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Abstract

Biodiversity data, particularly species occurrence and abundance, are indispensable for
testing empirical hypothesis in natural sciences. However, datasets built for research
programs do not often meet FAIR (findable, accessible, interoperable, and reusable)
principles, which raises questions about data quality, accuracy, and availability. The 21st
century has markedly been a new era for data science and analytics, and every effort to
aggregate, standardize, filter, and share biodiversity data from multiple sources have
become increasingly necessary. In this study, we propose a framework for refining and
conform secondary biodiversity data to FAIR standards to make them available for valuable
use such as macroecological modeling and other studies. We relied on a Darwin Core
base model to standardize and further facilitate the curation and validation of data related
including the occurrence and abundance of multiple taxa of a region that encompasses
estuarine ecosystems in an ecotonal area bordering the easternmost Amazonia. We further
discuss the significance of feeding standardized public data repositories to advance
scientific progress and highlight their role in contributing to the biodiversity management
and conservation.
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Introduction

High-quality, openly available biodiversity datasets (e.g. species occurrence, abundance,
traits) are indispensable for the monitoring of species and ecosystems, and to improve the
development of conservation and management policies (Wetzel et al. 2015, Wetzel et al.
2018). Biodiversity data under FAIR (findable, accessible, interoperable, and reusable)
principles also help optimizing editorial processes for academic publications accelerating
peer review, increase the visibility of scientific papers, and improve citation rates (Costello
et al. 2013, Piwowar and Vision 2013). Efforts towards the building and maintenance of
repositories of FAIR data principles have been endeavored by collectors and curators of
biodiversity data (Hackett et al. 2019)striving to organize, standardize and share data from
a diverse array of primary (i.e. fieldwork) and secondary sources (e.g., museums,
literature). This is particularly important for the contemporary big data science age that
challenges our ability to organize, filter and analyze large and complex datasets (Cao 2016

)-

Locating data is the first step in making it readily accessible, reusable, and available for
other studies. Researchers can use or reuse data that they do not create themselves,
which are called secondary data (Allen 2017). Biodiversity data is not always publicly
available in open access repositories and may be found in scientific publications, technical
reports, or obtained under request by directly contacting the researcher who collected it (
Costello et al. 2013). Therefore, it is often necessary to conduct systematic literature
reviews to gather comprehensive databases focusing on biodiversity research programs.
This approach is recommended as a rigorous way to search for relevant literature, allowing
for peer replication and ensuring data validity and reliability (Xiao and Watson 2019). After
locating the data, researchers need to retrieve and be able to understand the metadata
associated and, if necessary, standardize them by reorganizing, renaming, and optimizing
entry fields.

Standardization refers to a set of procedures and norms detailing how something must be
accomplished (Berg 1997). The fundamental goal of structuring and standardizing
biodiversity data is to make them understandable and usable by any researcher in the
world to facilitate their continuous updating and their integration with other datasets, and
sharing (Borregaard and Hart 2016). Sharing biodiversity data is essential for ecological
studies, nature conservation and management, education, and for decision-making policies
(Ganzevoort et al. 2017). Also, ecologists often use shared data for comparative studies,
synthesis (e.g., meta-analysis), parameterization of models, and to test for reproducibility (
Michener 2015). Data sharing can be done in many ways, ranging from private sharing
upon request to depositing data on a public platform. Often, authors make their data
available as supplementary material in scientific publications and post datasets on public
websites. Data archiving is a late, indispensable step, enabling data reuse for further
reanalyzes and syntheses to address new questions. Whitlock (2011) outlines optimal
procedures for archiving ecological and evolutionary data, including selecting the
appropriate and ensuring data and working towards metadata precision.
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The availability of biodiversity data is influenced by a range of factors, including
geographical region, scientific interests, and resource availability, including financial and
infrastructure constraints, which can impact the quality and type of data produced (Amano
et al. 2016). Global initiatives such as the “Global Biodiversity Information Facility-GBIF”
provide access to comprehensive biodiversity datasets and facilitates their reuse. However,
research programs from megadiverse regions such as the Neotropics face difficulties for
retrieving, organizing, and providing quality data, because these are intrinsically complex
including, as an example, unrecognized species and unresolved taxa complexes and
taxonomy. One strategy to increase the usability and availability of secondary data, in this
case, involves efforts towards the educated compilation of dispersed data from various
sources, including scientific articles, and grey literature, such as technical reports, theses,
and dissertations.

