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Abstract

Whale sharks are generally associated with environmental factors that drive their move-
ments to specific locations where food availability is high. Consequently, foraging is
believed to be the main reason for the formation of whale shark aggregations. Feeding
aggregations occur mainly in nearshore areas and are composed primarily of immature
individuals. Conversely, aggregations of mature adults are rarely observed, and their occur-
rence is correlated with oceanic environments. Despite an increase in the number of whale
shark studies, information on mating and parturition grounds is still lacking. In the present
work, we assessed the ecological and behavioural aspects of the whale sharks that visit the
archipelago of Séo Pedro and Sao Paulo (ASPSP), located ~1,000 km off the coast of Bra-
zil in the equatorial Atlantic Ocean. Forty-nine whale sharks were recorded from February
2005 to May 2014. The estimated mean * SD size was 8.27 £ 2.52 m (range: 2.5-14.0 m)
with no significant differences in size across the year. The maturational stages were classi-
fied by size as immature (<8.0 m; 32.56%) and mature (>9.0 m; 46.51%); with almost half
of the observed animals being mature specimens. The majority of sightings occurred
between February and June. During this period, the ocean current weakens and the waters
are enriched by eggs and larvae of fishes and invertebrates that attract marine life to for-
age. At the same time, evidence of reproductive activity in adult females (i.e. swollen abdo-
men and bite marks on the pectoral fins), and the potential mating behaviour exhibited by
one male, suggest that the ASPSP area might also have a role in whale shark reproduction.
Irrespective of its use for feeding or reproduction, this insular habitat serves as a meeting
point for both juvenile and adult whale sharks, and may play an important ecological role for
the species.
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Introduction

The whale shark Rhincodon typus (Smith 1828) is a pelagic and highly migratory filter-feeding
species distributed around the globe in tropical and subtropical waters [1,2]. Past studies on
the ecology and biology of whale sharks have suggested a relationship between their move-
ments and environmental features, including sea surface temperature, chlorophyll a concentra-
tions, bottom relief and ocean currents [3-12]. Commonly, environments with an optimal
scenario for whale shark occurrence provide suitable conditions for primary and secondary
productivity, as the main known purpose for whale shark aggregation is foraging [2,13-15].
Sites with predicted seasonal foraging aggregations of whale sharks offer the best opportunity
to study the species on a regular basis. Information gathered from these phenomena, for
instance, has been valuable to assess the seasonality of occurrence, aspects of population struc-
ture and dynamics of whale sharks in coastal waters of Australia [14,16]; the Gulf of Mexico
[17]; the Gulf of California [18]; Belize [19]; the Seychelles [20]; and the Maldives [21].

In Brazil, the whale shark occurs in coastal waters from Ceara to Rio Grande do Sul States
and at oceanic islands, like the archipelagos of Fernando de Noronha, Sao Pedro and Séo Paulo
[22] and Trindade [23]. However, the knowledge of whale shark life history in Brazilian waters
is still largely limited to the description of anecdotal sighting records, strandings and incidental
catches [22, 24]. The only exception is in the archipelago of Sdo Pedro and Sao Paulo (ASPSP)
where data from sighting records have been systematically collected, and suggest a much higher
frequency of occurrence from January to June, probably due to biological factors (i.e. food
availability) [25].

ASPSP is a small and isolated oceanic archipelago located in the equatorial mid-Atlantic
Ridge. Considered a hotspot for pelagic biodiversity [26] due to its strategic location in the mid-
dle of the Atlantic Ocean, the archipelago provides shelter for marine life and may serve as a stop-
over during large-scale migrations of pelagic species [27]. The archipelago is also an important
feeding ground for commercially important pelagic fishes such as yellowfin tuna (Thunnus alba-
cares), bigeye tuna (T. obesus), wahoo (Acanthocybium solandri), rainbow runner (Elagatis bipin-
nulata) and many species of sharks [28,29]. Most of these species gather at the archipelago
between January and June, which coincides with the reproduction and high abundance period of
flying fishes [30], and when the environmental conditions are suitable for reproduction and
recruitment of fish larvae and invertebrates [31]. Consequently, Brazilian fishing boats have been
operating in ASPSP since the 1980s [32,33]. Whale sharks, however, were never targeted by the
fishery in the area, with no record of any specimen being ever caught. Classified as “endangered”
by the International Union for Conservation of Nature (IUCN) [34], the whale shark is also pro-
tected by Brazilian law as an “endangered” species [35].

Whale shark aggregations known to date are generally size and sex segregated, with a pre-
dominance of immature individuals in coastal feeding aggregations [2]. Adult whale sharks are
infrequently observed, and the majority of sightings have been recorded at oceanic locations,
such as the Galapagos Islands [36], Baja California Sur [18,37], the Azores [12], St. Helena
Island [38] and ASPSP ([25]; present study). However, complete information on the distribu-
tion of mature whale sharks, and on the location of mating and nursery grounds, if any,
remains lacking, despite being crucial for the conservation of the species.

To help fill the gap of information on oceanic life history of whale sharks, trends of long-
term sighting records in ASPSP were assessed to identify the seasonality of occurrence, relative
abundance and population structure, with additional observations on habitat use and behav-
iour. The information provided here reinforces the hypothesis that oceanic habitats are crucial
to whale shark life history, independent of age, and must be better understood to ensure the
adoption of adequate conservation measures for both the sharks and this unique habitat.
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Material and Methods

The data used in this research was obtained with full approval of the Instituto Chico Mendes
de Conservagio da Biodiversidade of the Brazilian Ministry of the Environment (permit no.

14124-6).

Study area

The ASPSP is a remote group of small rocky islets, located in the mid- Atlantic Ridge, almost in
the middle of the equatorial Atlantic Ocean (00°55°03”N; 029°20°45”W), approximately 100
km north of the equator and nearly midway between South America (1,100 km from Brazil)
and Africa (1,600 km from Guinea Bissau) (Fig 1). The archipelago is part of an E-W seamount
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Fig 1. Study area. Geographical location and details (inset) of the Archipelago of Sdo Pedro and Sao Paulo (ASPSP; red asterisk). The blue triangle
indicates the satellite-tag pop up location from a female whale shark tagged in Caribbean Mexico [56]. The green stars indicate the location of recorded
neonates [104,105].

doi:10.1371/journal.pone.0164440.9001
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chain, located at the Saint Paul Transform Fault, rising from abyssal depths near 5,000 m, and
presenting a rough bottom relief close to the islets [39].

The ASPSP region is directly influenced by the trade winds and by the Equatorial Current Sys-
tem, namely the South Equatorial Current (SEC) and the Equatorial Undercurrent (EUC), which
control the dynamics of physicochemical and biological parameters around the archipelago. The
intensification of the NE trade winds, between December and May, pushes the Intertropical Con-
vergence Zone (ITCZ) southward, towards the archipelago [40], resulting in the wet season. Dur-
ing this period, the SE trade winds weaken, reducing the intensity of the westward flowing SEC
in the area [41,42]. Conversely, during the dry season, from June to November, the ITCZ moves
farther north of the archipelago due to the intensification of the SE trade winds [40], which
strengthens the SEC [41,42]. The EUC, a very strong eastward subsurface current flowing at 50—
100 m depth [43], is also directly influenced by the SE trade winds, becoming shallower and
weaker between December and May and deeper and stronger from June to September [41,42].

Data collection

Frequency of occurrence and abundance. The presence of whale sharks in the ASPSP
was recorded by sighting surveys (SURV) through direct observation by on board or free diving
observers, which were carried out during 37 scientific expeditions of 15 days each, from Febru-
ary 2005 to May 2014. Additionally, anecdotal sighting records were compiled (COMP)
through interviews with local fishermen and other researchers, and collated with sightings
from the literature [25] from February 2000 to May 2014. Sightings data included: date, time,
location, number of individuals, estimated size and photographs, if available.

Oceanographic conditions. In order to characterize the oceanographic conditions in
ASPSP surroundings, sea surface temperature (SST) (°C) remote sensing monthly image com-
posites were obtained from the Advanced Very High Resolution Radiometer (AVHRR) aboard
the NOAA Polar Operational Environmental Satellites (POES) (http://coastwatch.pfeg.noaa.
gov/infog/AG_ssta_las.html). Chlorophyll-a concentration (CHL) (mg.m™) remote sensing
monthly image composites were obtained from the Moderate Resolution Imaging Spectroradi-
ometer- MODIS-Aqua (http://oceancolor.gsfc.nasa.gov/). Remote sensing data were collected
from January, 1, 2005, to December, 31, 2014.

Demographicstructure. Whale shark total lengths (L) (i.e. from the tip of snout to the
end of the tail) were estimated to the nearest 0.5 m by comparing the size of the whale shark
with known marks on a fishing vessel, after placing the boat in parallel with the shark, or with a
diver of known size. Sex was determined in water by the presence or absence of claspers.

To assess the maturity of whale sharks visiting the ASPSP, shark sizes were compared to
estimates available in the literature for other Atlantic Ocean sites. For males, information from
the Mexican Caribbean [44] showed that 95% of males in that region were mature at 8.1 m.
These authors, however, did not assess free-swimming female maturity, and no other informa-
tion is available on female size at maturity in the Atlantic Ocean. Information from other
ocean basins, suggests a size at maturity of 9.0+ m [2,45]. We thus chose, conservatively, to
consider animals <8.0 m as juveniles, those >9.0 m as adults, and we did not classify animals
within the potentially ambiguous 8.0-9.0 m size class.

