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scope, considering the extent of the Brazilian coast. 
Therefore, the present study compiled the records 
of R. typus occurrences throughout Brazil. This was 
achieved through an extensive review of scientific 
papers and notes, as well as personal communication 
with fishing and diving agents on social media. Con-
solidating existing knowledge by including 72 new 
occurrences to the published database, we described 
the distribution pattern of the whale shark within 
the Brazilian Exclusive Economic Zone. We pointed 
out that to the south, the records are linked more to 
chlorophyll-a, while further north, they are linked to 
temperature.

Keywords  Marine ecology · Conservation · Citizen 
science · Spatial ecology · Species distribution

Introduction

Rhincodon typus Smith, 1828, popularly known as 
whale shark, is the largest living fish species known 
which can exceed 18.8 m in length (Mcclain et  al. 
2015). It is classified as a k-strategist organism which 
means it has a late sexual maturation, high longevity, 
and slow growth. Like most elasmobranch species, it 
is on the IUCN’s red list of endangered species in the 
“endangered” category worldwide, and in Brazil, it is 
classified as “vulnerable” being protected by national 
and international law (Pierce and Norman 2016; 
ICMBIO 2018). This species feeds mainly on larvae 
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and eggs of fish and invertebrates, small crustaceans, 
fish, and squid (Compagno 1984).

Brazilian waters are not recognized as an envi-
ronment where R. typus aggregates to feed, as is the 
case in the North of the Gulf of Mexico (Mckinney 
et al. 2012) and the Yucatan Peninsula (Hueter et al. 
2007). However, the Cabo Frio (23° S) and Cabo de 
Santa Marta (29° S) upwelling systems are highly 
productive (Ciotti et  al. 2010), enabling the genera-
tion of more favorable conditions for the occurrence 
of the whale shark. This phenomenon arises due to 
the coastal upwelling of the Western South Atlantic 
Central Water (WSACW), with a temperature range 
between 5 and 18 °C, and the continental run-off from 
the Estuary of La Plata River and Lagoa dos Patos, 
which are processes favor the enrichment of the 
euphotic zone (Knoppers et al. 2009). In the region of 
Cabo Frio and Santa Marta, coastal upwelling events 
of short duration are common, which result in an 
increase in the planktonic population (Valentin 1984).

Although most studies in Brazil have been carried 
out in regions with the highest incidence of the spe-
cies, such as the Saint Paul’s Rocks (Hazin et al. 2008; 
Macena and Hazin 2016; Macena 2010, 2016) and 
the Rio de Janeiro State (Di Beneditto et  al. 2021), 
the other occurrences are extremely relevant when we 
take into account the need to better understand the 
ecology and behavior of the species on the Brazilian 
coast. Although reports of encounters with this spe-
cies are mentioned during interviews conducted in 
other studies (Meneses et al. 2005; Faria et al. 2009; 
Sampaio et  al. 2018), they are not accounted for by 
science due to the lack of concrete evidence.

Social media facilitates the dissemination and loca-
tion of photos and videos, which results in an increase 
in the number of records of the species throughout 
the Brazilian Exclusive Economic Zone (EEZ). In 
the past, these animals were only reported in maga-
zines and newspaper articles (Gudger 1922; Soto and 
Nisa-Castro-Neto 2000; Campos et al. 2005), making 
it difficult to carry out analyses in a way that is more 
consistent with reality. Therefore, social media have 
become a great working tool, especially when we are 
talking about a species whose sightings are carried 
out opportunistically (Coram et al. 2021; Morais et al. 
2021).

Improving knowledge of the influence of envi-
ronmental parameters on habitat use is essential for 
a better understanding of a species ecology, as well 

as to facilitate management (Macena and Hazin 2016; 
Davis et al. 2020). Therefore, in order to understand 
the distribution of the whale shark along the Brazil-
ian EEZ and how this use occurs, we must associate 
the organism’s information, such as its feeding hab-
its, with occurrence information and oceanographic 
variables. Thus, here we bring some light to better 
understand the spatial and temporal distribution of R. 
typus in the western South Atlantic. This work also 
updates the records of occurrence of R. typus based 
on records of personal communication and compiles 
scattered data in different sources, thus serving as a 
possible database for future investigations regarding 
the species.

Methods

This study was performed in the EEZ of Brazil, 
which includes the coast, adjacent marine areas, and 
oceanic islands. The Trindade and Martin Vaz archi-
pelago was not considered due to the geographi-
cal distance from the coast associated with a single 
reported record, which presents uncertainty about the 
exact location and year of occurrence. The Brazilian 
coastline is approximately 9000 km long (Short and 
Klein 2016), comprising 17 states with an EEZ area 
totaling 3.5 million km2.

Data collection

Whale shark presence data were collected from mul-
tiple sources from May 19, 1922, until June 27, 2024: 
(1) Traditional bibliographic sources: a comprehen-
sive review of scientific papers and notes was con-
ducted to compile all previously published records of 
whale shark sightings within the EEZ. (2) Traditional 
media sources: records from newspapers and televi-
sion reports were obtained by a search performed on 
the Google News platform using the Portuguese 
term “tubarão-baleia” (meaning “whale shark”). (3) 
Social media: on the social media Instagram, the filter 
“#tubaraobaleia” was used as a search term. For posts 
where the location was not specified, the profile own-
ers were contacted to obtain more precise information 
about location, date, and, when possible, about envi-
ronmental conditions at the time of the sighting. (4) 
Personal communications: during the social media 
data collection, some fishermen and divers provided 
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additional information, such as pictures, dates, and 
locations of their whale shark records. These indi-
viduals also indicated contacts of other people who 
could have information not available on the internet.

To ensure data accuracy, the records with identical 
characteristics (such as size, gender, and location) and 
occurring up to 7 days after the first observation were 
considered a single occurrence. Records that did not 
provide enough evidence of being the same animal 
were considered distinct. For records from traditional 
bibliographic sources, the location coordinates were 
obtained directly from the documents when available. 
In cases of coastal sightings without specific coordi-
nates, an estimated location was assumed consider-
ing the observation point to be approximately 4  km 
from the coastline at the same latitude of the reported 
beach.

