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RESUMO

Durante muitos anos, nosso conhecimento sobre organismos do plancton foi
obtido através de amostragens utilizando redes de arrasto. Embora tenha seus
beneficios, analisar a diversidade de organismos coletados através desse método pode
demandar um longo tempo de processamento. Para superar as limitagdes, inerentes as
amostragens com rede, desde o inicio da década de 1990, cameras in situ t€m sido
utilizadas para detectar, medir e identificar particulas marinhas do plancton. Essas
ferramentas comprovam a eficiéncia de uma amostragem em alta resolucdo, veloz e que
permite estudos em escalas precisas da distribui¢do dos organismos planctdnicos ao
longo de diferentes coordenadas geograficas e profundidades. Visto a inovagdo do
sistema de imageamento, esta tese ¢ composta por dois capitulos, nos quais utilizamos
imagens obtidas in situ com o sistema Lightframe On-sight Key species Investigation
(LOKI), a fim de ampliar o conhecimento da distribuicdo do plancton no norte da
plataforma sudeste brasileira. No primeiro capitulo, estudamos diferentes ferramentas
de gerenciamento de dados, focada no desenvolvimento de uma estrutura de trabalho
que viabilize a inter-comparagdo entre diferentes formatos. Nossos resultados
destacaram a importancia da utilizagdo de sistemas de harmonizacdo de dados
pré-definidos por iniciativas internacionais e amparados pelos principios FAIR. No
segundo capitulo, utilizamos o banco de dados padronizado no primeiro capitulo, para
estudar a relagdo da estratificacdo dos oceanos com a distribui¢ao vertical e horizontal
do plancton. Nossos resultados mostraram que a partir da combinagdo de sistemas de
imagens e modelagem, temos potencial para prever a distribui¢do tridimensional de
diferentes organismos, em escala surpreendentemente detalhada. Através desses dois
capitulos demonstramos como a inter-comparagdo de diferentes informagdes pode ser

utilizada para melhor compreender padrdes ecologicos de diferentes escalas espaciais.

Palavras-chave: Aprendizado de maquinas, FAIR, Imageamento, Mesozooplancton



ABSTRACT

For many years, our knowledge about plankton has been obtained through trawl
sampling. Although this method has advantages, it can be time-consuming to analyze plancton
diversity. To overcome the specific limitations of trawl sampling, in sifu cameras have been
used since the early 1990s to detect, measure, and identify plankton and marine particles. These
tools demonstrate the efficiency of high-resolution and high-speed sampling, allowing for
distribution studies on precise scales across different geographic regions and depths. Given the
innovation of the imaging system, this thesis is composed of two chapters, in which we use
images obtained in situ with the Lightframe On-sight Key Species Investigation (LOKI) system
in order to expand knowledge of the distribution of plankton in the northern of South Brazilian
Shelf. In the first chapter, we study different data management tools, focused on developing a
framework that enables intercomparison between different formats. Our results highlight the
importance of using data harmonization systems predefined by international initiatives and
expanded by the FAIR principles. In the second chapter, we use the database standardized in the
first chapter to study the relationship between ocean stratification and planning distribution. Our
results show that by combining imaging and modeling systems, we have the potential to predict
the three-dimensional distribution of different organisms at surprisingly small scales. Through
these two chapters, we demonstrate how the intercomparison of different information can be

used to better understand ecological patterns at different spatial scales.

Keywords: FAIR, Imaging system, Machine learning, Mezoplankton,
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1. INTRODUCAO GERAL

A utilizagdo do mar sempre foi fortemente motivada pelas necessidades bésicas
dos seres humanos. Além da perspectiva econdmica e histdrica, os oceanos também
viabilizam a vida no planeta por meio de diversos processos ecolodgicos sustentados,
majoritariamente, por organismos presentes do plancton. O plancton ¢ formado por
organismos que derivam na agua, sujeitos aos efeitos do vento, das ondas e correntes
oceanicas. Sao onipresentes ¢ dominam a vida no oceano em termos de abundancia e
biomassa (Bar-On and Milo, 2019). Em virtude da elevada diversidade dos grupos
taxondmicos presentes neste compartimento, muitas classificagdes foram estabelecidas
ao longo dos anos. A mais elementar (ie. fitoplancton e zooplancton) separa os
organismos em produtores dos organismos consumidores, respectivamente. Outra
divisdo adotada ao longo dos anos ¢ a escala de tamanho corporal dos organismos,
abrangendo uma miriade de formas de vida que vao desde femtoplancton (< 0,2um, por
exemplo, virus marinhos) ao megaplancton (> 20cm; dguas-viva, Omori e Ikeda, 1992).
Também, podem ser divididos por héabitos de vida (ie. holoplancton e meroplancton)
dependendo do tempo de permanéncia no plancton ao longo de seu ciclo de vida
(Dipper, 2022).

Apesar de frequentemente serem quase imperceptiveis a olho nu, esses
organismos compdem a base de toda a teia trofica marinha. S3o responsaveis pela
transferéncia de energia e matéria organica, além da participacdo no ciclo global do
carbono através do processo de bomba bioldgica (Litchman et al., 2015; Fenchel, 1988).
A bomba biolégica de carbono ¢ um dos principais processos responsaveis pela
regulacdo dos niveis de dioxido de carbono atmosférico e, consequentemente, o
transporte desse dioxido de carbono para sedimentos marinhos. Esse processo contribui
com aproximadamente dois ter¢os do transporte vertical de carbono (Passow and
Carlson, 2012; Sarmiento and Gruber, 2002). Por desempenharem papeis essenciais
para a dinamica da vida no planeta, sdo frequentemente utilizados como bioindicadores
da saude dos oceanos. Assim, a alta sensibilidade do plancton as mudangas ambientais
possibilita o aumento da compreensdo sobre o impacto dessas mudangas na
transferéncia de energia nos ecossistemas marinhos (Wadjikar et al., 2017; Hays et al.,
2005; Hall J., et al. ,1976).

A dindmica de distribuicdo do plancton ¢ resultado de multiplas interacdes entre
processos fisicos, quimicos e bioldgicos, como correntes ocednicas, estratificacdo

térmica, interacdes ecoldgicas e disponibilidade de nutrientes (Krause et al., 2020;
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Sailley et al., 2015 and therein). Horizontalmente, padrdes globais de distribui¢ao do
plancton refletem gradientes costa-oceano, de temperatura e frentes oceanicas, que em
algumas regides, atuam proporcionando condi¢des ideais para o crescimento de
organismos da base da teia trofica - o fitoplancton (McManu et al., 2016). Enquanto
verticalmente, organismos do zooplancton s3o responsdveis por uma das maiores
migracdes do planeta Terra. A Migracdo Vertical do Zooplancton (MVZ) ¢ um
fendmeno marcado pela migragdo ascendente de organismos em dire¢do a superficie a
noite, € um movimento descendente para dguas mais profundas durante o dia (Forward,
1988). A MVZ ¢ essencial para uso eficiente de recursos de diferentes habitats (estratos
de profundidade) e proporciona uma maior diversidade de espécies no oceano (Brierley,
2014).