Photo-identification. The area behind the fifth gill slit and in front of the first dorsal fin
of the ASPSP whale sharks was photographed for individual identification and further popula-
tion dynamic analysis [46,47]. Both left and right sides were photographed whenever possible.
Additionally, information on other marks, scars, size and sex were also used to assist in identifi-
cation. If available, images from collaborators (i.e. other researchers and fishermen) were also
collected during the interviews and used for analysis if the quality was suitable.
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Data analysis

Comparison of frequency of occurrence between datasets. The relative frequency of
occurrence (FO%) per month of whale sharks in the ASPSP was calculated by dividing the
number of whale sharks sighted in each month by the total of whale sharks observed and multi-
plying by 100. A linear regression between the FO% per month was calculated using SURV and
COMP data, and the similarity between estimations was assessed using the Welch t-test with
the null hypothesis of no difference (H, = true slope = 1) between datasets. The motivation for
performing this analysis was to verify the reliability of the FO% of SURV when compared to
the COMP for the period in which fewer scientific surveys were conducted.

Relative abundance index. Before the calculation of Sightings per Unit of Effort (SPUE),
the data were filtered in order to minimize the potential duplicate sightings within each sur-
veyed month. Since it was not possible to photo-identify all individuals to remove duplicates,
the “short-term resightings” (i.e. recorded individuals with similar size and sex within a four
day interval between sightings) were discarded. Although this does not entirely eliminate the
possibility of inclusion of duplicates, it is expected to remove the majority of the multiple rec-
ords (details in discussion). Relative abundance indices were calculated using only the SURV
SPUE, expressed as the number of individuals sighted per day of expedition (sig.day '), and
grouped by median per month. The differences of SPUE between months and years were veri-
fied using Analysis of Variance (ANOVA) of one factor (month or year) with post hoc Tukey
HSD, if differences were detected.

Oceanographic conditions. SST and CHL data with 0.1° and 0.05° of spatial resolution,
respectively, were averaged in squares of 1° x 1° to characterize the general oceanographic con-
ditions per month within a 100 km” area around the ASPSP. The differences of monthly means
of each variable were compared using ANOVA of one factor (month) with post hoc Tukey
HSD test, if differences were detected.

Demographic structure. Size estimates of whale sharks using surface or underwater visual
references tend to have an error of + 0.5 m [14,19,48]. Since in the present work Lts were col-
lected by both methods, the error of visual estimates was calculated based on the creation of a
virtual random bias, standardized with fixed upper and lower constraints, and compared with
the observed estimates in order to validate the SURV Ly for demographic analysis.

The error estimate of the SURV Lrs based on the intervals of £0.5 and £1.0 m was gener-
ated, and considered as the bias in our visual estimations. A new dataset was then created,
which randomly included three bias values (-0.5, 0.0, 0.5 or -1.0, 0.0, 1.0) to the SURV Lt to
add the bias variance in the estimates. The mean was then calculated and a paired Student t-
test was run to compare the mean of the new dataset with the SURV Lt mean. The process was
looped 10,000 times to assure the use of all possible combinations of the three bias values; for
each new random dataset generated, the mean and the p-value result from the t-tests were
saved for further validation. Finally, we calculated the relative frequency of the number of t-test
p-values which were smaller than 0.05 to assess if the bias assumed could be accepted. The vali-
dation was conditioned to the analysis of the quantity of p-value <0.05 which lies within the
95% confidence interval from all replicates. In other words, we generated 10,000 different data-
sets with standardized random bias, statistically compared each mean with the SURV Lt mean
and verified the proportion of the t-test p-values <0.05 within the 95% of confidence interval
to validate the SURV L visual size estimation.

The SURV and COMP Ly’s were compared using Welch ¢-test and the mean size differences
per month were compared using ANOVA of one factor (month) with post hoc Tukey HSD test,
if necessary. The number of whale sharks in each maturity stage was compared to test the
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hypothesis of predominance of adults using Pearson’s chi square test. All statistical analysis
were performed using the R programming environment v.3.2.2 [49].

Photo-identification. Photo-identification images were classified by their quality, pro-
cessed following Speed et al [46], and analyzed using the I’S software [47]. The photo-ID data-
set was composed of photographs from SURV and COMP. It should be noted that images
from distinct occasions could represent the same individual if only one side were photographed
[14].

The left side was chosen for analysis since there were more left side images, and because this
is the standard established for the online whale shark global database “Wildbook for Whale
Sharks” at www.whaleshark.org. Some whale sharks had both sides photographed and we were
able to compare these with the sharks which had only the right side. All photo-identified indi-
viduals were compared within our own database and also submitted to the “Wildbook for
Whale Sharks” to compare with images of other individuals identified around the world. When
only one of the flanks was recorded, to assist the visual confirmation of identification analysis
and to avoid duplicity in the photo-identification, more than one character (i.e. scars and stripe
patterns) were used in parallel with individual intrinsic characteristics such as size and sex.

Results

Frequency of occurrence and relative abundance index

Forty-nine whale sharks were sighted between March 2005 and May 2014 over 555 expedition
days (SURV), whereas 92 sightings were compiled from February 2000 to May 2014 (COMP),
resulting in 141 combined sightings. Eighteen whale sharks, 5 from SURV and 13 from COMP,
were excluded from the analysis by the filtering procedure.

FO% trends of the independent datasets, SURV and COMP, were similar, presenting a
related sighting distribution, with peaks in the same months (March and June), but with an
intriguing decrease in May (Fig 2). The comparison of COMP with SURV FO% revealed posi-
tive correlation between datasets (r* = 0.611; p = 0.002), with the linear model slope (8, = 0.93)
very close to the null hypothesis (H, = true slope = 1) and no statistical difference detected
(Welch: t=0.019, df = 21.388, p = 0.984). It was considered therefore, that the COMP fulfilled
its purpose, which was to supplement the SURV with information on sightings records during
the months when the research team was not in the ASPSP, particularly during the last six
months of the year (Fig 2).

The SPUE dataset had 43 sample units (i.e. months). The months with highest median
SPUE were June (0.1034) and March (0.1031), followed by May (0.0566) and April (0.0556; Fig
2). No expedition was conducted in August. Differences were not detected among the months
SPUE (ANOVA: F =0.433, df = 11, p = 0.929). The independent FO% of COMP was also con-
sistent with the SPUE and presented trends of increasing abundance between February and
June with peaks in March and June and decrease in the last six months (Fig 2).

The median SPUE per year spanned from nearly 0 in 2005, 2012, 2013 and 2014 to 0.625 in
2006 (Fig 3). No expedition was conducted in 2007. Statistically significant differences were
only found between 2006 and all other years (ANOVA: F =5.082, df = 9; p = 0.000248;
TukeyHSD: p < 0.001). The high SPUE observed in 2006 was due to an expedition undertaken
between February and March of 2006, when three whale sharks were sighted in the three days
of the expedition that fell during February, thus generating an SPUE = 1 (Figs 2 and 3).

Oceanographic conditions

The SST increased gradually from August until a peak in May, subsequently decreasing from
June to August (Fig 4, red line). Significant differences in SST were found (ANOVA: F = 2785,
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doi:10.1371/journal.pone.0164440.9002

df =11, p = <0.001) among almost all the months (TukeyHSD: p < 0.05; S1 Table). The CHL
concentration was lower in October, slightly increasing from November to February, further
decreasing between March and May, and finally increasing from June to July (Fig 4, green
line). Differences in CHL were found (ANOVA: F =403, df = 11, p = <0.001) among almost
all the months (TukeyHSD: p < 0.05; S1 Table). The whale shark SPUE in relation to the
oceanographic variables showed SST and CHL preferences ranging from 27 to 29°C and 0.10
to 0.16 mg.m >, respectively (Fig 4).

Demographic size structure

The mean * SD size of whale sharks recorded in SURV was 8.27 + 2.52 m (range: 2.5 to 14.0 m;
n = 43) and was statistically different (Welch: t =2.167; df = 83.28; p = 0.033) from COMP
(7.24 £ 2.44 m; range: 1.8 to 14.0 m; n = 79) (Fig 5A). Despite the overall mean difference of
1.02 m, the changes in SURV and COMP sizes throughout the year was quite similar (Fig 5B
and 5C). Given the difference between the size estimates, we decided to perform demographic
analysis only with the SURV dataset. The senior author made 86.4% of the SURV size esti-
mates, while the remaining SURV observations were done by one other biologist.
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Demographic analysis of whale shark sizes was conditioned to the calculation of the error in
the size bias to validate the visual estimates. The Lys from the resampled analysis (boot-
strapped) resulted in 10,000 dataset replications producing an equivalent number of means
and p-values from the t-tests performed in each run. The mean of the resampled dataset for
+0.5 bias was 8.26 m, spanning from 7.94 to 8.59 m. The proportion of resampled dataset
means which had significant differences (i.e. p<0.05) was 4.41%, within the confidence interval
of 95% indicating no difference between the SURV Lt and the resampled means. Thus the bias
in visual estimate was considered acceptable and used for further demographic analysis. Com-
parable results were obtained using a bias of +1.0 m, where only 4.99% of the replicates had sig-
nificant differences with an overall mean of 8.27 m spanning 7.87 to 8.68 m. Despite the slight
increase in whale shark mean Lt observed from February to April (Fig 5B), these differences
were not statistically significant (ANOVA: F = 0.547,df =7, p = 0.793).

In almost all years the mean Lt was equal or above 8.0 m; the two exceptions, 2006 and
2011, had means of 7.3 and 6.5 m, respectively (Fig 6). The years with largest and smallest
means were 2010 (9.1 m) and 2011 (6.5 m) but no difference in sizes were found between the
years (ANOVA: F=0.75,df =7, p = 0.632).
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Fig 4. Primary productivity and sea surface temperature of ASPSP surroundings. Sighting per Unit of Effort (SPUE) in relation to sea surface
temperature (SST; red line) and chlorophyll a concentration (CHL; green line) satellite image composites, from January 2005 to December 2014 for a ~100
km? area around the ASPSP. The width of the boxes is proportional to the square-roots of the number of observations in the groups, the horizontal bar is the
median and the open circle indicates a single outlier.

doi:10.1371/journal.pone.0164440.9004

The size frequency distribution exhibited a continuous distribution from 8.0 to 10.0 m with
aminor peak at 10.0-11.0 m (Fig 7). The mean + SD of immature and mature sharks were
5.37 £ 1.53 m and 10.25 + 1.46 m, respectively. Based on the estimated size, 32.6% (14) of
sharks were immature, and 46.5% (20) were mature. The remaining 20.9% (9) belonged to the
8.0 to 9.0 m class, not included in the demographic analysis. No differences in number of indi-
viduals were found between the two maturity classes (Pearson’s x> = 1.058, df = 1, p-
value = 0.303). The sex was identified in 14 records (28.6%; n = 49), of which 11 were females
(78.6%) and 3 were males (21.4%), a sex ratio of 3.7:1, with mean Lt + SD 0f 9.5+ 1.3 m
(range: 6.0 to 12.0 m) and 9.4 + 4.6 m (4.7 to 14.0 m), respectively.

