface current velocity, sea
surface salinity, chlorophyll-a concentration in seawater, and net primary production. In
addition, layers co-created with the fishing community, such as common fishing grounds
and sites, have also been integrated, particularly emphasizing the importance of empirical,
traditional, and inherited knowledge of Chocó’s artisanal fishers.

To enhance the user experience, navigation and information management tools were
created for quick access, including zoom-in/out controls, wind and nautical roses, and
distance and angle measurement tools in the International System of Units, prioritizing
units commonly used by the target community. Additionally, essential information tools for
fishing operations frequently consulted by fishers, such as moon phases, tide projections,
and wind maps, were incorporated.

The Geovisor offers a broad array of functionalities and features tailored specifically
to cater to the fishing community in the Chocó region. This visualization tool enables users
to access comprehensive geographic and cartographic data, including oceanic and tidal
characteristics crucial for efficiently planning and implementing fishing activities.
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The primary functionalities of the Geovisor include the following:

1. Visualization of geographic and cartographic data layers, along with oceanic and tidal
information.

2. Access to data on conservation and environmental care zones, reference sites, distances
from the coast, bathymetric contour lines, and specific fishing areas, among others.

3. Using the coordinate system and tools to measure angles and distances and navigate
to different areas.

4. Real-time data on tides and moon phases are key factors in fishing activity.
5. Geoprocessing tools allow users to maintain a georeferenced record of fishing sites

and compute travel expenses.
6. Potential distribution maps of modeled species, enabling users to visualize and

analyze the probability of the presence of priority species.

These features are user-friendly and display well on various devices, such as mobile
phones, tablets, and computers.

The “Chocó Artisanal Fishing Geovisor” includes tools such as the market price
and fishing trip cost calculator, allowing fishers to plan their fishing routes efficiently
by considering fuel costs and expected travel times. These tools can be combined with
others that provide relevant biological dynamics information, such as technical sheets
of prioritized species, predictive distribution models, and the lunar calendar, facilitating
comprehensive planning of fishing activities during specific and relevant periods.

The co-created WebGIS tool equips artisanal fishers with a wide range of tools and
data to achieve their goals based on scientific information, as well as the ability to utilize
various functions that help improve their fishing strategies and gain a competitive edge in
the region. The opportunity to analyze the dynamics of environmental variables affecting
fishing, such as water temperature, salinity, and ocean currents, is particularly important for
planning fishing operations and contributing to decision making regarding safety during
execution. As a result, this information can be used to predict fish locations and adjust
fishing strategies accordingly.

In summary, the “Chocó Artisanal Fishing Geovisor” provides an accessible and
user-friendly platform for empowering artisanal fishing communities, enabling them
to make data-driven decisions and optimize their fishing practices. By incorporating
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local knowledge and addressing the community’s specific needs, this tool contributes to
sustainable fishing and promotes the well-being of Chocó’s artisanal fishers.

Finally, in order to establish possible limitations to the scope of this study, if one
considers the context and scope of the information that, through international cooperation
agencies, makes geographical information available for decision-making processes world-
wide, it could be said that the use of a regional ocean modeling system (ROMS) could have
constituted a source of information for a better scale of processing and analysis; however,
such a system was not available for the geographic area of the Colombian Pacific and the
coast of the department, so the input data of the model are made up of the best possible
sources of information at the temporal and spatial resolution that the level of processing
that is modified thus allows.

On the other hand, as an experience gained, we highlight the feasibility and possibility
of combining the use of a global dataset (databases of occurrence and predictor environ-
mental variables) with data from national sources and information collected and validated
with the approach of participation of artisanal fishers as the target community of the study,
for the development of automatic learning processes (in species distribution models and
the creation of WebGIS).

4. Conclusions

The results of this study indicate that Acanthocybium solandri is broadly distributed
along the Pacific coast of Chocó. Its probability of occurrence is higher in oceanic waters
during January, February, August, and October at a depth of 0 m and in September, October,
and November at 22 m. At a depth of 47 m, the probability of occurrence is high in both
oceanic waters and strips parallel to the coastal zone. Salinity, net primary production, and
temperature are the variables that contribute the most to the species distribution, and their
importance varies with depth.