Outro fator igualmente relevante e inter-relacionado que afeta a distribuicdo do
plancton ¢ a estratificacdo na coluna d’agua. A agua do mar geralmente forma camadas
estratificadas com aguas mais leves perto da superficie e d4guas mais densas em maior
profundidade. Esta configuracdo estavel atua como uma barreira a mistura de dgua que
afeta a eficiéncia das trocas verticais de calor, carbono, oxigénio e outros constituintes
(Li et al., 2020). Quando afetada por eventos de turbuléncia (i.e. ventos, correntes), as
dguas se misturam alterando a  disponibilidade de fornecimento de nutrientes e
moldando as interacdes e a eficiéncia alimentar (Xue et al., 2022). Um modelo
conceitual de controle fisico e bioldgico na dindmica do fitoplancton (Lindemann and
John, 2014) demonstra a multiplicidade dos fatores que afetam as variacdes de
aclimatacao fisiologica desses organismos. Além disso, esse modelo destaca o cendario
da estratificacdo como mecanismo de eficiéncia nas interacdes, descrevendo que quanto
maior a camada de mistura, menor o desempenho das interacdes ecoldgicas entre
organismos, uma vez que os nutrientes estdo mais dissolvidos e os organismos estao
mais afastados. Em contrapartida, quando a camada de mistura apresenta uma amplitude
menor, a eficdcia das interacdes aumenta, juntamente com a concentracdo dos
nutrientes.

As regides de ressurgéncia costeira impulsionadas pelo vento sdo estdo entre as
areas mais produtivas do oceano global devido a ressurgéncia de aguas subterraneas
ricas em nutrientes na zona eufotica (Falkowski et al. 1998). Nessas regides a
estabilidade da coluna d’agua diminui gragas a acao dos ventos frequentes combinados
a outros fatores como temperatura e das correntes de agua. Considerando esse contexto,

a area selecionada para este estudo foi o norte da plataforma sudeste brasileira que conta
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com uma alta produtividade em decorréncia da regido de Ressurgéncia de Cabo Frio
(Gonzalez-Rodriguez et al., 1992). A mistura de aguas superficiais e profundas ocorre
devido a combinacdo da velocidade de distribui¢do vertical e da densidade da agua
(Coelho-Souza et al., 2012). Em periodos de ressurgéncia, a alta disponibilidade de
nutrientes beneficia a floragdo do plancton, que por sua vez favorece o aparecimento de
uma rica fauna pelagica que inclui espécies economicamente..

Na regido de ressurgéncia de Cabo Frio, a comunidade planctonica ¢
extensivamente documentada devido aos estudos de Jean-Louis Valentin (Valentin,
1984, 1999, 2001), bem como na plataforma sudeste brasileira, diversos estudos que
incluem aspectos da variacdo espacgo-temporal do plancton, influéncia de fatores
ambientais na distribuicdo e diversidade das comunidades (Carvalho et al., 2022;
Pennick et al., 2023; Tosetto et al., 2021). Mais recentemente, observamos a aplica¢do
de diferentes ferramentas para quantificar e identificagaro plancton nessa regido, como
uso de imagens de FlowCAM (Matos et al., 2024); sinais acusticos (Assungdo et al.,
2023) e as tradicionais coletas com rede (Garcia et al., 2021). No entanto, observamos
uma lacuna tecnolodgica, pois apesar de uma bibliografia relevante sobre a regido,
poucos estudos abordam metodologias como técnicas de imagem in sifu, tampouco

ferramentas de modelagem de aprendizagem de maquina.

Das redes as telas

Durante muitos anos o estudo da distribuicdo do plancton marinho foi realizado
através de redes em arrastos horizontais, verticais ou obliquos (Barnes, H., 1951).
Apesar das redes possuirem beneficios como baixo custo, facil manuseio e a
possibilidade de realizar estudos moleculares com as amostras coletadas, o uso desse
método integra e mistura organismos, danificando-os e gerando perdas de 12% a 87%
de biomassa (Alcaraz et al., 2003). Além disso, a resolucdo espacial ¢ limitada e as
técnicas manuais para separacdo e identificagdo dos organismos sdo demoradas e
dificultam a aplicacdo em larga escala (Eerola et al., 2024). Com o intuito de aprimorar
o desempenho de estudos em uma escala mais refinada, o uso de sistemas Opticos para
monitorar populacdes de plancton vem sendo adotados continuamente nas ultimas
décadas (Le et al., 2022 and references therein).

Esses sistemas evoluiram das primeiras medigdes Opticas da agua (e.g. absorcao,
espalhamento, atenuacdo e fluorescéncia) utilizadas desde 1950’s para caracterizar

propriedades em massa associadas a particulas e fitoplancton, em particular.
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Atualmente, além de propriedades como forma e intensidade da luz, os sistemas de
imagem e/ou video podem prover informagdes muito mais complexas sobre diferentes
alvos. Isso € possivel, pois esses sistemas alcancam organismos e particulas de
diferentes tamanhos, atuando em diferentes resolu¢des e em escalas espaciais que
alcangam até amostragens globais (Gardner et al., 2018).

A enorme variedade de equipamentos disponiveis abrange aplicacdes tecnologicas
e ecoldgicas, como o Lightframe On-sight Key species Investigation (LOKI), Video
Plankton Recorder (VPR), Laser Optical Particle Counter (LOPC), entre outros
(Lombard et al., 2019; Orenstein et al., 2022; Irisson et al., 2022; Herman et al., 2004).
Os estudos realizados com essas ferramentas comprovam a eficiéncia de uma
amostragem em alta resolucdo e veloz. Além disso, permite o desenvolvimento de
estudos em escalas precisas da distribui¢do dos organismos planctonicos ao longo de
diferentes coordenadas geograficas e profundidades. Além de uma investigacdo
bioldgica, horizontal e vertical, os sistemas de imageamento sdo, frequentemente,
compostos por multiplos sensores que possibilitam a observagao dos parametros fisicos
e quimicos da coluna d’4gua na mesma escala de observagao.

O LOKI ¢ um sistema in situ de imagem de plancton e particulas menores ou
iguais a 200 micrometros. Foi utilizado pela primeira vez no Atlantico Sul em 2015, em
areas de alta turbidez devido a um desastre ambiental, demonstrando a eficacia do uso
de sistemas de imagem em diferentes condigdes ambientais (Matos et al., 2024). Desde
entdo, o Laboratério de Plancton e Microbiologia Marinha do Instituto de Estudos do
Mar Almirante Paulo Moreira (IEAPM), o tnico que dispde desse equipamento no
Brasil, atua no desenvolvimento e melhoramento de técnicas referentes a aquisicao de
imagens em multiplos ambientes. Dentre os objetivos propostos ao implementar tal
tecnologia, estavam a rapida avaliagdo das condi¢cdes dos ambientes amostrados,
investigacdo dos impactos ambientais e antropologicos nas comunidades pelagicas,
analise da riqueza e diversidade dos organismos que compdem a base da teia trofica
aquatica e afins.