Of 768 photos and 133 videos (118.58 min), 27 whale sharks were recorded in the identifica-
tion area, although after quality inspection only 16 had images considered adequate for photo-
identification. I’S software was used to analyze the spot patterns from these 16 animals, nine
sharks with photos from the left or both sides and seven animals with photos only from the
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Fig 5. Distribution of whale shark lengths. (A) Comparison of R. typus sizes between SURV and COMP; and (B,
C) size distribution per month for (B) SURV (n = 43) and (C) COMP (n = 79) in the ASPSP. Immature (below) and
mature (above) animals are separated by a shaded area indicating the transitional 8.0-9.0 m size class. The width
of the boxes is proportional to the square-roots of the number of observations in the groups, the horizontal bar is the
median and the open circles indicate outliers.

doi:10.1371/journal.pone.0164440.9005

right side, which were compared only with sharks that had images from both sides. One whale
shark was identified only by a remarkable scar (absence of first dorsal fin). Only two re-sights
were found among the 16 (36.4%; n = 49) whale sharks photo-identified in the ASPSP. These
two identifications (12.5%, n = 16) were a 10.0 m female and a 5.5 m male re-sighted one and
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Fig 6. Annual distribution of whale shark lengths. Size distribution per year (SURV; n = 43) in the ASPSP. Immature (below) and mature (above)
animals are separated by the shaded area indicating the transitional 8.0-9.0 m size class. The width of the boxes is proportional to the square-roots of the
number of observations in the groups, the horizontal bar is the median and the open circles indicate outliers.

doi:10.1371/journal.pone.0164440.9006
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Fig 7. Length frequency of whale sharks. Absolute frequency of R. typus Lt (m) in the ASPSP. Immature (left)
and mature (right) are separated by the shaded area of transitional size animals.

doi:10.1371/journal.pone.0164440.9007

three days after the first encounter, respectively. No match for any of the ASPSP sharks was
found in the “Wildbook for Whale Sharks” global database.

Generally the whale sharks seen in the ASPSP exhibited solitary behavior. Only seven con-
specific associations were recorded, with three individuals observed in the same moment on
two different occasions. All other associations were composed of two sharks. An adult male
with an apparent abrasion of the claspers displayed an atypical behaviour of repeatedly rolling
the body longitudinally alongside and below the fishing vessel (Fig 8), diving and returning
near the boat three times within a 10 min interval. Furthermore, some females presented a dis-
tinctly swollen pelvic region and one female had scars on both pectoral fins (Fig 9). Both of
these findings may be suggestive of reproductive behavior.

PLOS ONE | DOI:10.1371/journal.pone.0164440 October 26, 2016 12/24
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Fig 8. Male potential courtship behaviour. Multiple rolling behaviour by a large male R. typus displayed with the
fishing vessel and close up of its clasper abrasion recorded in the ASPSP. Credit: Sibele Mendonga®©.

doi:10.1371/journal.pone.0164440.9008

Fig 9. Females showing indications of reproductive activity. R. fypus females showing swollen pelvic region
and bite scar on the pectoral fins, suggestive of mating, recorded in the ASPSP. Credit: Bruno Macena®.

doi:10.1371/journal.pone.0164440.9009
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Only on five occasions were whale sharks observed feeding by the research team; three
times during the day and twice at night. Fishermen also reported several night foraging events
near the boats. Surface vertical and ram-filter feeding behaviours were observed during feeding
activities during both day and night. In several instances, other marine organisms were seen
alongside whale sharks. The most commonly observed were remoras (Remora brachyptera, R.
osteochir, R. remora, Remorina albescens), which were attached to the sharks in large numbers
(up to 23 on one individual), and Chilean devil rays (Mobula tarapacana). Other species
recorded were rainbow runner (Elagatis bipinnulata), almaco jack (Seriola rivoliana), blackjack
(Caranx lugubris), ocean sun-fish (Mola mola), pilot fish (Naucrates ductor), yellowfin tuna
(Thunnus albacares), blackfin tuna (T. atlanticus), silky shark (Carcharhinus falciformis), scal-
loped hammerhead shark (Sphyrna lewini), bentfin devil ray (M. thurstoni), and bottlenose
dolphin (Tursiops truncatus).

Discussion
Frequency of occurrence and relative abundance

Information collected through collaborators (i.e. diving operators, fishers, citizens), and com-
piled in datasets analogous to direct science-based surveys, have been used in scientific research
to increase the capacity of data acquisition or to promote data collection in areas which require
complex logistics [50-52]. Although traditional approaches used in scientific studies involve
rigorous standardized techniques based on tested and approved methods [53], such parallel
databases have intrinsic limitations (i.e. biases) that prevent their use for direct inferences for
abundance, biomass and density of shark populations [53,54]. Scientific survey data combined
with citizen-science data, however, have been successfully used to identify seasonal frequency
of occurrence and population structure and dynamics of whale sharks in Australia
[14,16,51,55]. Nevertheless, in order to use an analogous dataset in a reliable manner, an inde-
pendent in situ validation is necessary [52]. In the present case, the reliability of the COMP FO
% from the collation of the SURV dataset was successfully verified.

Logistic difficulties can affect the development of research programs at remote and inhospi-
table islands such as ASPSP. Since previous research [25] and records from fishermen had
already indicated that whale shark FO% in the area was much higher during the first six
months of the year, from 2009 on the major part of the research effort was carried out during
this period to facilitate the deployment of satellite tags and the collection of tissue samples.

Seasonality

Whale sharks are widely distributed in the Atlantic Ocean, occurringin Central America
(Caribbean Sea and Gulf of Mexico (GOM) [56]), Northwest Atlantic [57]; Northeast Atlantic
[12], Equatorial Atlantic [25], Southeast Atlantic [58] and Southwest Atlantic ([22]; BCLM,
unpub. data). In all these locations, the whale sharks appear to show distinct spatio-temporal
distributions. Strategically located in the middle of the Atlantic Ocean, the ASPSP may play an
important role in the transoceanic cycle of the whale shark in the Atlantic, as suggested by a
satellite-tagged female that moved from the GOM towards the mid-Atlantic Ridge, with the tag
popping-oft near ASPSP [56] (Fig 1). However, other evidence of connectivity between Atlan-
tic Ocean locations, from satellite tracking or photo-identification, have so far only been found
in Central America [56].

In the Galapagos, of 82 individual whale sharks photo-identified, only 12 sharks were re-
sighted within a 7-day period, and only one shark was re-sighted between years [36]. The same
authors found no matches when searching for intra and inter-annual re-sightings in the “Wild-
book for Whale Sharks”. These results are quite dissimilar from the coastal aggregations where
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the re-sighting rates are high, with intra and inter-annual matches detected and residence time
varying from 11 to 180 days [37,48,56,59].

Our photo-identification analysis detected only two re-sightings with a short period of time
between the encounters. Given the lack of re-sightings it was not possible to apply demographic
models, thus preventing any inference regarding population size, residency time or fidelity.
The absence of long-term re-sightings in the area may be explained by (1) the reduced photo-
ID sample size, if the whale sharks do return to the archipelago but were not re-sighted or (2)
absence of return on a long term basis. The short residence time (~2 days), strong intra-sea-
sonal abundance and high turnover rate of Galapagos whale sharks [36] helped to define the
assumptions of the SPUE filtering technique used here to avoid duplicates, considering the
similarities between the Galapagos and ASPSP habitats. To explain the trends of occurrence of
whale sharks, it is necessary to understand the dynamics of oceanographic, atmospheric and
biological phenomena in the area.

Aratjo and Cintra [60] used hypothetical models of particle dispersion to predict larval
plankton retention/recruitment, and ocean circulation to identify potential increases in pri-
mary productivity in the ASPSP. The authors estimated a higher probability of larval reten-
tion/recruitment in February (SEC with lowest zonal speed), whereas in June (SEC with
highest zonal speed), the inverse was observed. The ocean circulation models indicated small
areas of potential submerged topographic upwelling at the east side of the ASPSP, between
100-150 m depth. The latter conclusion is probably a consequence of the strengthening of the
EUC, as a result of the interaction between this subsurface current and the rough bottom relief
of the ASPSP area [39,61]. Nevertheless, no large-scale upwellings have yet been described in
the ASPSP area [62,63]. A small scale, seasonal sea-water enrichment, however, is observed
during the rainy season (February to May); when the increased precipitation caused by the
ITCZ results in a runoff of nutrients from excretion of the abundant marine birds that congre-
gate at the ASPSP (BCLM, pers. obs.).

Opportunistic feeding ground hypothesis

The whale shark swims independently of the ocean currents [7]; but ocean currents may pro-
vide clues on potential feeding opportunities, therefore influencing the movement of fishes
[5,6,64,65]. The filter-feeding whale shark feeds mainly on invertebrate and/or fish spawn and
larvae, squid and schooling fishes (reviewed in [2]). They aggregate to feed in specific seasons
and locales where oceanographic (i.e. upwelling) or biological (i.e. fish or invertebrate spawn-
ing) phenomena occur [13,15,17,66]. In the Coral Sea, during the lantern fish spawning period,
whale sharks associate with tuna to forage [67]. The association of whale sharks with tuna is
observed elsewhere [9,12,44,68], and they may commonly forage on the same prey.