Spatial analysis

Kernel density analysis is a non-parametric method 
for estimating the probability density function of 
a random variable (Parzen 1962). This analysis is 
widely used in various fields such as marine spa-
tial planning (Gandra et  al. 2018), habitat use (Lees 
et al. 2016), and spatial pattern of marine populations 
(Harris et al. 2012; Kranstauber et al. 2012).

In this study, a kernel-density estimator (KDE) was 
employed to investigate the distribution of records for 
the species R. typus along the Brazilian EEZ. The 
coordinates of all R. typus sightings were imported 
into the QGIS software (version 3.32) (QGIS.org 
2023). A kernel density map was then generated using 
these spatial data points and a search radius (band-
width) of 2° (approximately 200 m). The density val-
ues were classified into five categories: Very low (0), 
Low (12.4768), Medium (24.9539), High (37.4304), 
and Very high (49.9073), using a continuous color 
scale. The Brazilian EEZ shapefile (Flanders Marine 
Institute 2023) was used as a mask to constrain the 
kernel density analysis inside these boundaries. The 
resulting kernel density map provided a visual rep-
resentation of the probability distribution of whale 
shark sightings, highlighting areas with varying levels 
of occurrence.

Considering that the entire Brazilian coast encom-
passes a vast latitudinal range (approximately 5° N 
to 34° S), the geographic differences in the spatial 
patterns of whale shark sightings were examined by 

dividing the study area into smaller geographic units 
based on marine ecoregions. The records were classi-
fied according to their provinces (Cord et al. 2022) of 
occurrence in Northeast (NE), Abrolhos Bank (Abr), 
Southeast (SE), South (S), and Out of provinces. Fol-
lowing this classification, the number of whale shark 
sightings within each region was counted across the 
years. Potential shifts or variations in sighting fre-
quencies were also evaluated on monthly and decen-
nial scales to identify seasonal patterns and temporal 
trends. A G-test (Sokal and Rohlf 2013) was per-
formed with all the provinces together to compare 
frequencies of records among half of the years.

The oceanographic variables collected for this 
study were the cumulative averages of seawater sur-
face temperature and chlorophyll-a concentration 
(Table  S1). The two variables were collected from 
NASA’s MODIS-Aqua sensor database, using the 
cumulative average between 2002 and 2021 with a 
4 × 4 km grid (NASA 2021). The samples and their 
respective coordinates were obtained using the Sea-
DAS software version 7.5.3, an open source program 
package for processing, visualization, analysis, and 
quality control of ocean color data, distributed by 
NASA OB.DAAC.

Principal Component Analysis (PCA) is a tech-
nique that linearly transforms a set of variables into 
a smaller set of uncorrelated variables that capture 
most of the information in the original dataset. The 
variables in this smaller set are called “principal com-
ponents,” and they are ordered by significance, with 
the first component being the most significant and the 
last one the least. The main objectives of this analy-
sis include data reduction, the derivation of interpret-
able combinations of variables, and the description 
and understanding of the structure of correlations 
among them (Jolliffe and Cadima 2016). The PCA 
were performed using the Pearson correlation matri-
ces between the variables latitude, sea surface tem-
perature, and chlorophyll-a concentration in order to 
summarize and graphically visualize the relationships 
between variables, inferring trends or gradients.

Maxent distribution modeling uses the principle 
of maximum entropy from species presence data and 
environmental variables provided to the model to 
estimate the potential geographic distribution of the 
object of study. In this work, the mapping generated 
by the Java Maxent algorithm (Phillips et  al. 2006) 
through the R package Dismo (Hijmans et al. 2017), 
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in addition to estimating the spatial distribution, 
allows a comparison with the results generated by the 
kernel density.

Results

A total of 235 whale shark sighting records were 
analyzed. Eight records were excluded due to incon-
clusive information regarding their exact coordinates 
or occurrence date, resulting in a final dataset of 227 
records. Seventy two new records were added to the 
list of records on the Brazilian coast (Table S1) from 
the media and social media between June 2004 and 
June 2024. The methods by which these records were 
obtained were classified as aerial sightings, fishing, 
recreational diving, scientific cruises, beach strand-
ings, nautical tours, and seismic surveys (Fig.  1). 
With the exception of two records, not linked, all 
reported occurrences involved solitary individuals.

Fishing and diving records were the most frequent 
methods reported in the dataset (accounting for 22.2% 

and 25.0%, respectively) (Fig.  1). Among the more 
recent records (since 2004), social media, particularly 
Instagram (43 records), emerged as a significant plat-
form for public encounter reports.

Records of whale shark occurrences were distrib-
uted along almost the entire Brazilian coast, though 
they become less frequent and more sparsely distrib-
uted at lower latitudes (Fig.  2). The northernmost 
record (excluding the Saint Paul’s Rocks) was at lat-
itude 2° S on the coast of the state of Ceará, while 
the southernmost record was at latitude 31° S (Rio 
Grande do Sul—South province). The kernel den-
sity map showed that the highest densities of records, 
classified as “Very high” and “High”, are located in 
the Saint Paul’s Rocks and in the Cabo Frio region in 
Rio de Janeiro State of Southeast province. In addi-
tion to these two hotspots, the coasts of São Paulo 
(Southeast province) and Bahia (Abrolhos province) 
also exhibited sectors with medium to high densi-
ties of whale shark sightings. Low densities prevail 
throughout the rest of the Brazilian coast, with exten-
sive areas without any records. The coastline between 

Fig. 1   Relative distribution of the sighting records by category (2004–2024)
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Paraná (South province) and southern São Paulo, for 
example, had a large gap in whale shark sightings 
even though it is a region that has marine study cent-
ers and tourist regions.

The distribution of records in each decade showed 
a substantial increase in the number of records of R. 
typus on the Brazilian coast and its oceanic islands 
(Fig. 3). There was a large gap in records between the 
decades of 1930 s and 1960 s (Fig. 3).