As imagens de plancton e particulas podem ser processadas manualmente ou por
meio de técnicas automatizadas, que permitem a analise da estrutura taxonomica de uma
comunidade e a medi¢ao das caracteristicas morfologicas de organismos individuais
(Sosik e Olson, 2007; LeCun et al., 2015; Orenstein e Beijbom, 2017; Luo et al., 2018;
Ellen et al., 2019), como “Machine learning”, que consiste em um sistema de

aprendizagem automatica supervisionada de algoritmos que aprendem a categorizar
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dados novos a partir de um conjunto de exemplos de informagao gerados por humanos
(Irisson et al. 2022). O desenvolvimento de tecnologias de imagem de plancton e
particulas foi fortemente influenciado pelo desejo de reduzir o tempo de processamento
de amostras. Entretanto, apesar dos incontaveis beneficios, as etapas de andlise do
conjunto de imagens coletadas, detec¢do e extracdo de regides de interesse (ROIs) e,
transformagdo dessas informacdes em insights ecoldgicos, ainda que com auxilio de
algoritmos de aprendizagem, segue sendo uma atividade laboriosa.

O avango de sistemas de imagens para estudo do plancton resultou em alguns
problemas, como a obtengdo de diversos dados em formatos diferentes, dados
fragmentados e desconectados, além da ampliacdo da quantidade de bases de dados nao
padronizadas. Esse efeito destacou a necessidade do gerenciamento de dados, e do
estabelecimento de padrdes e procedimentos de controle de qualidade que promovam a
capacidade de tornar esses conjuntos de dados localizaveis, acessiveis, interoperaveis e
reutilizaveis (Principios FAIR, “Findable, Accessible, Interoperable, Reusable”;
Wilkinson et al., 2016). A deteccao, o acesso, a inter-comparacao e a reutilizagdo de
dados ¢ uma das principais maneiras de garantir que a comunidade académica contribua
para politicas publicas, ajudando os tomadores de decisdo e incentivando uma ciéncia
mais sustentavel em relagdo ao uso de recursos financeiros e naturais (Ramos et al.,
2022).

Para potencializar a intercomparagdo e reutilizagdo dos dados de plancton, foi
utilizado o formato Darwin Core (Wieczorek et al. 2012), o mais atual padrio
internacional estabelecido para publicagcdo de dados de biodiversidade. Apesar de ainda
ndo contemplar integralmente todos os aspectos do plancton, especialmente particulas e
atributos (Giering et al., 2020; Titocci et al, 2025), representa a pratica mais adotada

entre os trabalhos que estdo alinhados com os principios FAIR.
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2. OBJETIVOS

O presente trabalho estd vinculado ao Programa Mission Atlantic “Horizon 2020”
[Grant Agreement No 862428], que visa ampliar a compreensao do funcionamento dos
ecossistemas dos oceanos e dos fatores de mudanca que afetam a biodiversidade, os

fluxos troficos e a produtividade de base da teia marinha no Atlantico sul.

Objetivo Geral:
Implementar novos padrdes de estrutura de dados provenientes do sistema LOKI para,
dessa forma, modelar a distribuicdo espacial de plancton na Ressurgéncia de Cabo, uma das

regides mais importantes para uso humano no Brasil.

Objetivos Especificos:

e Estruturar e documentar os dados de imagem de plancton provenientes do sistema
LOKI.

e Seguir padroes como o Darwin Core (DwC) para garantir os principios FAIR.

e (arantir a consisténcia e a interoperabilidade dos dados com repositorios globais.

e Combinar a aplicacdo de tecnologia de imagem com o uso de aprendizagem de maquina
para modelar a distribui¢do do plancton na regido de Ressurgéncia de Cabo Frio.

e Avaliar e descrever a distribui¢do de micro- ¢ mesoplancton em diferentes condigdes de

estratificacdo na Plataforma Sudeste Brasileira.
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CAPITULO 1
Submetido a revista Biodiversity Data Journal
A framework to ensure data harmonization from in situ optical plankton recorder

Lightframe On-sight Key species Investigation

Carolina Reis'", Lucas T. Nunes', Thiago da S. Matos', Ricardo Coutinho', Laura
Marquez®, Ruben Perez-Perez?, Patricia Martin-Cabrera®, Lennert Schepers?, Lohengrin

Fernandes!

! Marine Biotechnology, Instituto de Estudos do Mar Almirante Paulo Moreira, Arraial do Cabo - RJ,
28930-000, Brazil.

2Flanders Marine Institute (VLIZ), Jacobsenstraat 1, 8400, Belgium

*Intergovernmental Oceanographic Commission of UNESCO — Ocean Best Practice System, 7 Place de

Fontenoy, 75007 Paris, France.

Abstract

We present the development and validation of a framework for harmonizing
plankton image-based data obtained from the Lightframe On-Sight Key Species
Investigation (LOKI) system, aligning it with the Darwin Core (DwC) standards. By
using image processing, metadata integration and taxonomic mapping techniques, we
aim to show interoperability and reusability in global biodiversity databases. The
proposed workflow establishes guidelines for data collection, formatting and
standardization. Results indicate an improvement in data accessibility for ecology and
spatial modeling research, meeting the FAIR principles (Findable, Accessible,

Interoperable, Reusable).

Key words: Imaging, In situ, Interoperability, Plankton, Harmonization, FAIR, DwC

Introduction

Plankton is listed as an Essential Ocean and Biodiversity variable (EBVs;
Muller-Karger et al., 2018) by the Global Ocean Observing System (GOOS). It
comprises a diverse array of life forms which are associated with multiple crucial
processes in the marine ecosystems. These organisms regulate biogeochemical cycles
shaping marine trophic chains, from local to global scales (Mitra et al., 2014). Due to

these importances, plankton has been extensively studied through a wvariety of
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methodologies. However, it is widely acknowledged that traditional approaches in
plankton ecology are often time-intensive and have constrained our ability to fully
elucidate the complex factors and processes governing their abundance, distribution and
diversity. Recent extensive development of automated image acquisition systems in
plankton research has increased our understanding of these communities. Nevertheless,
integrating different datasets, originating from different sources, became a major effort
(Lombard et al., 2019; Martin-Cabrera et al., 2022).

The Lightframe On-sight Key species Investigation (LOKI) is an in situ
plankton optical recorder, currently adopted for different purposes like marine
ecosystem mapping (Snoeijs-Leijonmalm et al., 2022); risk assessment (Matos et al.,
2024), trait observations (Maps et al., 2023) and biodiversity exploration (Wenzhofer et
al., 2024; Fong et al., 2024). Along with LOKI, there are several in situ instruments,
collecting both images and videos, with similar purposes such as the Ichthyoplankton
Imaging System (ISIIS; Cowen et Guigand, 2008), Video Plankton Recorder (VPR;
Davis et al.,, 1992) and Underwater Vision Profile (UVP; Picheral et al., 2022),
highlighting the importance and efficiency of using in sifu imaging instruments in
plankton ecology. Nevertheless, when it comes to these types of devices, the data
volume, technical heterogeneity, missing semantic structure and availability are just a
small sample of the wide array of challenges (Schoening et al., 2022).

Although the new optical technologies have made it possible to increase the
spatiotemporal resolution of plankton research, most of them generate millions of
images to be classified and ferabytes of raw data to be stored (Irisson et al., 2022).
Integrating diverse types of information from a wide array of observation
tools—spanning spatial and temporal scales—in a manner that is both
human-interpretable and machine-readable remains one of the most significant
challenges for researchers. Nevertheless, it is also a crucial step to fill the gaps in
marine biodiversity sciences. Additionally, collaborative data science benefits a wide
range of stakeholders, including researchers, software and tool developers, funding
agencies, and the broader data science community. It advances the integration,
discovery, and accessibility of data, enriching global databases, and driving
technological innovation (Titocci et al., 2025).