Yellowfin tuna and wahoo (the two main species fished in the ASPSP) were also the most
abundant species caught during the first six months of the year [33]. Both species, as well as
other fishes and sharks, prey on flying fish [28,29], the third most important fishery resource
in the ASPSP [33]. In ASPSP, records of whale shark feeding behaviours (description in
[15,18,69] are rare, but observed on some occasions. Fishermen from ASPSP reported several
foraging events in which whale sharks preyed on flying fish during the night (or their eggs and
larvae), but no large feeding aggregation was observed. Therefore, despite the lack of large for-
aging events recorded in ASPSP, the largest concentration of planktonic organisms observed in
the first six months of the year coincides with the highest abundance of whale sharks. Whale
sharks may therefore use of the ASPSP area as a feeding station during their oceanic migration.

The timing of whale shark sightings in ASPSP coincides with the period of lowest current
speed, highest SST and lowest CHL values. The later may suggest a potential lagged response
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between whale shark presence and CHL, as observed in the Azores [12] and India [8], since
they actively prey on zooplankton and small planktivorous fishes. Although the strengthened
oceanic currents from June to August probably increase the levels of CHL due to higher nutri-
ent contents in the water resulting from submerged upwellings in response to the rough topog-
raphy, they would also tend to carry zooplankton organisms away from the archipelago. On
the other hand, the CHL increase from November to February may be responsible for the bio-
logical enrichment of the waters around ASPSP from February to May, as the ocean currents
are weakening and the larval retention/ recruitment is higher during this period.

The ASPSP offers optimal conditions for reproduction, spawning, larval development and
feeding of invertebrates and fishes [31]. Water temperature is known to induce fish reproduc-
tion/spawning events [70-72]. Fish reproduction studies conducted in ASPSP have indicated
spawning periods of several species mainly between January and June [30,73-76]. The abun-
dant sally lightfoot crab (Grapsus grapsus) reproduces in ASPSP during the whole year, but
largest abundances of ovigerous females were observed from December to May [77]. The zoo-
plankton near ASPSP was dominated by copepods followed by brachyuran crab larvae (zoea),
with higher density during the night and in warmer months [78,79]. Additionally, the most
abundant fish larvae in ASPSP were the flying fishes (Exocetidae), halfbeaks (Hemiramphidae)
and lantern fishes (Myctophidae) with the highest abundances increasing with distance from
the archipelago [30,31]. This could explain why whale shark foraging events were not seen with
greater frequency during the day and closer to the ASPSP, where the majority of the surveys
were carried out.

Demographic structure

Sexual and ontogenetic segregation is common in shark species [80,81], including whale sharks
[2]. Most coastal whale shark aggregations are composed predominantly of immature males, at
sites such as Western Australia [14,55], Djibouti [82], Seychelles [5], Philippines [83], Maldives
[21], Belize [19], Honduras [59] and Mexico [17,37,44]. While both large (>9 m), and female,
whale sharks are seen less frequently in these aggregations, they are commonly observed at oce-
anic sites such as in in the Azores [12], at Saint Helena [38], at Baja California Sur [18,37], at
the Galapagos Islands [36], and as we show here at the ASPSP. In Baja California and the Gala-
pagos, a great number of adult females were observed, including potentially gravid ones, as
inferred by their distended pelvic region. Nevertheless, the only confirmed pregnant female
recorded to date was caught in Taiwan [84]. The size of ASPSP whale sharks ranged from 2.5
m to 14.0 m (mean = 8.27 m) with roughly equal numbers of immature and mature animals,
indicating an absence of ontogenetic segregation. This type of structure is uncommon world-
wide, as most other sites show primarily immature or mature animals, but not both. Similar
size distributions have been observed in Taiwan and India, with whale sharks spanning from
1.0 to 13.0 m (mean = 4.6 m) [85] and from 3.1 m to 14.5 m (mean = ~7.0 m) [86], respectively,
but in both locations the number of immature animals was considerably greater than that seen
at ASPSP.

In the Galapagos, the whale sharks have been found to span from 4.0 to 13.1 m with large
females dominating (91.5%), and the mean size of immature (5.33 m) and mature (11.35 m)
[36], close to that observed at ASPSP. Similarities between the Galapagos and ASPSP are signif-
icant, as both are isolated oceanic environments located in the equatorial region. Given the
similarity of the habitat, it is perhaps not surprising they have a similar population structure
composed of transient adult females with a high incidence of pregnancy. In St. Helena, prelimi-
nary results show an equal mix of mature male and females with sizes varying from 8.5 to 11.0
m in length. Additionally, the authors suggest evidence of mating behaviour in the area based
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on two anecdotal records [38]. Given the information on demographic structure of whale
sharks in pelagic environments, oceanic habitats appear to have important roles in the repro-
ductive cycle of whale sharks.

The age at sexual maturity of a given species is a critical factor in evaluating the dynamics of
its population, particularly for endangered or vulnerable species, and for those with slow matu-
ration rates [34,87]. In Western Australia, Norman and Stevens [55], indicated that ~10% of
male whale sharks less than 8.0 m were mature, based on clasper morphology, while 50% and
95% were adult at 8.1 m and 9.1 m, respectively. About 50% of male whale sharks from South
Africa and Mozambique (also Indian Ocean sites) were mature at 9.1 m [88]. In the Mexican
Caribbean (Atlantic Ocean), 50% and 95% of the males were mature at 7.0 m and 8.1 m,
respectively, based on clasper morphology [44]. Female sharks commonly reach maturity at
larger sizes than males. Whale shark females smaller than 9.0 m dissected in India [89,90] and
South Africa [91] were all immature, while the smallest mature female observed in Taiwan was
9.6 m [92]. Geographic differences in size at maturity have been observed in other shark species
[93-95] and may also occur for whale sharks given the information above.

Size estimates of whale sharks, using surface reference or underwater visual observation, tend
to have an error of + 0.5 m [14,19,48], particularly if the sharks are >8.0 m [36,96]. Visual mea-
surements of whale sharks compared with laser photogrammetry resulted in calculated errors of
¢.+0.70 m and less than one meter, in Mozambique [97] and Galapagos [36], respectively, of
visual estimations. In Western Australia, the visual estimate error was calculated between 0.75
and 1.49 m compared with stereo-video camera [96]. The studies compared above had a ten-
dency to underestimate the visual measurements of the sharks compared to the more reliable
measurements techniques. Considering these errors of visual estimation, the bias of £0.5 and
+1.0 m used to validate our visual measurements seemed reasonable, thus the SURV Lt data was
used to perform demographic analysis. Given the differing estimates of whale shark size at matu-
rity noted in the literature, and the potential for 0.5 to 1.0 m error in size estimation, we chose to
exclude the 8.0-9.0 m transitional size category from the demographic analysis.

Reproductive ground hypothesis

Despite the absence of a statistically significant difference in monthly mean sizes of whale
sharks at the ASPSP, a slight increase between February and April is noticeable and may sug-
gest that the largest specimens are arriving in the area during the peak period of abundance.
Movement of satellite-tracked whale sharks from the Gulf of Mexico revealed thata 7.5 m
female, with external evidence of possible pregnancy, traveled from Holbox, Mexico, through
the mid-Atlantic Ocean [56]. The tracking started in August and stopped after the tag detached
in January, at a position 543 km southeast from the ASPSP (Fig 1). The location and timing of
tag detachment coincides with the beginning of the warmest period in the equatorial region.
There is evidence for reproductive behavior at the ASPSP in other elasmobranch species as
well. In devil rays (M. thustoni and M. tarapacana) in the ASPSP, reproductive behaviour (fol-
lowing, close swim, and grouping) and anatomical evidence of mating (bite scars in females
and abraded claspers in males) have been seen in captured animals and by underwater record-
ings between March and June in ASPSP (BCLM, pers. obs.). Additionally, one early pregnant
M. thurstoni [98] and a mid-term pregnant scalloped hammerhead shark (BCLM, pers. obs.)
were captured in March and April, respectively, indicating the use of ASPSP as part of the
reproductive cycle for some elasmobranch species in the first six months of the year. Whale
sharks of 8.0 to 9.0 m, that are completing their maturation and moving into their reproductive
lifespan, may be making use of the warmer waters of the equatorial Atlantic and of the higher
food abundance in the ASPSP, compared to the oligotrophic open ocean surrounding it.
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The mean sizes of both male and female whale sharks seen at the ASPSP were close to that
of mature animals. In April 2010, a solitary male was seen performing what appeared to be a
mating behavior, swimming very close to the boat, rolling longitudinally and curving the body
ventrally three times within a 10 min interval. This male showed abrasion of the claspers (Fig
8) indicating mating activity may have occurred recently [55]. In Seychelles, a 9.5 m whale
shark was videoed performing exactly the same behaviour in relation to the research boat (D.
Rowat, pers. comm.) Martin [99] noted putative courtship behaviours of following and parallel
swimming performed by whale sharks in Western Australia. Many reproductive behaviours of
elasmobranchs have been already described [100] but the longitudinal rolling observed in
ASPSP and Seychelles appears to be a new behavior.

The lack of neonates and/or large females in coastal aggregations suggests that mating/pup-
ping areas of whale sharks are likely to be located far from the coastal environment. Conversely,
the presence of gravid females in oceanic regions, such as Baja California Sur [18,37] and Gala-
pagos Islands [36], St Helena [38] and now the ASPSP, and the concurrent occurrence of small
juveniles in areas from major ocean basins such as Indian (Djibouti [82]; India, Pakistan, Ban-
gladesh and Seychelles [101]); Indo-Pacific (Philippines [102]; Taiwan [103]); Pacific (open
ocean [104]) and Atlantic (equatorial open ocean [104,105]; ASPSP ([25]; present study), pro-
vides clues to where reproductive activity may occur worldwide.