Examining the frequency of occurrences over 
the years, it was possible to identify that, exclud-
ing the period prior to 1980, only 4  years had no 
publicly known occurrence of whale sharks: 1980, 
1981, 1988, and 2022 (Fig. 4). The annual average 
of records on the Brazilian coast was approximately 
5 records per year. Over the 44 years of analysis, 26 
years presented values above this average, while 18 
years presented frequencies below it. In addition, it 
was also noted that in the last decade, most records 
occurred in the Southeast biogeographic province, 

while the records in the Saint Paul’s Rocks (out 
of provinces) occurred mainly between the years 
2000 and 2005 (Fig. 4), the observation period of a 
research project focused on the species in the region 
that used opportunistic presence data-only (Hazin 
et al. 2008) and dedicated survey data from 2005 to 
2014 (Macena and Hazin 2016—data not analyzed).

Monthly analysis of the time series revealed a 
distinct pattern in whale shark occurrences (Fig. 5). 
The Southeastern and Out of province showed 
greater variances (σ2 = 50; σ2 = 12) in relation to 
the monthly occurrence of records, while the others 
showed variances lower than 4. The whale sharks’ 
frequencies of records of all the provinces together 
at the first half of the year (27.0 ± 5.2; mean 
± standard deviation) was higher (G = 12.71; p < 
0.05) than the second half (9.0 ± 3.4). This pattern 
is further highlighted by a peak frequency on April, 
while October had the lowest frequency value. 

Fig. 2   Kernel density map of the frequency of whale shark sightings (1922–2024) and provinces (Cord et al. 2022) through the Bra-
zilian coast
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Eight records did not present specific identification 
for month and were represented by “NA.”

The temperature in the occurrence areas varied 
between 20.06 and 27.75 °C, with an average value 
in the records of 24.66 °C, while the concentration 
of chlorophyll-a varied between 0.0727 and 13.4438 
mg/m3, with an average of 1.3005 mg/m3. It was 
also possible to identify those records at higher lati-
tudes in the southern hemisphere that were especially 
related to higher concentrations of chlorophyll-a, 
while records close to the equator were more related 

to higher temperatures (Fig. 6). However, the effects 
of these two variables are not enough to determine 
locations with the presence and absence of the spe-
cies, even though they show influence in the occur-
rence records.

The distribution zone of the species predicted 
by the Maxent model (Fig.  7) increases towards the 
south. Despite the absence of observations north of 
the South province and south of the Southeast prov-
ince, particularly between − 26.7° S and − 25° S lati-
tude, a region that includes the Cananeia estuaries 

Fig. 3   Decadal distribution of whale shark records between 1922 and 2024 on the Brazilian coast
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Fig. 4   Distribution of whale shark records on the Brazilian coast over the years (1922–2024) with the respective contributions of 
each region

Fig. 5   Seasonal distribution of whale shark sightings reported along the Brazilian coast by provinces (1922–2024)
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(− 25° S), Paranagua estuary complex (− 25.5° S), 
Guaratuba estuary (− 25.8° S), and Babitonga Bay 
estuary (− 26.1° S), the model suggested that this 
region has suitable confitions for the occurrence of 
the species. In the provinces of Abrolhos and North-
east, the distribution remained concentrated in short 
distance from the coastline. On the other hand, from 
the extreme northern coast of the EEZ (4.4° N) to the 
upper limit of the coast of Ceara (− 2.9° S), the model 
indicated a scenario of prediction of null or very low 
distribution, with an increase in the predicted rate of 
occurrence, at zero latitude, as it moved away from 
the coast of Maranhão (MA).

Discussion

From the analysis of kernel density, we identified the 
two main areas of occurrence of R. typus in Brazil, 
in agreement with previous studies carried out with 
the species (Lubbock and Edwards 1981; Soto and 

Nisa-Castro-Neto 2000; Hazin et  al. 2008; Macena 
and Hazin 2016; Di Beneditto et  al. 2021). The fact 
that the Saint Paul’s Rocks and Cabo Frio region 
in the state of Rio de Janeiro have more records is 
related to extensive research and observation in the 
region, as well as the favorable conditions for the 
whale shark, in the case of the Saint Paul’s Rocks 
(Macena and Hazin 2016), and the well-defined 
upwelling system that occurs in Cabo Frio (Di Ben-
editto et  al. 2021), providing an abundance of food 
for the species. The Maxent model, by providing a 
distribution prediction that aligns with the sampling 
data, except for the region between the Southeast and 
South provinces, along with the presence of marine 
research projects and tourism activities in these areas, 
leads us to consider the possibility that these regions 
may exhibit at least one environmental component 
that distinguishes them from the areas where whale 
sharks have been sighted.

Whale sharks exhibit a notable preference for 
specific types of plankton, such as sergestids, 

Fig. 6   Arrangement of environmental variables (sea surface temperature and chlorophyll-a) in relation to dimensions 1 and 2 of the 
PCA (Principal Component Analysis) ordered by higher latitudes with sightings distribution colored by provinces
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copepods, and chaetognaths (Motta et  al. 2010), 
but the species also feeds on schools of bait fishes 
(Fontes et al 2024). This indicates that not only the 
quantity of planktonic organisms is decisive but also 
their quality and diversity play a crucial role. There-
fore, understanding the interplay between estuarine 
dynamics and plankton composition is essential for 

predicting the distribution patterns of whale sharks 
along the Brazilian coast. This highlights the need 
for comprehensive studies that consider both biotic 
and abiotic factors influencing plankton commu-
nities to better inform conservation strategies for 
these filter-feeding sharks.