For achieving common standards and practices, principles regarding the
findability, accessibility, interoperability and reusability of information (FAIR

principles), started to be adopted by several international initiatives to ensure
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consistency and inter-comparability of biodiversity datasets (Wilkinson et al., 2016).
The number of tools and workflows designed to standardize data from various optical
recorder devices has grown substantially in recent years, especially for plankton.
However, several devices remain unaddressed, highlighting an ongoing gap in the field.
In order to improve the interoperability and reusability of plankton data derived from
images, the aim of this work is to construct and validate a framework that harmonizes
the output data from the Lightframe On-sight Key species Investigation (LOKI) system,
ensuring the FAIRification process and making data available in global biodiversity

databases.

Darwin Core Standards
The Darwin Core standard (Wieczorek et al. 2012) is the most used (meta)data
standards to share biodiversity data in the Global Biodiversity Information Facility

(GBIF, https://www.gbif.org/) and the Ocean Biodiversity Information System (OBIS,

https://obis.org/). Both are the largest biodiversity data repositories in the world, holding

hundreds of millions of species occurrences. DwC was originally developed by the
Biodiversity Information Standards (TDWG) community, offering a stable,
straightforward and flexible framework for compiling biodiversity data from varied and
variable sources. Thus, DwC plays a key role in the sharing, use and reuse of open
access biodiversity data.

DwC archives are compact file packages containing interconnected text files,
allowing scientists to share information using standard terminology. The package
contains a varied number of standardized files that can be adjusted according to the
needs of the data provider. For marine biodiversity data, OBIS recommends using the
OBIS-ENV-DATA format (De Pooter, 2017). The OBIS-ENV-DATA format is a version
of a DwC archive that contains up to three data files: The events file (1) contains all
information regarding the sample and/or observation. In the occurrences file (2), all the
information related to each organism in each event. Finally, in the measurements or
facts file (3), information will be recorded relating to each individual occurrence (e.g.
size, diameter, biomass, etc.); or relating to the event (e.g. sampling methodology,
temperature, salinity, pH, among other physicochemical parameters); or extra
information that scientists deems relevant to fully understand the content of the dataset.

After the data has been formatted according to DwC standards, the compressed

package file undergoes quality control (QC) using the EMODnetBiocheck R package
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(De Pooter and Perez-Perez, 2019) before being submitted to the Integrated Publishing
Toolkit (IPT; Robertson et al. 2014). The IPT is a free, open-source software tool
designed to publish and share biodiversity datasets through the GBIF network. This
integration ensures that the data is widely accessible and available to the global research
and conservation community. This standardization not only simplifies the process of
publishing biodiversity datasets, but also facilitates the discovery, investigation,
evaluation and comparison of datasets as they seek answers to today's data-intensive
research and policy questions.

Here, we present all the steps involved in the creation of a framework to ensure
the FAIRification of LOKI images, from generating a DwC file with the combination of
different types of environmental and biological data, until the publication of
standardized data in open repositories, passing through a validation process with real

data sampled in the southwestern Atlantic.

Workflow

In this framework we present the steps from data collection to data integration
and publication in open repositories (Fig. 1). We, thus, highlight the necessity of
guidelines for steps after the annotation (see below). Although there is a considerable
diversity of methods and softwares available for LOKI and other imaging
devices—such as ZooProcess (Picheral., 2010), LOKI Browser (Schulz et al., 2010) and
equivalents—all of them focus on the images curation prior to FAIRification. The initial
step is to select and combine the environmental data and the images generated for each
sampled depth. The images are automatically cropped as part of the LOKI system's
factory operation and configuration, however, image enhancement techniques such as
contrast and brightness adjustments are applied using ImageJ (Image J version 2.3.0,
Schneider et al., 2012), favoring the identification of the photographed organisms in
later stages.

After this initial processing, the images are uploaded to EcoTaxa, where
taxonomic information is added—a process known as “annotation”. The EcoTaxa is an
interactive and collaborative platform for uploading and annotating images with their
respective metadata (Picheral et al., 2017; Irisson et al., 2022). In this platform, we
distinguished living organisms from inorganic materials, detritus, and artifacts (e.g.,
bubbles, dust), which were not relevant to our study. This process is supported by partial

assistance provided by machine learning algorithms from the platform, in which users
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can train models based on previous identifications in the database to suggest labels for
newly uploaded images (Irisson et al., 2022). Once the process of classifying and
validating the images has been completed, the data is exported along with metadata,
essential information from the dataset, such as title, geographical coordinates of
sampled sites, the instrument used to acquire the images and environmental data.

After the annotation, the data is exported from EcoTaxa and goes through a
processing and harmonization stage following the established standards, available on

“GitHub” (https://github.com/missionatlantic/Plankton IEAPM_Brazil/tree/master).

After processing, the harmonized data are transferred to global open access databases
and information systems on marine biodiversity for science, conservation and

sustainable development (GBIF, OBIS and EMODNet).

BIOTIC Data Integration and

(LOKI) DwC IPT/ Quality Control Publication in Open
Repositories
1.Imaging processing 1.Event 1.BioCheck Tool
(Imaged) 2.0ccurrence (LifeWatch/EMODnet)
2.Taxonomic annotation 3.EMoF 2.IPT Upload
(EcoTaxa) 4.GitHub Repository
e 3.Image validation (carolinasreis/LOKI_to_DWC)
COLLECT DATA  4Export
STORE DATA
ABIOTIC
(CTD) OBIS-ENV
1.Data processing (R) 1.Extended measurements

or Facts

Fig. 1 Workflow showing the steps from data acquisition to results availability in an
interoperable and reusable format in accordance with the Darwin Core standards and

meeting the FAIR principles.

Study case

Sampling occurred during summer in the South Hemisphere, on the
Oceanographic Commission "Ressurgéncia III", on board the Brazilian Navy's
Hydroceanographic ship H39 'Vital de Oliveira’, through vertical hauls (heave speed
~0.5 m.s") from 140 m deep to surface at six different stations. The LOKI system fits a
plankton concentration net (mesh size 200 um, mouth opening 0.28 m?) combined with
a computer and a CTD equipped with environmental sensors (temperature, salinity,
pressure, dissolved oxygen and fluorescence). The camera is a Prosilica GC 1280H
(AVT-Allied Vision Technologies, Canada) with the Pensax 2514-M lens, able to

acquire images with a final resolution of 23 pm.pixel . It has a high-power LED unit,
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synchronized with the camera’s exposure-shooting signal, which allows a fast shut-off
time (55 ps) avoiding motion blurring that causes image distortion. In combination, it
has an image channel 4 mm high (length = 31.3 mm, width = 20.75 mm, volume = 2.6
cm?), causing all the particles of the image to stay in focus. In total, 514,736 images
were registered (https://ecotaxa.obs-vifr.fr/prj/5415), of which 92,839 were manually
validated by a taxonomist according to the highest taxonomic level achieved, given the

resolution of the image (image annotation).