Focusing on increasing the applicability of biodiversity secondary data, we had three main
goals in this study: (1) to build a scheme, a “pipeline” to enhance the usability of secondary
data, namely locating the data, conducting quality control, standardizing the data, archiving
and sharing it; (2) to test, through a study case our pipeline demonstrating a step by step
management of secondary data following the FAIR principles; and (3) to evaluate if and
how our approach can enhance our understanding of the dynamics of distribution and
maintenance of the regional biodiversity, promote new scientific studies, insights, and
above all improve our abilities to build scientific sound hypotheses.

We herein selected the Golfao Maranhense, an area located in the extreme north of the
Amazon (Brazil) as our study model due to the combination of its richness, its ecological
diversity and importance as an ecotonal mosaic between the Amazon Forest and dry
ecosystems to the Eastern South America and, at the same time, to the scarceness of
knowledge of the biology of this area. Although there are reports on the biodiversity of
Golfao Maranhense they are presented in heterogeneous forms that include scientific
articles and non-peer reviewed technical reports, making it challenging to understand the
actual distribution of the biodiversity richness in the region. We ultimately predict that
initiatives to collect and provide biodiversity data for reuse, as in the case of Golfdo
Maranhense can enhance knowledge and promote conservation efforts to safeguard these
region's species, communities, and ecosystems.

Material and methods

The study was conducted in the Golfao Maranhense (Maranhdo State, Brazil) including 13
municipalities in the surroundings (Fig. 1). The Golfdo Maranhense is a vast estuarine
complex located in eastern Amazonia (Brazil) and is formed by the Sdo Marcos and Sao
José bays separated by the island of S&o Luis. This region is an area of high ecological
relevance known as the “Macromaré” Mangrove Coast of Amazonia where lies the largest
continuous mangrove system in the world, with about 5,414 km of mangroves in
northwestern Maranhdo and 2,177 km in northeastern Para (Souza Filho 2005). The
climate is tropical humid, with well-defined dry (July to December) and rainy (January to
June) seasons, and average temperatures around 26 °C. The area is characterized by
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semidiurnal macrotidal with average variations of 4 m and maximum of 7 m, with maximum
tidal currents exceeding 4 m/s (Rebelo-Mochel 1997). Sdo Marcos and S&o José Bays are
port areas that hold significant importance for maritime activities, trade, and transportation
within the region.

Finding Biodiversity Data - data repositories and systematic review

We conducted a systematic review to retrieve the biodiversity data of Golfao Maranhense
performing searches in the platforms Science Direct and Google Scholar, public data
repositories (GBIF, VertNet, Wikiaves, SpeciesLink) and technical reports built by
consultants working in the region for environmental impact licensing, fauna and flora
monitoring and other programs. To ensure transparency, completeness, and consistency in
reporting systematic reviews and meta-analyses we used the “Preferred Reporting ltems
for Systematic Reviews and Meta-Analyses- PRISMA” guidelines. The PRISMA pipeline
consists of a checklist and a flow diagram, making it easier for readers to understand the
process and assess the reliability and validity of the findings.

We followed four steps:

1. Biotic group selection- We have chosen eight biotic groups that represent a
substantial proportion of the terrestrial and aquatic biodiversity: mammals
(Mammalia), “reptiles” including turtles, birds, lizards and snakes (Testudines,
Squamata, Aves), amphibians (Amphibia), plants (Magnoliophyta), fishes,
phytoplankton, and benthos.