Fig. 7   Predictive species distribution by the Maxent model defined by seawater surface temperature and chlorophyll-a concentration
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Estuaries, as dynamic regions that heavily influ-
ence their surrounding environments (Dyer 1989), 
contribute with large amounts of suspended sedi-
ments and materials of continental origin. The influ-
ence of estuarine outflows on adjacent marine envi-
ronments can create distinct ecological zones with 
unique planktonic communities (Xia et  al. 2024). 
These contributions, with high nutrient input from 
estuaries can promote the growth of phytoplankton 
that may not align with the dietary preferences of 
whale sharks (Dove et  al. 2012). Additionally, the 
physical conditions of estuarine waters, characterized 
by fluctuating salinity and turbidity, further shape the 
types of plankton present (Xu et al. 2022; Wang et al. 
2024), often favoring species that are not optimal for 
whale sharks. Consequently, this variation in plank-
ton composition can lead to the absence of whale 
sharks in such regions due to the low concentration of 
their preferred food resources (de Oliveira Carvalho 
et al. 2022; Marsili et al. 2023).

When observing the distribution of sightings over 
time, there was an increase over the decades that may 
be mainly related to the increased use of smartphones 
and social media by the citizen scientists (Vohland 
et al. 2021). On the other hand, we also need to high-
light the decline in the population of R. typus, result-
ing from the interactions with humans as in collisions 
between large ships and individuals of the species 
(Womersley et al. 2022). The records occurred mostly 
in the first half of the year (Fig. 6), during the austral 
summer and autumn seasons. It is aligned with the lit-
erature, considering that the species is usually related 
to temperate regions and warmer waters (Sequeira 
et al. 2012; Di Beneditto et al. 2021; Womersley et al. 
2024a, b). In any case, this result helps us to define 
the best times to expand awareness efforts for com-
munities in the region.

Considering the spatial distribution over time, 
we identified that in the last 10 years, sightings have 
been done mainly in the southeast region, located far 
from the southernmost distribution of the species in 
the Southwest Atlantic. This pattern suggests that 
specific oceanographic processes, such as seasonal 
upwellings, might play a more significant role influ-
encing the chances of whale shark occurrences than 
factors like temperature and latitude alone. This result 
may also be related with the increased dissemina-
tion of images of the area known to be conducive to 
the organism and to the cessation of the whale shark 

research (i.e., no dedicated surveys conducted) in 
Saint Paul’s Rocks after 2015 (BCL Macena, pers. 
comm.). It was expected that Fernando de Noronha 
and Atol das Rocas would present higher densities of 
whale shark records due to their proximity to feeding 
areas in the Gulf of Mexico (Mckinney et al. 2012), 
as well as the presence of a great diversity of research 
made in both regions and a high density of tourist 
activities in Fernando de Noronha, enabling greater 
chances of encountering the species. However, the 
results showed a low number of records in these 
regions.

These relationships presented between the two 
environmental variables, and the occurrence records 
are pertinent observations when we consider that R. 
typus uses regions with favorable conditions for their 
ecological needs (Hutchinson 1944). Places at higher 
latitudes would indicate a decrease in the abundance 
of tropical species caused by the colder waters; how-
ever, the greater availability of food would be a plau-
sible justification for the displacement towards these 
places (Macpherson 2002; Tittensor et al. 2010). One 
of the hotspots of R. typus records being located in 
the region of Rio de Janeiro, where a well-defined 
upwelling system occurs, supports the relationship 
between higher chlorophyll concentrations and the 
species’ records. The Saint Paul’s Rocks, on the other 
hand, do not follow the same relationship presenting 
higher concentrations of zooplankton biomass even 
on the lower latitudes (Melo et al. 2012).

It is important to highlight that the data used in the 
analysis come from diverse sources, including scien-
tific research records, personal communications, and 
news reports, which may introduce bias in the obser-
vations. Different methodologies and heterogeneous 
sampling effort over time may result in an underes-
timation of occurrences in less accessible and visited 
areas. The lack of financial support for research along 
the Brazilian coastline further limits data consistency 
and, consequently, the reliability of predictive mod-
els. Therefore, caution is necessary when interpreting 
the results, as they may have been influenced by the 
sampling effort.

Data from personal communication highlights 
the significant contribution of social agents, such as 
divers and fishermen, to species observation. This 
aligns with findings from studies involving other spe-
cies (Coram et  al. 2021; Morais et  al. 2021). In the 
case of whale sharks, sightings within the Brazilian 
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EEZ are largely opportunistic, making the implemen-
tation of long-term monitoring programs particularly 
challenging. Therefore, collaboration with these com-
munities or accessing to their records online is essen-
tial for improving our understanding of spatial distri-
bution patterns (Cooper et al. 2007). Whale shark is 
easily identified due to its size and unique character-
istics such as its spots and stripes which also becomes 
an advantage in the use of data recorded by any per-
son or citizen scientists, by reducing doubts in vali-
dating the record. These patters can also be used to 
identify individuals, which could help with identify-
ing groups and re-sightings (Arzoumanian et al. 2005; 
Brooks et  al. 2010). Such a system would enable 
researchers to monitor occurrences and reoccurrences 
at the individual level over the medium and long 
term, potentially providing insights into population 
dynamics in the future. Another important point to be 
noted is that analysis of posts on websites and social 
media revealed a public interest in whale sharks, with 
frequently asked questions (i.e., comments) about 
their taxonomic classification, potential dangers they 
may pose, and general information about the species. 
Knowing this, the need for environmental education 
and awareness-raising actions becomes evident, even 
for a charismatic species.

Conclusion

The biodiversity records made by citizen scien-
tists showed that it is extremely necessary to inform 
society about the importance of carrying out pho-
tographic records allowing scientists to use them to 
build and consolidate knowledge. The 43 new records 
that came from social media and other unofficial 
sources reinforce the idea that society can help sci-
ence detect and expand access to the occurrence of 
whale sharks in unmonitored locations, mainly due to 
the fact that these records represent 19% of the total 
records compiled.

We acknowledge that due to the lack of finan-
cial incentives, the idealized scenario where we will 
have onboard observers present in all or even a good 
portion of the vessels present in Brazilian waters is 
far away. For this reason, we increasingly pursue to 
encourage the population to register species of elas-
mobranchs, marine mammals, among other groups. 
The reaffirmation of the Saint Paul’s Rocks and the 

Cabo Frio region presenting the highest densities of 
records of the species indicates the need to dissemi-
nate information to society, mainly in the state of 
Rio de Janeiro, where the population may eventually 
come across the species.