Discussion

Expanding efforts to develop standardized and upgradable systems benefits and
encourages collaboration among several stakeholders at different levels, from those who
collect the data, those who utilize it for research and to those who use the results of the
research to make decisions (Muscuugwa et al., 2021). However, imaging data is a
quickly evolving field, presenting ongoing challenges, where data collected from the
marine environment are increasing in heterogeneity, preventing objective comparison
(Schoening et al., 2022). To tackle a portion of this challenge, the framework developed
in this work was designed specifically with imaging outputs from the LOKI system, to
ensure that the acquired metadata and data reach the highest level of Findability,
Accessibility, Interoperability, and Reusability (FAIR Principles) as possible.

Our framework covered fine-scale (~1 m) depth intervals and different
taxonomies of big data, albeit its complexity. Combining environmental and biological
data requires tackling challenges such as the interpolation of different data formats,
aggregating depth intervals, selecting appropriate depth ranges, and managing the time
and expertise required. In this framework output, we prioritize the smallest possible
depth intervals combined to the highest amount of information we had to maximize the
possibilities of future investigations. This level of granularity facilitates a more detailed
comparison. Additionally, different decisions related to depth intervals lead to distinct
understanding of several aspects regarding ocean structure and functioning, its
stratification, species distribution and multiple analysis of climate variables and
organisms interactions (Easson et al., 2019; Zwaan et al., 2019; Vereshchaka et al.,
2017).

However, when we tried to compare with other datasets, there is a lack of
imaging data repositories, while the existing data is scattered and not easily accessible.

Only five repositories/online platforms related to biodiversity and/or plankton imaging
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data were located based on the keyword °‘Lightframe On-sight Key species

Investigation’ (Table 1).

Key Species Investigation (LOKI).

Table. 1 Platforms and/or data collections related to the Light frame On Sight

Repositor Type LOKI data  Workflow FAIR Notes
y/Platfor available? stage Principles
m adherence
EcoTaxa  Annotation Yes (67 Pre-FAIR Partial (not  Distribution of data
tool projects) findable in  through an e-mail
open request
repositories)
PANGAE Repository Yes, only Post-samp  Low (without Schulz, J (2008)
A physical ling taxonomy Physical
parameters (6) available) oceanography and
technical parameters
OBIS Repository  Yes (1 use case Post-FAIR High Darwin Core format
- Reis et al.,
2024)
EurOBIS  Repository Yes (1 use case Post-FAIR High Darwin Core format
- Reis et al.,
2024)
EMODnet Repository Yes (1 use case Post-FAIR High Darwin Core format
- Reis et al.,
2024)
ZooProces Pre-proces Yes Pre-FAIR  Without direct Tool to extract
S sing integration to features and
software FAIR segmentation
principles
LOKI Visualizati Yes Pre-FAIR None Images inspection
Browser on tool
Software

Through a review of open-access databases and platforms related to biodiversity

and plankton, we identified 67 projects on EcoTaxa. Although EcoTaxa is not a

repository, it is clear that this is the most widely used platform to annotate and
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consequently store the taxonomy information about plankton images. By accessing
other repositories, we found out that 6 projects were available at PANGAEA, however,
all of them contained solely environmental sensor data. No taxonomic annotation or
images originating from the LOKI system was easily found. In the meantime, the use
case presented in this paper was the only project (Reis et al., 2024) utilizing the LOKI
system while addressing all the current requirements of FAIR principle, easily findable,
accessible, following the interoperable formats and prepared to be reusable by everyone.

Considering this, we underscore the need for fostering a culture of data sharing
in the scientific community. The main challenges in moving marine biodiversity data
management toward the FAIR principles were already reviewed (Tanhua et al., 2019)
and we acknowledge the wide diversity of planktonic organisms, as well as the
multitude of disparate data management structures, the increased volume of generated
data, the widely used formats that are not always universally applicable. Nevertheless,
we firmly uphold the benefits of sharing data following the FAIR recommendations and,
we also ensure that the widespread use of centralized databases will greatly facilitate the
reanalysis of existing data (Maps et al., 2023), enhancing the fine scale monitoring of

marine ecosystems.

Conclusions

Imaging technology is a quickly advancing field, so even with all the required
infrastructure in place, there is a growing demand to keep datasets FAIR (Schoening et
al., 2022). Moreover, it is essential to remain prepared by continuously developing or
updating protocols, best practices, recommendations and methodologies. Generating
and implementing methods that are highly adaptable to emerging technologies acts as a
way to ensure that data management practices keep pace with these innovations. We
believe our framework is beneficial for LOKI users and other devices that have not been
addressed with this type of framework yet, since it is easily modifiable. We strongly
encourage all scientists to publish their data, reusing and extending internationally
adopted and advanced metadata standards for image- and video-based data, ensuring

that their data meets the open science standards.
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Abstract

Plankton communities form the foundation of marine food webs, determining the
ecosystem carrying capacity and the services they provide. Their spatial distribution
patterns are highly dynamic, influenced by ocean stratification, mixed layer depth, and
nutrient availability. In this study, we combined advanced imaging systems with
machine learning models to explore how environmental factors shape zooplankton
distribution on the South Brazilian Shelf. Our three-dimensional predictions highlight
depth as a key driver for all taxonomic groups, while revealing taxon-specific responses
to water column stratification. Gelatinous are notably confined to the mixed layer and
dominate oligotrophic regions, irrespective of coastal nutrient availability. In contrast,
copepods exhibit a heterogeneous and continuous distribution, with higher abundances
near nutrient-rich coastal areas. These contrasting patterns underscore the intricate
dynamics of plankton communities and reinforce the need for detailed investigations to

better understand their ecological roles and responses to environmental changes.


mailto:carolinasreis@gmail.com

43

Keywords: Environmental gradients, Machine learning, Mixed layer, Stratification

Introduction

Plankton is an Essential Ocean Variable (EOV) with a vital role in regulating fish
populations, seabirds, and marine mammals (Miloslavitch et al. 2018). With remarkable
diversity spanning several orders of magnitude in size, plankton is extensively studied
across spatial and temporal scales (Lombard et al., 2019; Bi et al., 2022). Furthermore,
plankton facilitates active and passive carbon export to the deep ocean and drives
essential biogeochemical cycles, including those of iron, oxygen, nitrogen, and
phosphorus (Araujo et al., 2022; Kwon et al., 2009; Parekh et al., 2006). Thus, as a key
mediator of energy transfer between different trophic levels, plankton research enhances
our understanding of ocean food web linkages.

Plankton distribution varies vertically and horizontally from metres to kilometres
across vertical (euphotic to aphotic) and horizontal (coast-ocean or equatorial-polar)
gradients (Irisson et al., 2022). Studies have described that, along with environmental
gradients, other anthropogenic aspects such as climate change and offshore wind farms
also affect the balance between the mixing and stratification in the water column (Holt
et al., 2018; Dorrell et al., 2022). These turbulent events mix the water and change the
nutrient supply availability, shaping the interactions and the fish feeding efficiency (Xue
et al., 2022).