2. Keywords- relevant keywords were defined considering each biotic group (Suppl.
material 1).
3. Inclusion criteria- Our inclusion criteria were twofold: (a) studies that were

conducted in Golfdao Maranhense and; (b) studies that included both the geographic
coordinates and the finest possible taxonomic level.

4. Data selection - We selected 81 variables to be extracted from the selected studies.
These variables were classified into three main categories: (a) General Information
- data about the published work, such as title, year, keywords, and objectives of the
study; (b) Sampling Events - information about when and where the sampling of
target taxa occurred, such as date, sampling method, location, and geographic
coordinates; (c) Occurrences - description of the collected individual, such as
epithet, life stage, and conservation status (according to IUCN and MMA). All
variables are described in Suppl. material 2.

Biodiversity data quality and control

We conducted a validation process for the Golfdo Maranhanse data that we optimized in
three steps:

1. Identifying and fixing errors- we checked the data to identify any errors or
inaccuracies. Errors include typos, wrong spelling of names, missing values,
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inconsistencies, outliers, and other data anomalies. We cleaned the data, by
removing duplicates and addressing inconsistencies in the data entries.

2. Checking units and variables- Data may involve variables with different units of
measurement. We checked all the geographical coordinates and standardized
them to decimal degrees and standardize the sampling dates to "Start Month"
"Start Year" "End Month" and "End Year".

3. Checking the records- Species occurrence data are susceptible to misidentification
and taxonomic changes make this a challenging, dynamic task. To ensure the
reliability and validity of the species occurrence data, we reviewed the relevant
literature for known geographic species distributions and compare them with the
collected points. We also relied in our team of specialists in the taxa groups to
meticulously check each entry for inconsistencies and up to date taxonomy.
Mismatches between the known and collected geographic distributions indicate
caution, a first alert and further investigation on that entry. Also, we reviewed the
literature for any changes in synonymy and updated the occurrence record
accordingly.

Standardizing biodiversity data

To standardize the data obtained from the Golfao Maranhense area, we used the Darwin
Core standard (DwC) (Wieczorek et al. 2012) with adaptations (e.g. some column naming).
DwC is one of the most widely used standards for biodiversity data used as a language for
sharing biodiversity data that can be understood by human users and interpreted by
computational systems. The DwC provides a straightforward, stable standard that
simplifies the process of publishing biodiversity data, promoting the sharing, use, and
reuse of openly accessible biodiversity data (Wieczorek et al. 2012). Also, DwC allows
users to adapt terms that name the columns for various applications, including the
checklists of species in an area (DoNascimiento et al. 2017).

Data sharing and archiving

The secondary data retrieved from the Golfao Maranhense area will be accessible through
an online platform developed using PowerBI software. This platform is being developed
and will be freely available, promoting the dissemination of knowledge related to the
biodiversity of the Golfao Maranhense region.

Results

Of the 81 variables extracted from the studies, 59 were standardized using DwC terms and
13 were adapted due to the lack of appropriate terms for these variables within the current
DwC models (Suppl. material 2). Considering all biotic groups, a total of 161 bibliographical
references, including papers and technical reports were included in the systematic review
of the literature (Fig. 2). In addition, we included species occurrence records from four
public repositories (GBIF, VertNet, Wikiaves, SpeciesLink). Considering only published
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papers, the group included in the largest number of published papers and reports was
plants (N = 59), and the group with the least data sources was benthos (N = 11) (Suppl.
material 3 “Preferred Reporting ltems for Systematic Reviews and Meta-Analyses —
PRISMA”, separated by groups).