Brazil is a country of great extension and envi-
ronmental diversity; it was identified that differ-
ent stretches have records linked in specific ways to 
oceanographic variables. It can be pointed out that to 
the south the records are more linked to chlorophyll-
a, while further north to temperature. The records of 
the species in the Brazilian EEZ indicate to be very 
underestimated, and this information should be taken 
into account when we draw conclusions, since we 
may be masking, through sampling problems, the real 
influence of the variables and the occurrence of the 
species. New studies about the species are needed, 
mainly in the southwest region of the Atlantic Ocean, 
to better understand the reasons why these organisms 
are in our ecosystem, as well as the reasons why we 
do not find them in certain stretches, whether by the 
absence of the organism itself, the presence of estuar-
ies that alter the conditions due to the input of various 
substances and materials or even by the lack of obser-
vations by the community. The findings presented 
here provide valuable insights for future research on 
R. typus and contribute with information to the devel-
opment of effective marine spatial planning and con-
servation strategies that consider the habitat prefer-
ences of this marine species.

Acknowledgements  We would like to thank Dr Áthila Ber-
toncini Andrade and Dr Lucas Nunes Teixeira for his valuable 
insights and corrections as a member of the undergraduate the-
sis examination board.

Author contribution  MLDF: conceptualization, data cura-
tion, methodology, data analysis, data interpretation, and writ-
ing—original draft, review, and editing.

VCLR: figure treatments, data interpretation, and writing—
review and editing.

CB: data interpretation and writing—review and editing.
BCLM: data curation, data interpretation, and writing—

review and editing.
RHAF: coordination, conceptualization, data interpretation, 

and writing—review and editing.
All authors read and approved the final manuscript.

Data availability   This manuscript has data included as elec-
tronic supplementary material. Any additional data will be 
made available on reasonable request.

Declarations 



	 Environ Biol Fish

Vol:. (1234567890)

Ethical Consideration   This research relied solely on data 
from personal communication, social media or bibliographic 
sources, adhering strictly to all applicable legal and ethical 
guidelines. No approval of research ethics committees was 
required to accomplish the goals of this study.

Conflict of interest  The authors declare no competing inter-
ests.

References

Arzoumanian Z, Holmberg J, Norman B (2005) An astronomi-
cal pattern-matching algorithm for computer-aided iden-
tification of whale sharks Rhincodon typus. J Appl Ecol 
42:999–1011. https://​doi.​org/​10.​1111/j.​1365-​2664.​2005.​
01117.x

Brooks K, Rowat D, Pierce SJ, Jouannet D, Vely M (2010) 
Seeing spots: photo-identification as a regional tool for 
whale shark identification. West Indian Ocean J Mar Sci 
9:185–194

Campos CEC, Silva MB, Targino SG, Borgoff C (2005) First 
record of whale shark, Rhincodon typus (Condrichthyes: 
Rhincodontidae) in Atol das Rocas, Brazil. In: Resumos 
do XVI Encontro Brasileiro de Ictiologia, João Pessoa, 
PB, pp 203

Ciotti ÁM, Garcia CAE, Jorge DSF (2010) Temporal and 
meridional variability of satellite-estimates of surface 
chlorophyll concentration over the Brazilian continental 
shelf. Pan-Am J Aquat Sci 5(2):236–253.  https://​repos​ito-
rio.​furg.​br/​handle/​1/​3035 . Accessed 22 Jul 2024

Compagno LJV (1984) FAO Species Catalogue, Vol 4 Part 1; 
Sharks of the World. FAO Fish Synop 125:381–434

Cooper CB, Dickinson J, Phillips T et  al (2007) Citizen sci-
ence as a tool for conservation in residential ecosystems. 
Ecol Soc 12(2):11. https://​www.​jstor.​org/​stable/​26267​884. 
Accessed 22 Jul 2024

Coram A, Abreo NAS, Ellis RP et  al (2021) Contribution of 
social media to cetacean research in Southeast Asia: 
illuminating populations vulnerable to litter. Biodiv-
ers Conserv 30(8):2341–2359. https://​doi.​org/​10.​1007/​
s10531-​021-​02196-6

Cord I, Nunes LT, Barroso CX et  al (2022) Brazilian marine 
biogeography: a multi-taxa approach for outlining sec-
torization. Mar Biol 169(5):61. https://​doi.​org/​10.​1007/​
s00227-​022-​04045-8

Davis TR, Cadiou G, Champion C, Coleman MA (2020) Envi-
ronmental drivers and indicators of change in habitat and 
fish assemblages within a climate change hotspot. Reg 
Stud Mar Sci 36:101295. https://​doi.​org/​10.​1016/j.​rsma.​
2020.​101295

de Oliveira Carvalho ADC, Kerr R, Tavano VM, Mendes CRB 
(2022) The southwestern South Atlantic continental shelf 
biogeochemical divide. Biogeochemistry 159(2):139–158. 
https://​doi.​org/​10.​1007/​s10533-​022-​00918-8

Di Beneditto APM, Moreira SC, Siciliano S (2021) Endan-
gered whale sharks in south-eastern Brazil: records and 
management issues. Ocean Coast Manag 201:105491. 
https://​doi.​org/​10.​1016/j.​oceco​aman.​2020.​105491

Dove AD, Leisen J, Zhou M et al (2012) Biomarkers of whale 
shark health: a metabolomic approach. PLoS ONE 
7(11):e49379. https://​doi.​org/​10.​1371/​journ​al.​pone.​00493​
79

Dyer KR (1989) Estuarine flow interaction with topogra-
phy lateral and longitudinal effects. In: Neilson BJ, Kuo 
A, Brubaker J (eds) Estuarine Circulation, 1st edn. The 
Humana Press, New Jersey, pp 39–59. https://​doi.​org/​10.​
1007/​978-1-​4612-​4562-9