These data seem to support the hypothesis that whale shark mating and/or parturition
might occur in the deep ocean [46,56,82,99], and oceanic features (i.e. seamounts and islands)
like ASPSP may offer suitable conditions for the development of part of the reproductive cycle
of this species. Despite the lack of additional indicators of reproductive activity of whale sharks
in ASPSP, due to the difficulty of direct in situ observation, the evidence from the animals pre-
sented here raises the possibility that whale sharks use the ASPSP for reproductive purposes.
The suspected gravid females plus the young whale sharks observed in ASPSP, combined with
recorded neonates in the equatorial Atlantic Ocean ([104,105]; Fig 1), suggest that the sur-
rounding areas of ASPSP could be also used as pupping ground. Additional evidence and/or
the development of new techniques that allow the identification of sexual maturity of free
swimming sharks are needed to better understand the reproductive ecology of whale sharks
and the role of this remote archipelago. The use of satellite tags at ASPSP may help to elucidate
the migration patterns of young sharks and potential pregnant females in the Atlantic Ocean.

Conclusions

The majority of the studies on whale sharks have been carried out on coastal feeding aggrega-
tions, with few studies developed so far in deep-water oceanic regions. Information on where
whale sharks reproduce (i.e. mating and pupping areas) is crucial to the development of appro-
priate conservation measures at regional and international levels. The present study provides
information on the ecology and biology of whale sharks visiting an isolated oceanic habitat
located in the middle of the equatorial Atlantic Ocean, the ASPSP. The seasonality of occur-
rence is likely related to the oceanographic and biological features of the area, suggesting that
whale sharks could be using the ASPSP to opportunistically feed during their transoceanic
migration. The demographic structure of the ASPSP aggregation is quite different from most
other aggregations, with a lack of size segregation resulting in individuals ranging from small
juveniles to large adults. Juvenile and adult whale sharks may be using the archipelago with dif-
ferent purposes. Reproductive indicators suggest that the archipelago could serve as a mating
and/or pupping ground, although more information is needed to test these hypotheses.
Regardless of its role, the ASPSP insular habitat is important from an ecological point of view
and represents a unique opportunity to gather relevant information on this iconic species.

PLOS ONE | DOI:10.1371/journal.pone.0164440 October 26, 2016 18/24



@° PLOS | ONE

Whale Shark Presence at the Archipelago of Sdo Pedro and S&o Paulo, Brazil

Supporting Information

S1 Table. Summary of TukeyHSD test results from the comparisons environmental vari-
ables per month. Output from TukeyHSD test of monthly comparison of sea surface tempera-
ture (SST) and chlorophyll a concentration (CHL). Bold values indicate no significant
difference (p > 0.05).

(DOCX)

Author Contributions

Conceptualization: BCLM FHVH.

Data curation: BCLM.

Formal analysis: BCLM.

Funding acquisition: FHVH BCLM.

Investigation: BCLM.

Methodology: BCLM FHVH.

Project administration: FHVH BCLM.

Resources: FHVH BCLM.

Software: BCLM.

Supervision: BCLM FHVH.

Validation: BCLM FHVH.

Visualization: BCLM.

Writing - original draft: BCLM.

Writing - review & editing: BCLM FHVH.

References

1.

Compagno LGV. Sharks of the world. An annotated and illustrated catalogue of shark species known
to date. Volume 2. Bullhead, mackerel and carpet sharks (Heterodontiformes, Lamniformes and
Orectolobiformes). FAO Species Catalogue for Fishery Purposes, Rome, FAO. 2001.

Rowat D, Brooks KS. A review of the biology, fisheries and conservation of the whale shark Rhinco-
don typus. J Fish Biol. 2012; 80, 1019-1056. doi: 10.1111/j.1095-8649.2012.03252.x PMID:
22497372

Taylor JG, Pearce AF. Ningaloo Reef currents: implications for coral spawn dispersal, zooplankton
and whale shark abundance. J R Soc West Aust. 1999; 82: 57-65.

Eckert SA, Stewart BS. Telemetry and satellite tracking of whale sharks, Rhincodon typus, in the Sea
of Cortez, Mexico, and the North Pacific Ocean. Env Biol Fish. 2001; 60(1-3): 299-308. doi: 10.
1007/978-94-017-3245-1_17

Rowat D, Gore M. Regional scale horizontal and local scale vertical movements of whale sharks in
the Indian Ocean off Seychelles. Fish Res. 2007; 84: 32—40. doi: 10.1016/j.fishres.2006.11.009

Hsu HH, Joung SJ, Liao YY, Liu KM. Satellite tracking of young whale shark, Rhincodon typus, in the
Northwestern Pacific. Fish Res. 2007; 84: 25-31. doi: 10.1016/j.fishres.2006.11.030

Sleeman JC, Meekan MG, Wilson SG, Polovina JJ, Stevens JD, Boggs GS, et al. To go or not to go
with the flow: Environmental influences on whale shark movement patterns. J Exp Mar Biol Ecol.
2010; 390(2): 84—98. doi: 10.1016/j.jembe.2010.05.009

Kumari B, Raman M. Whale shark habitat assessments in the northeastern Arabian Sea using satel-
lite remote sensing. Int J Remote Sens. 2010; 31: 379-389 doi: 10.1080/01431160902893444

PLOS ONE | DOI:10.1371/journal.pone.0164440 October 26, 2016 19/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0164440.s001
http://dx.doi.org/10.1111/j.1095-8649.2012.03252.x
http://www.ncbi.nlm.nih.gov/pubmed/22497372
http://dx.doi.org/10.1007/978-94-017-3245-1_17
http://dx.doi.org/10.1007/978-94-017-3245-1_17
http://dx.doi.org/10.1016/j.fishres.2006.11.009
http://dx.doi.org/10.1016/j.fishres.2006.11.030
http://dx.doi.org/10.1016/j.jembe.2010.05.009
http://dx.doi.org/10.1080/01431160902893444

@° PLOS | ONE

Whale Shark Presence at the Archipelago of Sdo Pedro and S&o Paulo, Brazil

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Sequeira AMM, Mellin C, Bradshaw CJA, Rowat D, Meekan MG. Ocean-scale predictions of whale
shark distribution. Divers Distrib. 2011; 18: 504—518. doi: 10.1111/j.1472- 4642.2011.00853.x

Sequeira AMM, Mellin C, Delean S, Meekan MG, Bradshaw CJA. Spatial and temporal predictions of
inter-decadal trends in Indian Ocean whale sharks. Mar Ecol Prog Ser. 2013; 478: 185—-195. doi: 10.
3354/meps10166

Rohner CA, Pierce SJ, Marshall AD, Weeks SJ, Bennett MB, Richardson AJ. Trends in sightings and
environmental influences on a coastal aggregation of manta rays and whale sharks. Mar Ecol Prog
Ser. 2013; 482:153-168. doi: 10.3354/meps10290

Afonso P, Mcginty N, Machete M. Dynamics of whale shark occurrence at their fringe oceanic habitat.
PLoS ONE. 2014; 9(7): e102060. doi: 10.1371/journal.pone.0102060 PMID: 25028929

Heyman WD, Graham RT, Kjerfve B, Johannes RE. Whale sharks Rhincodon typus aggregate to
feed on fish spawn in Belize. Mar Ecol Prog Ser. 2001; 215: 275-282. doi: 10.3354/meps215275

Meekan MG, Bradshaw CJA, Press M, Mclean C, Richards A, Quasnichka S, et al. Population size
and structure of whale sharks Rhincodon typus at Ningaloo Reef, Western Australia. Mar Ecol Prog
Ser. 2006; 319: 275-285. doi: 10.3354/meps319275

Nelson JD, Eckert SA. Foraging ecology of whale sharks (Rhincodon typus) within Bahia de los Ange-
les, Baja California Norte, Mexico. Fish Res. 2007; 84:47—64. doi: 10.1016/].fishres.2006.11.013

Holmberg J, Norman B, Arzoumanian Z. Robust, comparable population metrics through collabora-
tive photo monitoring of whale sharks Rhincodon typus. Ecol Appl. 2008; 18: 222—233. doi: 10.1890/
07-0315.1 PMID: 18372568

de la Parra Venegas R, Hueter R, Gonzalez Cano J, Tyminski J, Gregorio Remolina J, Maslanka M,
et al. An unprecedented aggregation of whale sharks, Rhincodon typus, in Mexican coastal waters of
the Caribbean Sea. PLoS ONE. 2011; 6(4): €18994. doi: 10.1371/journal.pone.0018994 PMID:
21559508

Ketchum JT, Galvan-Magana J, Klimley AP. Segregation and foraging ecology of whale sharks, Rhin-
codon typus, in the southwestern Gulf of California. Environ Biol Fish. 2013; 96(6): 779—795. doi: 10.
1007/s10641-012-0071-9

Graham RT, Roberts CM. Assessing the size and structure of a seasonal population of whale sharks
(Rhincodon typus Smith 1828) using conventional tagging and photo identification. Fish Res. 2007;
84:71-80. doi: 10.1016/j.fishres.2006.11.026

Rowat D, Speed CW, Meekan MG, Gore MA, Bradshaw CJA. Population abundance and apparent
survival of the vulnerable whale shark Rhincodon typus in the Seychelles aggregation. Oryx. 2009;
43:591-598. doi: 10.1017/s0030605309990408

Riley MJ, Hale MS, Harman A, Rees RG. Analysis of whale shark Rhincodon typus aggregations
near South Ari Atoll, Maldives Archipelago. Aquat Biol. 2010; 8: 145—150. doi: 10.3354/ab00215

Soto JMR, Nisa-Castro-Neto W. Sobre a presenca do tubaréo-baleia Rhincodon typus Smith, 1829
(Chondrichthyes, Rhincodontidae) na costa brasileira. Biociéncias. 2000; 8(2): 137-152.

Pinheiro HT, Camilato V, Gasparini JL, Joyeux JC. New records of fishes for Trindade-Martin Vaz
oceanic insular complex, Brazil Zootaxa. 2009; 2298: 10.