Scomberomorus sierra is primarily found in the coastal zones, with a 100% occurrence
probability at 2 m depth and in a strip parallel to the coast at greater depths. Net primary
production, pH, and salinity are the three factors influencing distribution models at all
depths. Additionally, temperature and oxygen are also key variables affecting the species
distribution during different months of the year.

The pelagic species Euthynnus lineatus is widely distributed in tropical and subtropical
waters worldwide. It frequently appears in the coastal zone at depths up to 0 m and has
greater abundance from May to September. Nevertheless, the species moves towards
deeper waters, reaching up to 150 m from June to November. These shifts in the spatial
distribution of E. lineatus may relate to environmental factors like water temperature, food
availability, and salinity.

Bathymetry, chlorophyll-a concentration, sea surface temperature, slope, and the
interaction between SST and chlorophyll-a concentration are factors affecting Thunnus
albacares distribution. Notably, the species is associated with shallow, warm waters with
high primary production and complex bottoms, such as rocky reefs. At a 0 m depth,
the species is associated with the coast from March to October, and from November to
December, it extends towards the open sea.

The predictive models suggest their utility in understanding and predicting species
distribution at varying depths and times of the year, significantly influencing regional
fisheries management. Species distribution is primarily concentrated in the Special Fisheries
Management Zone and the Exclusive Zone for Artisanal Fishing in the northern zone of the
Pacific coast of Chocó, and the conservation and management areas of the Utría National
Natural Park, the “Golfo de Tribugá-Cabo Corrientes” DRMI, and the “Encanto de los
Manglares del Bajo Baudó” DRMI. The overlap of high occurrence values in protected areas
emphasizes these areas’ ecological importance as species habitats and underscores the need
for sustainable fishing practices.

The “Chocó Artisanal Fishing Geovisor” seeks to enhance fishing resource man-
agement by offering updated information on the oceanographic, climatic, and current
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distribution of commercially important species. These conditions are determined through
modeling processes that lessen information access limitations and enhance understanding
of coastal and oceanographic dynamics impacting marine artisanal fishing.

The “Chocó Artisanal Fishing Geovisor” serves as a strategy for information dissem-
ination and accessibility, empowering artisanal fishers with technology-driven decision-
making mechanisms based on real-time data. Understanding the community’s specific
needs was key in providing appropriate technological tools. Collaborative efforts with local
community organizations and leaders can foster trust and ensure effective utilization of
these tools. WebGIS can facilitate collaboration among community decision-makers, such
as government entities, conservation groups, and representatives of the fisheries sector,
thereby promoting sustainable fishing practices and information sharing.

The artisanal fishing community actively participated in the co-creation process of
the visual identity, tools, and functionalities enabling science-based decision making. This
process consolidated and promoted the social appropriation of the WebGIS tool, available
at http://geopesca-choco.unal.edu.co (accessed on 2 May 2023).

For sustainable fishing practices based on informed decisions and ecosystem-based
conservation, it is vital to have a decision-support tool. This tool should make the results of
spatial distribution models available to the target community for visualization, consultation,
inference, and analysis while also considering local and ancestral knowledge. The results
obtained underscore the importance of considering spatial closures to preserve natural
reproduction patterns and the migration of fish species. This consideration is pivotal in
maintaining robust and resilient populations over time.

By integrating traditional knowledge with scientific models, effective management
strategies can be designed to balance the economic benefits of fishing with the long-term
environmental health of the region. Prioritizing sustainable approaches is imperative to
ensure that future generations continue to benefit from these invaluable resources.

In conclusion, our focus on examining environmental factors and ever-evolving marine
dynamics that affect fish species’ spatial and temporal dispersion can equip impacted
communities with vital knowledge for improved decision making and enhanced self-
determination. The outcomes of this study have the potential to help design resilient
fishing methods that consider the relentless environmental transformations brought about
by climate change, thereby providing a dual benefit to both the marine ecosystems and the
dependent communities.
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