Tracking and predicting how marine plankton responds to ocean stratification and
environmental gradients will empower the global community to envision climate
change impacts on ocean primary productivity and biodiversity (Fragoso et al., 2022;
Zampollo et al., 2022). However, performing a detailed investigation of those organisms
remains a challenging task. Traditional methods are time-consuming even at low
spatial-temporal resolution; they normally integrate plankton data over some vertical
and/or horizontal distance, and sometimes, the time lag between sampling and data
analysis makes it difficult to provide feedback to policymakers in a timely manner
(Remsen et al, 2004; Benfield et al., 2007).

Information addressing the fine-scale distribution of marine planktonic organisms
and its relationship with environmental factors in the South Brazilian Shelf (SBS; Fig.
1) is scarce in the literature (Matos et al., 2024). Therefore, we combined the use of a
non-invasive in situ imaging system and machine learning modelling in order to

understand plankton vertical and horizontal distribution as a response to environmental
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characteristics on the South Brazilian Shelf. This combination has grown into a
powerful tool to improve the monitoring of marine organisms and the investigation of
the marine ecosystems at multiple scales. We hypothesize that planktonic distribution is
shifted by water column stratification gradients along the SBS. We expect that different
populations of marine planktonic organisms are likely to respond to vertical changes in

the mixed layer depth, thermocline and mixing events.
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Figure 1. Location of sampled stations on the South Brazilian Shelf (SBS). Orange points
indicate oceanographic stations where environmental data were collected at 1-meter intervals along a
140-meter water column. Purple points indicate oceanographic stations in the Cabo Frio Upwelling

System (CFUS), where both plankton imaging and environmental data were collected.

Results

We analyzed the vertical gradients of environmental variables along the 92
stations with depths up to 140 m (Fig. S1). The temperature profiles were used as a
proxy to define the stratification, divided into: mixed layer depth (MLD), thermocline

and below thermocline. By defining the stratification, we observed that most of the
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stations presented a well-defined thermocline and, on the other hand, stations with a
non-existing thermocline (St 57). The minimum depth range for MLD was 5 m but there
were some stations in which this layer reached 50 m depth (e.g., ST 58, 59, 66).

Within the six modelled stations (Fig. 1), Rhizaria was the most abundant taxa on
the MLD and thermocline. Depth was highly important to explain this pattern, while
temperature, salinity and fluorescence seem to have a similar, but less important, effect
(Fig. S2). Diatoms were most abundant on the MLD (Fig. 2), also most influenced by
depth, while other variables had a lower importance (Fig. S3). Copepoda presented a
heterogeneous and continuous distribution with an apparent small increase in surface
layers (MLD, Fig. 2). This taxon was most influenced by environmental temperature
along with depth (Fig. S4). Gelatinous dominated the MLD layer, being almost absent
on the layer below the thermocline and most influenced by salinity and depth (Fig. S5).
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Regarding the environmental conditions (ie. temperature, fluorescence, and
depth), three groups (Rhizaria, Diatom, and Gelatinous) were positively influenced by
temperature and negatively by depth. Fluorescence was surprisingly far less indicative
of organisms’ abundance than temperature. Rhizaria and diatoms, for instance,
increased in temperatures between 16 °C and 24 °C. Fluorescence was a significant
proxy of abundance of phytoplankton, but only under specific MLD conditions. When
the thermocline is close to the surface (<20 m) and phyto- tends to be concentrated
facilitating its predation by zooplankton. This scenario can be seen in the stations
30,31,32 in which MLD was restricted to the upper 20 meters and fluorescence was
high (Fig. 3, yellow circles). Copepods presented a high variability in all the
environmental conditions. Its relative abundance varied along the entire water column
regardless of the temperature and fluorescence. Gelatinous adapted well to temperatures

ranging between 19°C and 21°C.
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Figure 3. Patterns of relative abundance of Rhizaria, Diatoms, Copepoda and Gelatinous, following

temperature, fluorescence and depth measurements in a vertical profile.

Our model (Table 1) accounted for about 20% of the variability in plankton
abundance distribution, which is substantial considering the multiple factors that might
influence their dynamic in ocean ecosystems. Apart from the difficulty in distinguishing
correlation from causation in such complex, dynamic and highly coupled systems, our

model highlighted the most explained variables.
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Tablel. Model performance and validation metrics for the four taxonomic groups. Range: mean of

minimum—maximum relative abundance; MSR: Mean Squared Residual; VarExpl: Mean Variance

Explained (%); RMSE: Root Mean Squared Error; MAE: Mean Absolute Error. Values are shown as

means =+ standard deviation.

Plankton | Range MSR VarExpl RMSE MAE
Rhizaria | 0-0.16 [ <0.0001 £<0.001 [ 26.6+£5.8 | 0.02+0.004 | 0.01 £0.002
Diatoms | 0-0.17 | <0.0001 £<0.001 9.6 4.8 0.02+0.005 | 0.01+0.002

Copepoda [ 0-0.09 | <0.0001 +£<0.001 | 21.4+5.5 | 0.01 +£0.002 | 0.009 +0.001

Gelatinous | 0-0.41 0.001 £<0.001 27.4+159 | 0.03+0.007 [ 0.02+0.003

The spatial outputs of the model (Fig. 4) predict higher likelihood of Rhizaria

occurrence mostly near the coast, and with a slight presence in oligotrophic regions, but

also spreading over the shelf. The prediction probability increases between latitude

42°W and 40°W in all the three used strata. For Diatoms, the predictions showed that it

predominated in coastal regions which evidently decrease along the oligotrophic area.

The potential occurrence of Copepoda is clearly elevated near the coasts, coinciding

with both Rhizaria and Diatoms. However, it spreads along the ocean gradient and

copepods are estimated in lower concentrations. Our spatial prediction for Gelatinous

suggested higher relative abundance in oligotrophic regions, exhibiting a distribution

pattern different from that of other groups analyzed in this study.
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Figure 4. Relative abundance percentage patterns predicted for Rhizaria, Diatoms, Copepoda and
Gelatinous along the SBS and for three different stratification layers: Mixed Layer Depth (MLD),

Thermocline and Below thermocline.

Our predictions pointed to the predominance of higher abundances of plankton
communities in shallow and coastal waters with a gradual decrease as the distance from
the coast extends toward the open seas, except for the gelatinous group. Our result is
consistent with analysis in the tropical Atlantic that describe large-bodied planktonic
organisms dominating offshore while smaller organisms, mostly Copepods, dominate at
the shelf (De Figueiredo et al., 2025). Indeed, coastal regions frequently experience a
higher input of nutrients either from anthropogenic activities, riverine runoffs, bottom
resuspension, or local upwelling (Ferreira et al., 2020), especially in shallow waters
where frequent mixing in the water column (the mixed layer) affects the environment
functioning and the community dynamics. However, particular taxons presented a
notable exception in the modelled spatial distribution pattern. Gelatinous organisms
were found to be spread along the oligotrophic regions over the coast-shelf gradient,
highlighting the advantages of their low metabolic costs and living strategies like the
ability of ctenophores to ‘de-grow’ when deprived of food (Steele et al., 2001). Also, in
all the three strata, defined in this study, Rhizaria was predicted to thrive in oligotrophic
regions. One possible explanation for this pattern stems from the presence of
Collodaria-symbiont association described in photic zones and oligotrophic

environments globally (Biard et al., 2016, 2017).
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Depth and temperature were the most important explanatory variables affecting
the distribution of all plankton groups. Rhizaria predominated on the upper portion of
the water column (MLD); such a pattern was already observed for the North Atlantic
(Barth et al., 2024). The phytoplankton, herein exemplified by the Diatoms, prevailed in
the MLD, in line with the photic gradient, high sunlight and warm waters. Despite the
continuous distribution of copepods along the water column, higher abundances are
likely to happen in the upper layers (MLD and thermocline). Evidence was found for
Calanoida suspension-feeders in the upper layers (Dias et al., 2024), while the
detritivorous Ergasilida had a slightly deeper below the thermocline but wider
distribution. Interestingly, gelatinous estimations revealed that this taxon was
remarkably restricted to the MLD with very low occurrence probability in the
thermocline and the layer below it. The depth shapes most of the conditions that change
plankton distribution, including the photic gradients, the stratification, and the
depth-dependency of some relationships (Bressan et al., 1993; Van der Zwaan et al.,
1990).