Gadig OBF, Rosa RS. Rhincodon typus. In: Machado ABM; Drummond GM; Paglia AP, editors. Livro
Vermelho da Fauna Brasileira Ameacada de Extingao (Série Biodiversidade), v. . Fundagao Biodi-
versitas, Belo Horizonte. 2008; pp. 31-33.

Hazin FHV, Vaske-Junior T, Oliveira PG, Macena BCL, Carvalho F. Occurrences of whale shark
(Rhincodon typus Smith, 1828) in the Saint Peter and Saint Paul Archipelago, Brazil. Braz J Biol.
2008; 68(2): 385—389. doi: 10.1590/51519-69842008000200021 PMID: 18660968

Morato T, Hoyle SD, Allain V, Nicol SJ. Seamounts are hotspots of pelagic biodiversity in the open
ocean. Proc Natl Acad Sci USA. 2010; 107: 9707-9711. doi: 10.1073/pnas.0910290107 PMID:
20448197

Fréon P, Dagorn L. Review of fish associative behaviour: toward a generalisation of the meeting point
hypothesis. Rev Fish Biol Fish. 2000; 10(2):183-207.

Vaske-Jr T, Vooren CM, Lessa RP. Feeding strategy of yellowfin tuna ( Thunnus albacares) and
wahoo (Acanthocybium solandri) in the Saint Peter and Saint Paul Archipelago. B. Int. Pesca. 2003;
29(1):173-181.

Vaske-Jr T, Hazin FHV, Lessa RP. Pesca e habitos alimentares do peixe-rei, Elagatis bipinnulata

(Quoy & Gaimard, 1825) (Pisces: Carangidae) no Arquipélago de Sao Pedro e Sao Paulo, Brasil.
Arqg. Cién. Mar. 2006; 39: 61-65.

Lessa RP, Mafalda-Jr P, Advincula R, Lucchesi RB, Bezerra-Jr JL, Vaske-Jr T, et al. Distribution and
abundance of ichthyoneuston at seamounts and islands off North-Eastern Brazil. Arch Fish Mar Res.
1999; 47(2/3): 239-252.

PLOS ONE | DOI:10.1371/journal.pone.0164440 October 26, 2016 20/24


http://dx.doi.org/10.1111/j.1472- 4642.2011.00853.x
http://dx.doi.org/10.3354/meps10166
http://dx.doi.org/10.3354/meps10166
http://dx.doi.org/10.3354/meps10290
http://dx.doi.org/10.1371/journal.pone.0102060
http://www.ncbi.nlm.nih.gov/pubmed/25028929
http://dx.doi.org/10.3354/meps215275
http://dx.doi.org/10.3354/meps319275
http://dx.doi.org/10.1016/j.fishres.2006.11.013
http://dx.doi.org/10.1890/07-0315.1
http://dx.doi.org/10.1890/07-0315.1
http://www.ncbi.nlm.nih.gov/pubmed/18372568
http://dx.doi.org/10.1371/journal.pone.0018994
http://www.ncbi.nlm.nih.gov/pubmed/21559508
http://dx.doi.org/10.1007/s10641-012-0071-9
http://dx.doi.org/10.1007/s10641-012-0071-9
http://dx.doi.org/10.1016/j.fishres.2006.11.026
http://dx.doi.org/10.1017/s0030605309990408
http://dx.doi.org/10.3354/ab00215
http://dx.doi.org/10.1590/s1519-69842008000200021
http://www.ncbi.nlm.nih.gov/pubmed/18660968
http://dx.doi.org/10.1073/pnas.0910290107
http://www.ncbi.nlm.nih.gov/pubmed/20448197

@° PLOS | ONE

Whale Shark Presence at the Archipelago of Sdo Pedro and S&o Paulo, Brazil

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

1.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Macedo-Soares LCP, Freire AS, Muelbert J H. Small-scale spatial and temporal variability of larval
fish assemblages at an isolated oceanic island. Mar Ecol Prog Ser. 2012; 444: 207-228. doi: 10.
3354/meps09436

Oliveira G M, Evangelista JEV, Ferreira BP. Consideragdes sobre a biologia e a pesca no Arquipé-
lago dos Penedos S&o Pedro e S&o Paulo. Bol. Téc-Cient CEPENE. 1997; 5(1): 31-52.

Viana DF, Hazin FHV, Andrade H, Nunes DM, Viana DL. Fisheries in the St Peter and St Paul Archi-
pelago: 13 years of monitoring, Brazil. Bol. Inst. Pesca 2015; 41(2): 239-248.

Pierce, S.J. & Norman, B. 2016. Rhincodon typus. The IUCN Red List of Threatened Species 2016:
e.T19488A2365291. Available: http://www.iucnredlist.org/details/19488/0.

Ministério do Meio Ambiente- MMA. Instrugdo Normativa No. 5, de 21 de maio de 2004, anexo . Dia-
rio Oficial da Unido, Brasilia; 2004. Available: http://www.ibama.gov.br/category/40?download=
1266%3A05-2004-.p

Acufia-Marrero D, Jimenez J, Smith F, Doherty PF Jr, Hearn A, Green J, et al. Whale shark (Rhinco-
don typus) seasonal presence, residence time and habitat use at Darwin Island, Galapagos Marine
Reserve. PLoS ONE. 2014; 9(12): e115946. doi: 10.1371/journal.pone.0115946 PMID: 25551553

Ramirez-Macias D, Vazquez-Haikin A, Vazquez-Juarez R. Whale shark Rhincodon typus popula-
tions along the west coast of the Gulf of California and implications for management. Endanger Spe-
cies Res. 2012a; 18:115-128. doi: 10.3354/esr00437

Clingham E, Brown J, Henry L, Beard A, Dove AD. Evidence that St. Helena island is an important
multi-use habitat for whale sharks, Rhincodon typus, with the first description of putative mating in
this species. Peerd Preprints. 2016; 4:e1885v1. doi: 10.7287/peerj.preprints.1885v1

Hekinian R, Juteau T, Gracia E, Udintsev G, Sichler B, Sichel SE. et al. Submersible observations of
Equatorial Atlantic Mantle: The St. Paul Fracture Zone region. Mar Geophysic Res. 2000; 21: 529—
560.

Molinari RL, Garzoli SL, Katz EJ, Harrison DE, Richardson PL, Reverdin G. A synthesis of the First
GARP Global Experiment (FGGE) in the equatorial Atlantic Ocean. Prog Oceanogr. 1986; 16: 91—
112. doi: 10.1016/0079-6611(86)90008-x

Stramma L, Schott F. The mean flow of the tropical Atlantic Ocean. Deep-Sea Res, Part 1. 1999; 46:
279-303. doi: 10.1016/S0967-0645(98)00109-X

Lumpkin R, Garzoli RS. Near-surface circulation in the tropical Atlantic Ocean. Deep-Sea Res .
2005; 52 (3): 495-518, doi: 10.1016/j.dsr.2004.09.001

Schott FA, Stramma L, Fischer J. Transports and pathways of the upper-layer circulation in the west-
ern tropical Atlantic. J. Phys. Oceanogr. 1998; 28: 1904-1928. doi: 10.1175/1520-0485(1998)028%
3C1904:tapotu%3E2.0.co;2

Ramirez-Macias D, Meekan M, De La Parra-Venegas R, Remolina-Suarez F, Trigo-Mendoza M,
Vasquez Suarez R. Patterns in composition, abundance and scarring of whale sharks Rhincodon
typus near Holbox Island, Mexico. J Fish Biol. 2012b; 80:1401-1416. doi: 10.1111/j.1095-8649.
2012.03258.x PMID: 22497390

Colman JG. A review of the biology and ecology of the whale shark. J Fish Biol. 1997; 51: 1219—
1234. doi: 10.1006/jfbi.1997.0526

Speed CW, Meekan MG, Bradshaw CJA. Spot the match- wildlife photo-identification using informa-
tion theory. Front Zool. 2007; 4(2). doi: 10.1186/1742-9994-4-2 PMID: 17227581

van Tienhoven AM, den Hartog JE, Reijns RA, Peddemors VM. A computer-aided program for pat-
tern-matching natural marks on the spotted raggedtooth shark Carcharias taurus (Rafinesque, 1810).
J Appl Ecol. 2007; 44:273-280. doi: 10.1111/.1365-2664.2006.01273.x

Holmberg J, Norman B, Arzoumanian Z. Estimating population size, structure, and residency time for
whale sharks Rhincodon typus through collaborative photo-identification. Endang Species Res.
2009; 7: 39-53. doi: 10.3354/esr00186

R Development Core Team. R: A language and environment for statistical computing. In: R Founda-
tion for Statistical Computing; 2015. ISBN 3-900051-07-0. Available: www.Rproject.org.