Faria VV, Venancio IM, Basilio TH et al (2009) Captura inci-
dental de um tubarão-baleia, Rhincodon typus (Orec-
tolobiformes, Rhincodontidae), na costa do Ceará, nord-
este do Brasil. Pan-Am J Aquat Sci 4(4):599–604

Flanders Marine Institute (2023). Brazilian Exclusive Eco-
nomic Zone (EEZ) marine regions. https://​www.​marin​
eregi​ons.​org/​gazet​teer.​php?p=​detai​lsid=​8464. Accessed 
10 Jul 2024

Fontes J, Afonso P, Macena B (2024) Whale sharks and tunas 
hunt together. Front Ecol Environ 22:e2718. https://​doi.​
org/​10.​1002/​fee.​2718

Gandra TBR, Bonetti J, Scherer MEG (2018) Onde estão os 
dados para o Planejamento Espacial Marinho (PEM)? 
Análise de repositórios de dados marinhos e das lacu-
nas de dados geoespaciais para a geração de descritores 
para o PEM no Sul do Brasil. Desenvolv Meio Ambiente 
44(1):405–421. https://​doi.​org/​10.​5380/​dma.​v44i0.​54987

Gudger EW (1922) The fourth record of the occurrence in the 
atlantic ocean of the whale shark Rhincodon Typus. Sci-
ence 56(1444):251–252. https://​doi.​org/​10.​1126/​scien​ce.​
56.​1444.​251

Harris K, Gende SM, Logsdon MG et  al (2012) Spatial pat-
tern analysis of cruise ship–humpback whale interac-
tions in and near Glacier Bay National Park, Alaska. 
Environ Manag 49:44–54. https://​doi.​org/​10.​1007/​
s00267-​011-​9754-9

Hazin F, Vaske Júnior T, Oliveira P et al (2008) Occurrences 
of whale shark (Rhincodon typus Smith, 1828) in the 
Saint Peter and Saint Paul archipelago, Brazil. Braz J Biol 
68:385–389. https://​doi.​org/​10.​1590/​S1519-​69842​00800​
02000​21

Hijmans RJ, Phillips S, Leathwick J, Elith J (2017) dismo: 
species distribution modeling. R package version 1.1–4. 
https://​CRAN.R-​proje​ct.​org/​packa​ge=​dismo. Accessed 16 
Nov 2024

Hueter R, Gonzalez Cano J, De la Parra R et al (2007) Biologi-
cal studies of large feeding aggregations of whale sharks 
(Rhincodon typus) in the southern Gulf of Mexico. In: 
The first international whale shark conference: promoting 
international collaboration in whale shark conservation, 
science and management. Conference Overview, Abstracts 
and Supplementary Proceedings. CSIRO Marine and 
Atmospheric Research, Australia, pp 76

Hutchinson GE (1944) Limnological studies in Connecticut. 
VII. A critical examination of the supposed relationship 
between phytoplakton periodicity and chemical changes in 
lake waters. Ecology 25(1):3–26. https://​doi.​org/​10.​2307/​
19307​59

ICMBIO (2018) Livro Vermelho da Fauna Brasileira 
Ameaçada de Extinção. VI–Peixes, 3rd edn. ICMBIO, 
Brasília

https://doi.org/10.1111/j.1365-2664.2005.01117.x
https://doi.org/10.1111/j.1365-2664.2005.01117.x
https://repositorio.furg.br/handle/1/3035
https://repositorio.furg.br/handle/1/3035
http://www.jstor.org/stable/26267884
https://doi.org/10.1007/s10531-021-02196-6
https://doi.org/10.1007/s10531-021-02196-6
https://doi.org/10.1007/s00227-022-04045-8
https://doi.org/10.1007/s00227-022-04045-8
https://doi.org/10.1016/j.rsma.2020.101295
https://doi.org/10.1016/j.rsma.2020.101295
https://doi.org/10.1007/s10533-022-00918-8
https://doi.org/10.1016/j.ocecoaman.2020.105491
https://doi.org/10.1371/journal.pone.0049379
https://doi.org/10.1371/journal.pone.0049379
https://doi.org/10.1007/978-1-4612-4562-9
https://doi.org/10.1007/978-1-4612-4562-9
https://www.marineregions.org/gazetteer.php?p=detailsid=8464
https://www.marineregions.org/gazetteer.php?p=detailsid=8464
https://doi.org/10.1002/fee.2718
https://doi.org/10.1002/fee.2718
https://doi.org/10.5380/dma.v44i0.54987
https://doi.org/10.1126/science.56.1444.251
https://doi.org/10.1126/science.56.1444.251
https://doi.org/10.1007/s00267-011-9754-9
https://doi.org/10.1007/s00267-011-9754-9
https://doi.org/10.1590/S1519-69842008000200021
https://doi.org/10.1590/S1519-69842008000200021
https://CRAN.R-project.org/package=dismo
https://doi.org/10.2307/1930759
https://doi.org/10.2307/1930759


Environ Biol Fish	

Vol.: (0123456789)

Jolliffe IT, Cadima J (2016) Principal component analysis: a 
review and recent developments. Philos Trans R Soc A 
374(2065):20150202. https://​doi.​org/​10.​1098/​rsta.​2015.​
0202

Knoppers BA, Souza WFL, Ekau W, Figueiredo Jr AG, Soares-
Gomes A   (2009) Interface Terra-Mar do Brasil. In: 
Pereira RCC, Soares-Gomes A (eds) Biologia Marinha, 
1st edn. Interciência, Rio de Janeiro, pp 529–553

Kranstauber B, Kays R, LaPoint SD et  al (2012) A dynamic 
brownian bridge movement model to estimate utilization 
distributions for heterogeneous animal movement. J Anim 
Ecol 81(4):738–746. https://​doi.​org/​10.​1111/j.​1365-​2656.​
2012.​01955.x