Taxa occurrence data

A total of 2,070 occurrence events were obtained from bibliographic references and 43,947
were obtained by public repositories (n = 46,017) from 3,871 taxa. These include birds
(Aves, 458 species; 3 other taxonomic level), amphibians (Amphibia, 55 species; 9 to the
genus level), reptiles (2 Crocodylia; 86 Squamata; 11 Testudines); mammals (Class
Mammalia; 101 species; 21 to the genus level), fish (268 species, 74 other taxonomic
level), phytoplankton (370 species; 105 other taxonomic level), benthos (188 species; 204
other taxonomic level), and plants (1,624 species; 292 other taxonomic level). (Suppl.
material 4). Most of the taxa were identified to species (81%) and genus (14%) level (Fig. 3
). Benthos accounted for the highest number of occurrence events, with 12,510 records,
and non-bird reptiles had with the lowest number of occurrences events recorded (570).

Data were carefully analyzed by specialists in each group to check for inconsistencies in
identification, spelling, and, as much as possible, potentiality of identification correctness
(e.g. check if the geographic locations were within expected known geographic distribution
for each taxon, checking vouchers when possible). A total of 93 occurrence events were
deleted, including 92 from taxa that were not correctly identified (76 birds and 16
mammals) and one bird specimen that was a victim of animal trafficking.

The number of occurrences was dependent on the number of taxa in each sampled group
(R? = 0.47, P = 0.03). While amphibians and non-bird reptiles were represented by low
numbers of both taxa and occurrences, plants, birds, and phytoplankton were highly
representated for both occurrences and richness. On the other hand, the group “benthos”
had a high number of occurrences, and a low number of taxa (Fig. 4).

Discussion

We proposed a workflow to improve our abilities of recovering biodiversity data of better
quality while using secondary data sources based on databases compiled from a
megadiverse ecotonal estuarine region in the easternmost border of Amazonia, the Golfao
Maranhense. We were able to extract a large amount of information about the biodiversity
of the Golfao Maranhense and transform this unrelated data into organized and re-usable
data. This systematic approach ensured data accuracy and reliability, facilitating the
potential reuse of information in future studies. A step further that we started advancing for
some groups is the systematic survey in museum collections and analyzes focusing on
relevant questions we have found along the way (e.g. general patterns of occurrence of
migratory birds, sampling bias and gaps for many groups and so on).
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Researchers can use existing datasets, such as those obtained through our biodiversity
data retrieval method, to conduct a wide range of studies for advancing scientific research.
Secondary data can be used, for example, to do meta-analyses (e.g. Biggs et al. 2020) for
comparative studies across different geographic regions and time, to support ecological
modeling applied to species distributions (e.g. Fletcher Jr. et al. 2019), habitat preferences,
and potential impacts of environmental changes (Bayraktarov et al. 2019) as long as it is
used judiciously. However, finding high-quality secondary data can be challenging, as
showed in a recent survey that most researchers reported that data discovery can be
arduous (73%) or difficult (19%) (Gregory et al. 2020). Several initiatives have been made
to collect, standardize, store, and make biodiversity data openly available (Costello et al.
2013). For example, international repositories, such as “GBIF” (Global Biodiversity
Information Facility 2022), and “Freshwater Biodiversity Data Portal- BioFresh” (http://
data.freshwaterbiodiversity.eu/) (for other repositories see Culina et al. 2018).

Long-term monitoring datasets can help understand patterns and changes in ecological
variables over time (Costa and Magnusson 2010, Magnusson et al. 2021). This can help
identify ecological shifts and potential drivers of biodiversity change (e.g. Marques et al.
2022). We are currently using our database to expand our knowledge on species of
mammals, birds, fishes, amphibians, non-bird reptiles, marine phytoplankton and benthos
in the Golfao Maranhense. We are also exploring the patterns and determinants of floristic
variation in the region and the temporal variation of migratory birds in the Sdo Marcos Bay
region. Whereas data retrieved in standardized monitoring programs such as LTER (
Vanderbilt et al. 2015, Kaplan et al. 2021) can be directly linked to FAIR standardized data
repositories, other secondary data that are not may be important, rescued, treated and
used, given that they may be previously thoroughly revised and curated and kept with
some rule of error estimates to build robust hypotheses to investigate and to understand
biodiversity patterns.