Ward-Paige CA, Lotze HK. Assessing the value of recreational divers for censusing elasmobranchs.
PLoS ONE 2011; 6: €25609. doi: 10.1371/journal.pone.0025609 PMID: 22016771

Davies TK, Stevens G, Meekan MG, Struve J, Rowcliffe JM. Can citizen science monitor whale-shark
aggregations? Investigating bias in mark—recapture modelling using identification photographs
sourced from the public. Wildl Resch 2012; 39: 696—704. doi: 10.1071/wr12092

Vianna GMS, Meekan MG, Bornovski TH, Meeuwig JJ Acoustic telemetry validates a citizen science
approach for monitoring sharks on coral reefs. PLoS ONE. 2014; 9(4): €95565. doi: 10.1371/journal.
pone.0095565 PMID: 24760081

PLOS ONE | DOI:10.1371/journal.pone.0164440 October 26, 2016 21/24


http://dx.doi.org/10.3354/meps09436
http://dx.doi.org/10.3354/meps09436
http://www.iucnredlist.org/details/19488/0
http://www.ibama.gov.br/category/40?download=1266%3A05-2004-.p
http://www.ibama.gov.br/category/40?download=1266%3A05-2004-.p
http://dx.doi.org/10.1371/journal.pone.0115946
http://www.ncbi.nlm.nih.gov/pubmed/25551553
http://dx.doi.org/10.3354/esr00437
http://dx.doi.org/10.7287/peerj.preprints.1885v1
http://dx.doi.org/10.1016/0079-6611(86)90008-x
http://dx.doi.org/10.1016/S0967-0645(98)00109-X
http://dx.doi.org/10.1016/j.dsr.2004.09.001
http://dx.doi.org/10.1175/1520-0485(1998)028%3C1904:tapotu%3E2.0.co;2
http://dx.doi.org/10.1175/1520-0485(1998)028%3C1904:tapotu%3E2.0.co;2
http://dx.doi.org/10.1111/j.1095-8649.2012.03258.x
http://dx.doi.org/10.1111/j.1095-8649.2012.03258.x
http://www.ncbi.nlm.nih.gov/pubmed/22497390
http://dx.doi.org/10.1006/jfbi.1997.0526
http://dx.doi.org/10.1186/1742-9994-4-2
http://www.ncbi.nlm.nih.gov/pubmed/17227581
http://dx.doi.org/10.1111/j.1365-2664.2006.01273.x
http://dx.doi.org/10.3354/esr00186
http://www.Rproject.org
http://dx.doi.org/10.1371/journal.pone.0025609
http://www.ncbi.nlm.nih.gov/pubmed/22016771
http://dx.doi.org/10.1071/wr12092
http://dx.doi.org/10.1371/journal.pone.0095565
http://dx.doi.org/10.1371/journal.pone.0095565
http://www.ncbi.nlm.nih.gov/pubmed/24760081

@° PLOS | ONE

Whale Shark Presence at the Archipelago of Sdo Pedro and S&o Paulo, Brazil

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Macneil M, Graham N, Conroy M, Fonnesbeck C, Polunin N, Rushton SP, et al. Detection heteroge-
neity in underwater visual-census data. J Fish Biol. 2008; 73: 1748-1763. doi: 10.1111/j.1095-8649.
2008.02067.x

Ward-Paige C, Flemming JM, Lotze HK. Overestimating fish counts by non-instantaneous visual cen-
suses: consequences for population and community descriptions. PLoS ONE 2010; 5: e11722. doi:
10.1371/journal.pone.0011722 PMID: 20661304

Norman BM, Stevens J. Size and maturity status of the whale shark (Rhincodon typus) at Ningaloo
Reef in Western Australia. Fish Res. 2007; 84: 81-86. doi: 10.1016/].fishres.2006.11.015

Hueter RE, Tyminski JP, de la Parra Venegas R. Horizontal movements, migration patterns, and pop-
ulation structure of whale sharks in the Gulf of Mexico and northwestern Caribbean Sea. PLoS ONE.
2013; 8(8): €71883. doi: 10.1371/journal.pone.0071883 PMID: 23991000

Turnbull S D, Randell J E. Rare occurrence of a Rhincodon typus (Whale shark) in the Bay of Fundy,
Canada. Northeastern Naturalist. 2006, 13(1), 57-58. doi: 10.1656/1092-6194(2006)13[57:rooart2.
0.co;2

Sequeira AMM, Mellin C, Floch L, Williams PG, Bradshaw CJA. Inter-ocean asynchrony in whale
shark occurrence patterns. J Exp Mar Biol Ecol. 2014; 450: 21-29. doi: 10.1016/j.jembe.2013.10.019

Fox S, Foisy |, de la Parra Venegas R, Galvan Pastoriza BE, Graham RT, Hoffmayer E R, et al. Popu-
lation structure and residency of whale sharks Rhincodon typus at Utila, Bay Islands, Honduras. J
Fish Biol. 2013; 83: 574-587. doi: 10.1111/jfb.12195 PMID: 23991875

Araujo M, Cintra M. Modelagem matematica da circulagédo oceénica na regido equatorial. In: Viana D,
Hazin FHV, Carvalho CE, editors. O Arquipélago de S&o Pedro e Sdo Paulo: 10 anos de estagéo
cientifica. SECIRM, Brasilia. 2009; pp 106-113.

Hekinian R. Petrology of the Ocean Floor. Elsevier, New York. 1982.

Travassos P, Hazin FHV, Schober J, Zagaglia JR, Advincula R. Thermohaline structure around sea-
mounts and islands of northeast Brazil. Arch Fish Mar Res. 1999; 47(2/3):.211-222.

von Bréckel K, Meyerhéfer M. Impact of the Rocks of Sao Pedro and Sao Paulo upon the quantity
and quality of suspended particulate organic matter. Arch Fish Mar Res. 1999; 47(2-3): 223-238.

Carey FG, Scharold JV. Movements of blue sharks (Prionace glauca) in depth and course. Mar Biol.
1990; 106: 329-342. doi: 10.1007/bf01344309

Gunn JS, Stevens JD, Davis TLO, Norman BD. Observations on the short term movements and
behaviour of whale sharks (Rhincodon typus) at Ningaloo Reef, Western Australia. Mar Biol. 1999;
135:553-559. doi: 10.1007/s002270050656

Wilson SG, Taylor JG, Pearce AF. The seasonal aggregation of whale sharks at Ningaloo Reef,
Western Australia: currents, migrations and the El Nifio/Southern Oscillation. Environmental Biology
of Fishes. 2001, 61:1-11.

Gunn JS, Whitelaw AW, Davis TLO, Bailey K, ltano DG. Tuna tagging in the Coral Sea. Austr Fish.
1992; 51:22-24.

Matsunaga H, Nakano H, Okamoto H, Suzuki Z. Whale shark migration observed by pelagic tuna fish-
ery near Japan. 16th Meeting of the Standing Committee on tuna and billfish (ed. J. Fisheries
Research Agency), Nat Res Inst Far Sea Fish, Shizuoka, 2003; 12: 1-7.

Taylor JG. Ram filter-feeding and nocturnal feeding of whale sharks (Rhincodon typus) at Ningaloo
Reef, Western Australia. Fish Res. 2007; 84:65-70. doi: 10.1016/j.fishres.2006.11.014

Sims DW, Wearmouth VJ, Genner MJ, Southward AJ, Hawkins SJ. Low-temperature-driven early
spawning migration of a temperate marine fish. J Ani Ecol. 2004; 73: 333-341. doi: 10.1111/j.0021-
8790.2004.00810.x

Genner M J; Halliday N C; Simpson S D.; Southward A J; Hawkins S J;Sims D W. Temperature-driven
phenological changes within a marine larval fish assemblage. J. Plankton Res. 2010; 32(5): 699-
708. doi: 10.1093/plankt/fbp082

Pankhurst NW, Munday PL. Effects of climate change on fish reproduction and early life history
stages. Mar Fresh Res. 2011; 62: 1015-1026. doi: 10.1071/mf10269

Pinheiro P, Hazin FHV, Travassos P, Oliveira PGV, Carvalho F, Régo M. The reproductive biology of
the rainbow runner, Elagatis bipinnulata (Quoy & Gaimard,1825) caught in the Sdo Pedro and Sao
Paulo Archipelago. Braz J Biol. 2011; 71: 99-106. doi: 10.1590/s1519-69842011000100015 PMID:
21437405

Viana DL, Branco ISL, Fernandes CA, Fischer AF, Carvalho F, Travassos P et al. Reproductive biol-
ogy of the wahoo, Acanthocybium solandri (Teleostei: Scombridae) in the Saint Peter and Saint Paul
Archipelago, Brazil. Intl J Plant Ani Sci. 2013; 1: 049-057.

PLOS ONE | DOI:10.1371/journal.pone.0164440 October 26, 2016 22/24


http://dx.doi.org/10.1111/j.1095-8649.2008.02067.x
http://dx.doi.org/10.1111/j.1095-8649.2008.02067.x
http://dx.doi.org/10.1371/journal.pone.0011722
http://www.ncbi.nlm.nih.gov/pubmed/20661304
http://dx.doi.org/10.1016/j.fishres.2006.11.015
http://dx.doi.org/10.1371/journal.pone.0071883
http://www.ncbi.nlm.nih.gov/pubmed/23991000
http://dx.doi.org/10.1656/1092-6194(2006)13[57:rooart2.0.co;2
http://dx.doi.org/10.1656/1092-6194(2006)13[57:rooart2.0.co;2
http://dx.doi.org/10.1016/j.jembe.2013.10.019
http://dx.doi.org/10.1111/jfb.12195
http://www.ncbi.nlm.nih.gov/pubmed/23991875
http://dx.doi.org/10.1007/bf01344309
http://dx.doi.org/10.1007/s002270050656
http://dx.doi.org/10.1016/j.fishres.2006.11.014
http://dx.doi.org/10.1111/j.0021-8790.2004.00810.x
http://dx.doi.org/10.1111/j.0021-8790.2004.00810.x
http://dx.doi.org/10.1093/plankt/fbp082
http://dx.doi.org/10.1071/mf10269
http://dx.doi.org/10.1590/s1519-69842011000100015
http://www.ncbi.nlm.nih.gov/pubmed/21437405

@° PLOS | ONE

Whale Shark Presence at the Archipelago of Sdo Pedro and S&o Paulo, Brazil

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Bezerra NPA, Fernandes CA, Albuquerque FV, Pedrosa V, Hazin FHV, Travassos P. Reproduction
of Blackfin tuna Thunnus atlanticus (Perciformes: Scombridae) in Saint Peter and Saint Paul Archipel-
ago, Equatorial Atlantic, Brazil. Rev Biol Trop. 2013; 61(3): 1327-1339. ISSN 0034-7744. PMID:
24027926

Lira dos Santos A, Coutinho I.M, Viana DL, Rego MG, Branco ISL, Hazin FHV, et al. Reproductive
biology of dolphinfish, Coryphaena hippurus (Actinopterygii: Coryphaenidae), in Saint Peter and
Saint Paul Archipelago, Brazil. Sci Mar. 2014; 78(3): 363—369. doi: 10.3989/scimar.04013.08A

Freire A, Pinheiro M, Karam-Silva H, Teschima M. Biology of Grapsus grapsus (Linnaeus, 1758) (Bra-
chyura, Grapsidae) in the Saint Peter and Saint Paul Archipelago, Equatorial Atlantic Ocean. Helgol
Mar Res. 2011; 65(3). doi: 10.1007/s10152-010-0220-5

Macedo-Soares LCP, Freire AS, Koettker AG, Menezes BS, Fernandez DB, Branddo MC. Zooplanc-
ton. In: Viana DL, Hazin FHV, Carvalho CE, editors. O Arquipélago de S&o Pedro e Sao Paulo: 10
anos de estacéao cientifica. SECIRM, Brasilia; 2009, pp 128-137.