The stratification also plays a key role in multiple processes, such as the formation
of the surface mixed layer, the regulation of light supply for photosynthesis, nutrient
supply from the subsurface ocean, and the phytoplankton communities regulation (Chen
et al.,, 2021; Mena et al., 2019). Additionally, studies have pointed that the vertical
stratification can hinder the migration of small zooplankton populations and indicate
different grazing pressures (Mitra and Flynn, 2005 and Long et al., 2021). Other studies
suggest that phytoplankton growth and mortality are equally affected by the
stratification, limiting nutrients supply and affecting the N:P ratio (Gupta et al., 2020).

Although we expected higher abundances of plankton especially in regions close
to the Cabo Frio Upwelling Systems (CFUS), extensively documented in literature due
to the high input of nutrient-rich cold waters (Valentin, 2001; Coelho-Souza et al., 2012;
Gonazalez-Rodriguez et al., 1992), no evidences of higher abundances was find in this
region. Except for Gelatinous that predominated in oligotrophic regions, the higher
abundances close to the coast did not follow the CFUS delimitation. Our suggestion is
that CFUS is a highly dynamic region, so there's a regime shift in the plankton
assemblages and sometimes large phyto- and zooplankton groups can be used as early
indicators of productivity shifts in upwelling ecosystems. This regime has been
described for diatoms and copepods, highlighting the link between temporal changes in

the ecosystem conditions and the composition of the assemblage (Matos et al., 2024).
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We validated our model using the importance of environmental variables
(temperature, fluorescence and depth) and its consequent influence on the regulation of
the marine plankton distribution. We noticed that for Rhizaria, diatoms, and gelatinous
organisms, the explained variance was very promising, considering that the majority of
the occurrences were predicted following a specific pattern of distribution. Distinct from
the rest, Copepoda was proved to be a challenging endeavor, given their heterogeneous
distribution. Although our model successfully estimated the vertical and horizontal
distribution of plankton, we emphasize its simplicity, as it assumes a direct relationship
between plankton abundance and environmental variables (temperature, salinity,
fluorescence). Depth emerged as the most influential predictor, likely due to its
integration of multiple underlying unmeasured variables. Despite this simplicity, we
believe our models provide robust predictions, supported by high explained variance
and low residuals, and offer valuable insights into plankton distribution patterns across
the South Brazilian Shelf.

Once the Marine Spatial Planning (MSP) pilot-project in Brazil has been
developed in the SBS area, these results could inform MSP trade-offs and use of
allocations. It can be used to inform decision-makers on potential impacts of human
maritime uses, especially the ones that could change water temperature and fluorescence
or even affect the water column in different depths. Furthermore, Climate Change
effects on water temperature are likely to affect plankton distribution as well and must
be taken into account in managerial initiatives. Future refinements could incorporate
additional biotic and abiotic factors to further enhance predictive accuracy. Also, the
outputs generated during this study point towards new perspectives to understand

plankton distribution on the SBS

Methods
Study area and sampling design

The South Brazilian Shelf (SBS) in the South Atlantic Ocean spans from latitude
22°S to 34°S, encompassing the continental shelf (depth <200 m) from the
southernmost point of Brazil (Chui) to the Cabo Frio Upwelling System (CFUS;
Scherer et al., 2024). Within the SBS, the CFUS is recognized as a highly productive
region where wind-driven upwelling events enhance primary production, supporting
high biodiversity (Matos et al., 2024). In this region, we conducted a fine-scale
sampling using the Light frame On-sight Key-species Investigation (LOKI) in vertical
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hauls (heave speed ~0.5 m s') from 140 m deep to the surface at six oceanographic
stations (Fig. 1). This system fits a plankton concentration net (200 um mesh size,
mouth opening 0.28 m?) combined with a computer and a CTD equipped with
environmental sensors (temperature, salinity, pressure, dissolved oxygen, and
fluorescence). The camera is a Prosilica GC 1280H (AVT-Allied Vision Technologies,
Canada) with the Pensax 2514-M lens, able to acquire images with a final resolution of
23 um pixel . It has a high-power LED unit, synchronized with the camera’s
exposure-shooting signal, which allows a fast shut-off time (55 ps) avoiding motion
blurring that causes image distortion. In combination, it has an image channel 4 mm
high (length = 31.3 mm, width = 20.75 mm, volume = 2.6 cm?*), causing all the particles
of the image to stay in focus.

From the results of a cruise performed during summer in the South Hemisphere,
we obtained around 500,000 images at all six stations (Fig. 1). In the laboratory, we
process those raw images by running an automatic recognition of the region of interest
(ROI), cropping and removing the background. Each organism in the images was
identified with the help of the online tool EcoTaxa (Picheral et al., 2017). The EcoTaxa
considerably reduces the sample processing time due to the combination of a random
forest algorithm and convolutional neural networks used to predict identifications of
unidentified objects (Breiman, 2001; Graham, 2014; Grandremy et al., 2024). The
initial classifications were carefully manually validated, amounting to 90,000 images
and 30,000 organisms were classified according to their taxonomic identity

(https://ecotaxa.obs-vlfr.fr/prj/5415). We characterized the studied organisms with a size

range of 200 to 20000 um by four groups: Rhizaria, Diatoms, Copepoda and
Gelatinous.

Additionally to the biological data, we used the environmental variables of a
cruise performed during spring in the South Hemisphere, such as salinity, temperature
(°C), fluorescence, and depth (m) measurements from 92 vertical oceanographic
stations along the SBS (Fig. 1). The environmental variables were measured using a
conductivity-temperature-depth (CTD) system (Seabird SBE 911 plus) at ~1- meter
depth intervals, spanning from 140 m to surface. Temperature profiles from each of the
92 hauls were used to delineate the water column into the mixed layer depth (MLD),
thermocline and below the thermocline layers, following the 0.2°C threshold criterion

outlined by de Boyer Montegut et al. (2004) (see Supplementary Material).


https://ecotaxa.obs-vlfr.fr/prj/5415
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Modelling plankton vertical distribution

We used relative abundance to analyse population structural variations caused by
differences in the numerical contributions of individual species. For each taxon, we
applied a normal distribution to exclude abundance values outside the 99% confidence
interval. Missing values from this procedure were replaced with the mean relative
abundance, and the response variable was subsequently log-transformed. Missing data
for environmental variables (ie. max of 67 values for fluorescence from a total of 375
samples) were estimated as a function of the response variable using the "rflmpute"
function from the “randomForest” package (Liaw & Wiener 2002), which estimates
values based on weighted averages derived from sample similarities across 999 trees.
Model performance was assessed using the mean squared residual (MSR) and the
proportion of explained variance (% Var), where lower MSR and higher % Var indicated
better predictive accuracy.