Lees KJ, Guerin AJ, Masden EA (2016) Using kernel density 
estimation to explore habitat use by seabirds at a marine 
renewable wave energy test facility. Mar Policy 63:35–44. 
https://​doi.​org/​10.​1016/j.​marpol.​2015.​09.​033

Lubbock R, Edwards A (1981) The fishes of Saint Paul’s 
Rocks. J Fish Biol 18(2):135–157. https://​doi.​org/​10.​
1111/j.​1095-​8649.​1981.​tb028​10.x

Macena BCL (2010) Estudo da sazonalidade, distribuição, 
abundância e comportamento migratório do tubarão-
baleia (Rhincodon typus Smith, 1828) no Arquipélago de 
São Pedro e São Paulo. Master Dissertation, Universidade 
Federal Rural de Pernambuco

Macena BCL (2016) Habitats adequados e aspectos ecológi-
cos do tubarão-baleia (Rhincodon typus Smith 1828) no 
Oceano Atlântico Sudoeste e Equatorial. PhD. Thesis, 
Universidade Federal Rural de Pernambuco

Macena BCL, Hazin FHV (2016) Whale shark (Rhincodon 
typus) seasonal occurrence, abundance and demographic 
structure in the mid-equatorial atlantic ocean. PLoS ONE 
11(10):1–24. https://​doi.​org/​10.​1371/​journ​al.​pone.​01644​
40

Macpherson E (2002) Large–scale species–richness gradients 
in the Atlantic Ocean. Proc Roy Soc London Ser B Biol 
Sci 269(1501):1715–1720. https://​doi.​org/​10.​1098/​rspb.​
2002.​2091

Marsili L, Consales G, Romano P et  al (2023) A cocktail of 
plankton and organochlorines for whale shark in the for-
aging areas of nosy be (Madagascar). Diversity 15(8):911. 
https://​doi.​org/​10.​3390/​d1508​0911

McClain CR, Balk MA, Benfield MC et al (2015) Sizing ocean 
giants: patterns of intraspecific size variation in marine 
megafauna. PeerJ 3:e715. https://​doi.​org/​10.​7717/​peerj.​
715

McKinney JA, Hoffmayer ER, Wu W et  al (2012) Feeding 
habitat of the whale shark Rhincodon typus in the north-
ern Gulf of Mexico determined using species distribution 
modelling. Mar Ecol Prog Ser 458:199–211. https://​doi.​
org/​10.​3354/​meps0​9777

Melo PAMDC, Diaz XFG, De Macedo SJ, Neumann-Leitão S 
(2012) Diurnal and spatial variation of the mesozooplank-
ton community in the Saint Peter and Saint Paul Archi-
pelago Equatorial Atlantic. Mar Biodivers Rec 5:e121

Meneses TS, Santos FN, Pereira CW (2005) Fauna de elas-
mobrânquios do litoral do estado de Sergipe, Brasil. Arq 
Ciênc Mar 38 (1–2):79–83.  https://​www.​repos​itorio.​ufc.​
br/​handle/​riufc/​54026. Accessed 22 Jul 2024

Morais P, Afonso L, Dias E (2021) Harnessing the power of 
social media to obtain biodiversity data about cetaceans in 

a poorly monitored area. Front Mar Sci 8:765228. https://​
doi.​org/​10.​3389/​fmars.​2021.​765228

Motta PJ, Maslanka M, Hueter RE et al (2010) Feeding anat-
omy, filter-feeding rate, and diet of whale sharks Rhinco-
don typus during surface ram filter feeding off the Yucatan 
peninsula Mexico. Zoology 113(4):199–221. https://​doi.​
org/​10.​1016/j.​zool.​2009.​12.​001

NASA (2021) Ocean color web. URL https://​ocean​color.​gsfc.​
nasa.​gov/. Accessed on July 10 2024

Parzen E (1962) On estimation of a probability density func-
tion and mode. Ann Math Stat 33(3):1065–1076. https://​
doi.​org/​10.​1214/​aoms/​11777​04472

Phillips SJ, Anderson RP, Schapire RE (2006) Maximum 
entropy modeling of species geographic distributions. 
Ecol Modell 190:231–259. https://​doi.​org/​10.​1016/j.​
ecolm​odel.​2005.​03.​026

Pierce SJ, Norman B (2016) Rhincodon typus. The IUCN Red 
List of Threatened Species 2016: e.T19488A2365291. 
https://​doi.​org/​10.​2305/​IUCN.​UK.​2016-1.​RLTS.​T1948​
8A236​5291.​en. Accessed on 30 July 2024

QGIS.org (2023) QGIS geographic information system (Ver-
sion 3.32). QGIS Association. Available from:  https://​
www.​qgis.​org. Accessed 22 Jul 2024

Sampaio CL, Leite L, Reis-Filho JA et al (2018) New insights 
into whale shark Rhincodon typus diet in Brazil: an obser-
vation of ram filter-feeding on crab larvae and analysis of 
stomach contents from the first stranding in Bahia state. 
Environ Biol Fish 101:1285–1293. https://​doi.​org/​10.​
1007/​s10641-​018-​0775-6

Sequeira A, Mellin C, Rowat D et al (2012) Ocean-scale pre-
diction of whale shark distribution. Diversity Distrib 
18(5):504–518. https://​doi.​org/​10.​1111/j.​1472-​4642.​2011.​
00853.x

Short AD, Klein AHdF (2016). Brazilian beach systems: 
review and overview. In: Short A, Klein A (eds) Brazil-
ian Beach Systems. Coastal Research Library, vol 17. 
Springer, Cham. https://​doi.​org/​10.​1007/​978-3-​319-​
30394-9_​20

Sokal RR, Rohlf FJ (2013) Biometry: the principles and prac-
tice of statistics in biological research, 4th edn. WH Free-
man, New York

Soto JMR, Nisa-Castro-Neto W (2000) Sobre a presença do 
tubarão-baleia Rhincodon typus Smith, 1829 (Chondrich-
thyes, Rhincodontidae) na costa brasileira. Biociências 
8(2):137–152