Brandao MC, Koettker AG, Freire AS. Abundance and composition of decapod larvae at Saint Paul's
Rocks (equatorial Atlantic). Mar Ecol. 2013, 34(2): 171-185. doi: 10.1111/j.1439-0485.2012.00531.x

Springer S. Social organisation in shark populations. In: Gilbert PW, Mathewson RF, Rall DP, editors.
Sharks, skates and rays. Johns Hopkins University Press, Baltimore. 1967; pp 149-174.

Mucientes GR, Queiroz N, Sousa LL, Tarroso P, Sims DW. Sexual segregation of pelagic sharks and
the potential threat from fisheries. Biol Let. 2009; 5(2): 156—159. doi: 10.1098/rsbl.2008.0761 PMID:
19324655

Rowat D, Meekan MG, Engelhardt U, Pardigon B, Vely M. Aggregations of juvenile whale sharks
(Rhincodon typus) in the Gulf of Tadjoura, Djibouti. Environ Biol Fish. 2007; 80, p.465-472. doi: 10.
1007/s10641-006-9148-7

Araujo G, Lucey A, Labaja J, So CL, Snow S, Ponzo A. Population structure and residency patterns
of whale sharks, Rhincodon typus, at a provisioning site in Cebu, Philippines. PeerJ. 2014; e543. doi:
10.7717/peerj.543 PMID: 25279256

Joung SJ, Chen CT, Clark E, Uchida S, Huang WYP. The whale shark, Rhincodon typus, is a live-
bearer: 300 embryos found in one megamamma supreme. Environ Biol Fish. 1996; 46: 219-223. doi:
10.1007/BF00004997

Hsu HH, Joung SJ, Liu KM. Fisheries, management and conservation of the whale shark Rhincodon
typusin Taiwan J Fish Biol. 2012; 80: 1595-1607. doi: 10.1111/j.1095-8649.2012.03234.x PMID:
22497399

Pravin P. Whale shark in the Indian coast—need for conservation. Curr Sci. 2000; 79: 310-315.

Bradshaw CJA, Mollet HF, Meekan MG. Inferring population trends for the world’s largest fish from
mark—recapture estimates of survival. J Anim Ecol. 2007; 76:480-489. doi: 10.1111/j.1365-2656.
2006.01201.x PMID: 17439465

Rohner CA, Richardson AJ, Prebble CEM, Marshall AD, Bennett M. B, Weeks SJ, et al. Laser photo-
grammetry improves size and demographic estimates for whale sharks. Peerd. 2015; 3: e886. http:/
doi.org/10.7717/peerj.886. doi: 10.7717/peerj.886 PMID: 25870776

Pai MV, Nandakumar G, Telang KY. On a whale shark, Rhineodon typus Smith landed at Karwar,
Karnataka. Ind J Fish. 1983; 30: 157-160.

Satyanarayana-Rao K. On the capture of whale sharks off Dakshina Kannada coast. Mar Fish Inf
Serv, Tech Ext Ser. 1986; 66, 22—29.

Beckley LE; Cliff G, Smale MJ, Compagno LJ. Recent strandings and sightings of whale sharks in
South Africa. Environ Biol Fish. 1997: 50: 343-348.

Hsu HH, Joung SJ, Hueter RE, Liu KM. Age and growth of the whale shark (Rhincodon typus) in the
north-western Pacific. Mar Fresh Res. 2014a; 65: 1145-1154. http://dx.doi.org/10.1071/MF13330.

Simpfendorfer CA. Reproductive strategy of the Australian sharpnose shark, Rhizoprionodon taylori
(Elasmobranchii: Carcharhinidae), from Cleveland Bay, northern Queensland. Aust J Mar Fresh Res.
1992; 43: 67-75. doi: 10.1071/mf9920067

Castro JI. Biology of the blacktip shark, Carcharhinus limbatus, off the southeastern United States.
Bulletin of Marine Science. 1996, 59(3):508-522.

Bonfil R. The Biology and Ecology of the Silky Shark, Carcharhinus falciformis. In: Camhi MD, Pikitch
EK, Babcock EA, editors. Sharks of the Open Oceans: Biology, Fisheries and Conservation. Black-
well Publishing. Oxford, UK. 2008.

Sequeira AMM, Thums M, Brooks K, Meekan MG. Error and bias in size estimates of whale sharks:
implications for understanding demography. R. Soc. Open sci. 2016, 3: 150668. doi: 10.1098/rsos.
150668 PMID: 27069656

PLOS ONE | DOI:10.1371/journal.pone.0164440 October 26, 2016 23/24


http://www.ncbi.nlm.nih.gov/pubmed/24027926
http://dx.doi.org/10.3989/scimar.04013.08A
http://dx.doi.org/10.1007/s10152-010-0220-5
http://dx.doi.org/10.1111/j.1439-0485.2012.00531.x
http://dx.doi.org/10.1098/rsbl.2008.0761
http://www.ncbi.nlm.nih.gov/pubmed/19324655
http://dx.doi.org/10.1007/s10641-006-9148-7
http://dx.doi.org/10.1007/s10641-006-9148-7
http://dx.doi.org/10.7717/peerj.543
http://www.ncbi.nlm.nih.gov/pubmed/25279256
http://dx.doi.org/10.1007/BF00004997
http://dx.doi.org/10.1111/j.1095-8649.2012.03234.x
http://www.ncbi.nlm.nih.gov/pubmed/22497399
http://dx.doi.org/10.1111/j.1365-2656.2006.01201.x
http://dx.doi.org/10.1111/j.1365-2656.2006.01201.x
http://www.ncbi.nlm.nih.gov/pubmed/17439465
http://doi.org/10.7717/peerj.886
http://doi.org/10.7717/peerj.886
http://dx.doi.org/10.7717/peerj.886
http://www.ncbi.nlm.nih.gov/pubmed/25870776
http://dx.doi.org/10.1071/MF13330
http://dx.doi.org/10.1071/mf9920067
http://dx.doi.org/10.1098/rsos.150668
http://dx.doi.org/10.1098/rsos.150668
http://www.ncbi.nlm.nih.gov/pubmed/27069656

@° PLOS | ONE

Whale Shark Presence at the Archipelago of Sdo Pedro and S&o Paulo, Brazil

97.

98.

99.

100.

101.

102.

103.

104.

105.

Rohner CA, Richardson AJ, Marshall AD, Weeks SJ, Pierce SJ. How large is the world’s largest fish?
Measuring whale sharks Rhincodon typus with laser photogrammetry. J of Fish Biol. 2011, 78:378—
385. doi: 10.1111/j.1095-8649.2010.02861.x PMID: 21235570

Mendoncga SA, Macena BCL, Creio E, Viana DL, Viana DF, Hazin FHV. Record of a pregnant Mobula
thurstoniand occurrence of Manta birostris (Myliobatiformes: Mobulidae) in the vicinity of Saint Peter
and Saint Paul Archipelago (Equatorial Atlantic). Pan-Am J Aqua Sci. 2012; 7(1): 21-26.

Martin RA. A review of behavioural ecology of whale sharks (Rhincodon typus). Fish Res. 2007; 84:
10-16. doi: 10.1016/j.fishres.2006.11.010

Pratt HL, Carrier JC. A review of elasmobranch reproductive behaviour with a case study in the nurse
shark, Ginglymostoma cirratum. Env Biol Fish. 2001; 60:157—188. doi: 10.1007/978-94-017-3245-1_
11

Rowat D, Gore MA, Baloch BB, Islam Z, Ahmad E, Ali QM, et al. New records of neonatal and juvenile
whale sharks (Rhincodon typus) from the Indian Ocean. Environ Biol Fish. 2008; 82:215-219. doi:
10.1007/s10641-007-9280-z

Aca EQ, Schmidt JV. Revised size limit for viability in the wild: neonatal and young of the year whale
sharks identified in the Philippines. Asian Intl J Life Sci. 2011; 20: 361-367.

Hsu HH, Lin CY, Joung SJ. The first record, tagging and release of a neonatal whale shark Rhincodon
typusin Taiwan. J Fish Biol. 2014b; 85: 1753—-1756. doi: 10.1111/jfb.12498 PMID: 25199804

Wolfson FH. Records of seven juveniles of the Whale Shark (Rhincodon typus). J Fish Biol. 1983;
22:647-655. doi: 10.1111/1.1095-8649.1983.tb04224.x

Kukuyev EI. The new finds in recently born individuals of the whale shark Rhiniodon typus (Rhinio-
dontidae) in the Atlantic Ocean. J. Ichthyol. 1996; 36: 203—205.

PLOS ONE | DOI:10.1371/journal.pone.0164440 October 26, 2016 24/24


http://dx.doi.org/10.1111/j.1095-8649.2010.02861.x
http://www.ncbi.nlm.nih.gov/pubmed/21235570
http://dx.doi.org/10.1016/j.fishres.2006.11.010
http://dx.doi.org/10.1007/978-94-017-3245-1_11
http://dx.doi.org/10.1007/978-94-017-3245-1_11
http://dx.doi.org/10.1007/s10641-007-9280-z
http://dx.doi.org/10.1111/jfb.12498
http://www.ncbi.nlm.nih.gov/pubmed/25199804
http://dx.doi.org/10.1111/j.1095-8649.1983.tb04224.x