While secondary data can be a valuable resource for scientific research, it is crucial to
recognize and address its limitations, and ideally estimate the errors within. Common
challenges include species identification accuracy, geographic coordinate precision, and
data entry errors. In addition, datasets from different studies may differ in their sampling
methods, data structure, and definitions of key variables, making direct comparisons
difficult. Finally, some datasets may not be openly accessible, which has implications for
data availability and complicates data access and sharing policies.

Other limitations are the sampling and temporal biases, which can arise when working with
secondary data, making data interpretation more challenging. Sampling bias occurs when
the data sampling disproportionately favors certain species or areas over others. For
example, the concentration of specimen records in more easily accessible sites, such as
major cities, roads, and navigable rivers (Boakes et al. 2010). Also, logistics and human
interference are factors that can explain research probability (e.g. 64% of research
probability in Amazon; Carvalho et al. 2023). Temporal bias, on the other hand, refers to
the uneven distribution of data across time periods. Secondary data sources may include
data collected over different time spans, reflecting historical variations in research focus,
funding availability, or changes in data recording practices. Consequently, certain time
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periods may be overrepresented, while others may be sparsely covered or entirely absent.
Additionally, the difficulty of conducting research in regions with limited accessibility
introduces challenges that restrict the ability to gather data from remote areas. Thus,
remote regions potentially hosting unique biodiversity hotspots are often underrepresented,
or completely absent from the dataset.

In our study, sampling bias is evident in the Sdo Marcos Bay area, where an industrial ship
port is located. Many technical survey reports were produced in this area due to the need
for port companies to carry out mandatory environmental licensing processes. These
reports conducted in port area inherently prioritize certain species and ecological aspects
more relevant to the licensing process, overlooking other important components of
biodiversity. Within our database, it becomes apparent that some species records originate
from technical reports not easily available. For example, we found 365 species and
varieties of phytoplankton in technical reports, but 101 were not previously catalogued on
the Brazilian Biodiversity Platform REFLORA (REFLORA 2013) for the Maranhao region.
This underscores the fact that the retrieval of biodiversity data can yield enhancements in
the comprehension of species composition existing within the defined geographical area.

Conclusions

The workflow that we employed has facilitated the retrieval of biodiversity data from the
ecologically rich and megadiverse Golfdao Maranhense region in Maranhdo, Brazil. By
combining a systematic review approach with standardized worksheets with a Darwin Core
base, we were able to effectively search and explore a wide range of scientific articles,
technical reports, and specialized public repositories. The potential use of secondary data
for the advancement of scientific research is significant although it must be taken with care
and analyzed with the lens of precaution observing all bias limitation and filters involved.
Many technical survey reports were produced in the Golfao Maranhense to carry out
mandatory environmental licensing for the port and surrounding activities. By using existing
datasets, researchers can carry out a wide range of activities which include meta-analyses,
comparative studies, ecological modelling, and most of all, building sound hypotheses and
produce sound experiment designs to monitor diversity in a standardized based. Our study
highlights the value of systematic review methods, and the need for an approach to
address data limitations and biases. Likewise, this method can facilitate collaboration
among researchers, enable comparative analyses across different datasets, and support
evidence-based conservation strategies and policymaking.
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Figure 1.
Map showing the Golfdo Maranhense area, estuarine region of eastern Amazon, Brazil.
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Figure 2.

Flowchart of the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) for all groups showing the process of selecting studies throughout
systematic review. The selection process includes three stages: (1) identifying the database
and choosing the papers; (2) scanning the references and selecting the papers to be included;
(3) including the selected papers.
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Figure 3.

Proportion of each taxonomic level identified for each biological group in the secondary data
recovered from the Golfao Maranhense area.
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Figure 4.

Relationships between numbers of taxa and occurrences gathered through an extensive
review of secondary biodiversity data from the Golfdao Maranhense area, in the estuarine
regions of eastern Amazonia.
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the systematic review. Label= name of the column in the DwC standard; Definition= Brief definition
of what each column means.
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