Tittensor DP, Mora C, Jetz W et  al (2010) Global patterns 
and predictors of marine biodiversity across taxa. Nature 
466(7310):1098–1101. https://​doi.​org/​10.​1038/​natur​
e09329

Valentin JL (1984) Spatial structure of the zooplankton com-
munity in the Cabo Frio region (Brazil) influenced by 
coastal upwelling. Hydrobiologia 113:183–199. https://​
doi.​org/​10.​1007/​BF000​26607

Vohland K, Land-Zandstra A, Ceccaroni L et  al (2021) The 
science of citizen science. Springer Nature, p 529. https://​
doi.​org/​10.​1007/​978-3-​030-​58278-4

Wang H, Liu F, Wang M, Bettarel Y, Eissler Y, Chen F, Kan J 
(2024) Planktonic eukaryotes in the Chesapeake Bay: con-
trasting responses of abundant and rare taxa to estuarine 
gradients. Microbiol Spectr 12:e04048–e04123. https://​
doi.​org/​10.​1128/​spect​rum.​04048-​23

https://doi.org/10.1098/rsta.2015.0202
https://doi.org/10.1098/rsta.2015.0202
https://doi.org/10.1111/j.1365-2656.2012.01955.x
https://doi.org/10.1111/j.1365-2656.2012.01955.x
https://doi.org/10.1016/j.marpol.2015.09.033
https://doi.org/10.1111/j.1095-8649.1981.tb02810.x
https://doi.org/10.1111/j.1095-8649.1981.tb02810.x
https://doi.org/10.1371/journal.pone.0164440
https://doi.org/10.1371/journal.pone.0164440
https://doi.org/10.1098/rspb.2002.2091
https://doi.org/10.1098/rspb.2002.2091
https://doi.org/10.3390/d15080911
https://doi.org/10.7717/peerj.715
https://doi.org/10.7717/peerj.715
https://doi.org/10.3354/meps09777
https://doi.org/10.3354/meps09777
http://www.repositorio.ufc.br/handle/riufc/54026
http://www.repositorio.ufc.br/handle/riufc/54026
https://doi.org/10.3389/fmars.2021.765228
https://doi.org/10.3389/fmars.2021.765228
https://doi.org/10.1016/j.zool.2009.12.001
https://doi.org/10.1016/j.zool.2009.12.001
https://oceancolor.gsfc.nasa.gov/
https://oceancolor.gsfc.nasa.gov/
https://doi.org/10.1214/aoms/1177704472
https://doi.org/10.1214/aoms/1177704472
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.2305/IUCN.UK.2016-1.RLTS.T19488A2365291.en
https://doi.org/10.2305/IUCN.UK.2016-1.RLTS.T19488A2365291.en
https://www.qgis.org
https://www.qgis.org
https://doi.org/10.1007/s10641-018-0775-6
https://doi.org/10.1007/s10641-018-0775-6
https://doi.org/10.1111/j.1472-4642.2011.00853.x
https://doi.org/10.1111/j.1472-4642.2011.00853.x
https://doi.org/10.1007/978-3-319-30394-9_20
https://doi.org/10.1007/978-3-319-30394-9_20
https://doi.org/10.1038/nature09329
https://doi.org/10.1038/nature09329
https://doi.org/10.1007/BF00026607
https://doi.org/10.1007/BF00026607
https://doi.org/10.1007/978-3-030-58278-4
https://doi.org/10.1007/978-3-030-58278-4
https://doi.org/10.1128/spectrum.04048-23
https://doi.org/10.1128/spectrum.04048-23


	 Environ Biol Fish

Vol:. (1234567890)

Womersley FC, Humphries NE, Queiroz N et  al (2022) 
Global collision-risk hotspots of marine traffic and the 
world’s largest fish, the whale shark. Proc Natl Acad Sci 
119(20):e2117440119. https://​doi.​org/​10.​1073/​pnas.​
21174​40119

Womersley FC, Sousa LL, Humphries NE et al (2024) Climate-
driven global redistribution of an ocean giant predicts 
increased threat from shipping. Nat Clim Chang 14:1282–
1291. https://​doi.​org/​10.​1038/​s41558-​024-​02129-5

Womersley FC, Rohner CA, Abrantes K et al (2024b) Identify-
ing priority sites for whale shark ship collision manage-
ment globally. Sci Total Environ 934. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2024.​172776

Xia J, Hu H, Gao X, Kan J, Gao Y, Li J (2024) Phytoplankton 
diversity, spatial patterns, and photosynthetic character-
istics under environmental gradients and anthropogenic 
influence in the Pearl River Estuary. Biol 13:550. https://​
doi.​org/​10.​3390/​biolo​gy130​70550

Xu S, Gao X, Liu Y et  al (2022) Impact of salinity variation 
and silicate distribution on phytoplankton community 

composition in Pearl River estuary, China. Ecohydrol 
Hydrobiol 22(3):466–475. https://​doi.​org/​10.​1016/j.​eco-
hyd.​2022.​01.​004

 The authors also declare that this research is entirely original 
and has not been published in any form, accepted for publication, 
or is under current review elsewhere. 

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

Springer Nature or its licensor (e.g. a society or other partner) 
holds exclusive rights to this article under a publishing 
agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement 
and applicable law.

https://doi.org/10.1073/pnas.2117440119
https://doi.org/10.1073/pnas.2117440119
https://doi.org/10.1038/s41558-024-02129-5
https://doi.org/10.1016/j.scitotenv.2024.172776
https://doi.org/10.1016/j.scitotenv.2024.172776
https://doi.org/10.3390/biology13070550
https://doi.org/10.3390/biology13070550
https://doi.org/10.1016/j.ecohyd.2022.01.004
https://doi.org/10.1016/j.ecohyd.2022.01.004

	Whale shark (Rhincodon typus) along the Brazilian coast: occurrence, distribution, and environmental factors
	Abstract 
	Introduction
	Methods
	Data collection
	Spatial analysis


	Results
	Discussion
	Conclusion
	Acknowledgements 
	References