To model the vertical distribution of the four plankton groups at the six
oceanographic stations, we applied Supervised Random Forest Regression models using
the “randomForest” function from the randomForest package. To account for the
inherent variability in the randomization process, we ran 1000 iterations for each
zooplankton group, each with a random split of the dataset into 80% training and 20%
testing subsets. The training data were used to fit the Random Forest model with 999
trees, using depth, temperature, fluorescence, and salinity as predictors. This
"bootstrapped" approach aims to evaluate the model performance across multiple
randomized splits, serving as an internal validation mechanism to ensure robustness and
reduce the potential for overfitting. Additionally, at each iteration, the model predicted
the vertical relative abundance of plankton groups at 86 oceanographic stations within

the SBS region, using environmental variables obtained at these stations.

Mapping zooplankton horizontal distribution

To wvisualize the vertical distribution of the plankton groups across the
oceanographic stations, we performed an interpolation to estimate the abundance values
at locations between the stations. A grid of points was generated over the study area,
with latitudes and longitudes sampled at regular intervals. The analysis was conducted
separately for each vertical stratum (upper, middle, and below). For each layer, we
trained a Random Forest model to predict plankton abundance based on the latitude and

longitude coordinates of the stations. The observed abundance values at the stations
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were used as the response variable. After training the models, we used them to predict
the abundance at all points on the grid, creating a continuous surface of plankton
distribution for each depth layer. All analyses and graphics were performed using R

software version 4.2.2 (R Core Team 2022).
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Figure S2. Rhizaria model’s performance metrics, including Variance Explained,

Mean Squared Residual, validation metrics (MAE and RMSE), and variable importance

indices (%IncMSE and IncNodePurity). Vertical grey dashed lines show the robust

mean =+ robust standard deviation for Variance Explained and Mean Squared Residual,

calculated via Huber's estimator.
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Figure S3. Diatoms model’s performance metrics, including Variance Explained,
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Mean Squared Residual, validation metrics (MAE and RMSE), and variable importance

indices (%IncMSE and IncNodePurity). Vertical grey dashed lines show the robust

mean =+ robust standard deviation for Variance Explained and Mean Squared Residual,

calculated via Huber's estimator.
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Figure S4. Copepoda model’s performance metrics including Variance Explained,

Mean Squared Residual, validation metrics (MAE and RMSE), and variable importance

indices (%IncMSE and IncNodePurity). Vertical grey dashed lines show the robust

mean + robust standard deviation for Variance Explained and Mean Squared Residual,

calculated via Huber's estimator.
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Figure S5. Gelatinous model’s performance metrics including Variance Explained,

Mean Squared Residual, validation metrics (MAE and RMSE), and variable importance

indices (%IncMSE and IncNodePurity). Vertical grey dashed lines show the robust

mean + robust standard deviation for Variance Explained and Mean Squared Residual,

calculated via Huber's estimator.



63

CONCLUSOES

Em um mundo cada vez mais dindmico, o volume de informagdes sobre a
biodiversidade marinha se multiplica diariamente, devido a uma ciéncia cada vez mais
tecnologica. Do fundo do mar até a Orbita terrestre, diferentes ferramentas nos
permitem explorar, mapear € monitorar a saide dos oceanos a partir de dados como a
diversidade e a distribui¢do do plancton, base da teia trofica marinha. A partir dessas
informagdes, somos capazes de estimar estoques pesqueiros, gerar prognosticos da
saude dos oceanos, mitigar impactos ambientais que refletem nos oceanos e,
possivelmente, amortecer os impactos das mudangas climdaticas globais sobre a
biodiversidade.

Embora o volume de dados gerados a cada segundo seja imensuravel, boa parte
desses dados ndo sdo encontrados facilmente. Nao estdo disponiveis em plataformas
abertas, tampouco formatados seguindo o padrdo internacional de dados de
biodiversidade. Ou seja, ndo estdo em conformidade com os principios FAIR -
Findable, Accessible, Interoperable, Reusable. Estes principios ajudam no
fortalecimento de uma ciéncia colaborativa, garantindo que as informagdes sejam
robustas, comparaveis, reprodutiveis e justas. Superam desafios na integracao, no uso e
na analise de dados referentes aos ambientes marinhos, sustentando tomadas de
decisdes baseadas em evidéncias.

Nessa perspectiva, no Capitulo 1, nossos resultados destacaram a importancia
da utilizagdo de sistemas de harmonizacao de dados pré-definidos por iniciativas
internacionais ¢ amparados pelos principios FAIR. O desenvolvimento de uma
estrutura especializada para dados gerados pelo sistema LOKI ¢ o primeiro passo para
que haja uma intercomparacdo entre dados de imagem plancton. Bem como dados
obtidos por qualquer outra ferramenta que faca uso das mesmas recomendagdes,
garantindo a encontrabilidade, acessibilidade, interoperabilidade e reutilizagdo de
informagdes. Ao desenvolver um fluxo de trabalho que garante praticas padronizadas e
a utilizacdo de plataformas colaborativas para gerenciamento de dados dentro do
contexto da biodiversidade marinha, tornamos mais facil para os pesquisadores
acessarem dados e se beneficiarem da experiéncia diversificada e complementar de
toda comunidade cientifica.

Nessa linha de raciocinio, no Capitulo 2, utilizamos o banco de dados,

padronizados no meu primeiro capitulo, para estudar a relacdo da estratificagdo dos
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oceanos com a distribuicdo do plancton. Nesse capitulo, modelamos a distribui¢ao
tridimensional, que destacou a profundidade como um fator-chave para todos os
grupos taxondmicos abordados no trabalho, ao mesmo tempo que revelam respostas
especificas dos grupos a estratificacdo da coluna de 4gua. Os gelatinosos estdo
notavelmente confinados a camada mista e dominam as regides oligotroficas,
independentemente da disponibilidade de nutrientes costeiros. Em contraste, os
copépodes exibem uma distribuigdo heterogénea e continua, com maior abundancia
perto de areas costeiras ricas em nutrientes. Estes padrdes contrastantes sublinham a
intrincada dindmica que governa as comunidades planctonicas e reforcam a
necessidade de investigacdes detalhadas para compreender melhor os seus papéis
ecologicos e respostas as mudangas ambientais.

Futuramente, pretende-se expandir esta pesquisa integrando novas abordagens
para explorar em condig¢des ainda mais detalhadas, tdixons que foram amostrados e
curiosamente ainda ndo possuem literatura extensa na regido da costa brasileira. Além
disso, ampliar as areas de estudo utilizando a aplicacdo de modelagem preditiva para

avaliar possiveis mudancas na distribui¢dao do plancton em diferentes cenarios.
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