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1.  INTRODUCTION 

Site fidelity, an animal’s tendency to return to pre-
viously visited locations, is a common behavior across 
mobile taxa and is key to understanding the move-
ment ecology of a species (Matthiopoulus et al. 2005, 
Pratt et al. 2022). Understanding what drives a spe-

cies’ recurring preference for a particular site and 
identifying areas of high site fidelity is necessary to 
define important habitats for threatened species and 
predict how anthropogenic impacts may alter species 
distributions in the future (Jones et al. 2013, Chap-
man et al. 2015). Many elasmobranchs (sharks and 
rays) are known to exhibit varying degrees of site 
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fidelity (e.g. Chapman et al. 2015, Anderson et al. 
2021, Pratt et al. 2022) that is often seasonal, whereby 
species return to certain areas when environmental 
conditions are more favorable or when resources are 
seasonally available (Schlaff et al. 2014, Doherty et al. 
2017, Logan et al. 2020). 

Movements of elasmobranch species in the tropics 
are not typically influenced by seasonality since tropi-
cal marine systems present generally stable environ-
ments. However, some regions are exposed to sea-
sonally changing conditions associated with upwelling 
systems that could affect the behavior of elasmo-
branchs (Ryan et al. 2017, Eisele et al. 2021). During 
the upwelling season, stronger winds cause nutrient-
rich cold water to rise from the seafloor to the surface, 
creating seasonal patterns that are uncommon in the 
tropics and more similar to temperate systems (O’Dea 
et al. 2012, Alfaro & Cortés 2021). Since tropical up-
welling regions are relatively uncommon and more 
often adjacent to data-poor countries, the effects of 
seasonal upwelling conditions on mobile marine fauna 
in the tropics have not been well studied (Eisele et al. 
2021). In certain tropical areas like Yucatan (Mexican 
Caribbean), the Gulf of Tehuantepec (Mexican Paci-
fic), the Costa Rica Thermal Dome/Gulf of Papagayo 
upwelling system, and the Gulf of Panamá, wind-
driven upwelling may influence the behavior of res-
ident and wide-ranging species (O’Dea et al. 2012, 
Ruiz-Castillo et al. 2016). For example, whale sharks 
Rhincodon typus routinely return to sites in the Yuca-
tán Peninsula, Mexico, when intensified upwelling 
conditions drive seasonal plankton, which in turn is 
closely coupled with mass fish spawning events (Cár-
denas-Palomo et al. 2015). Additionally, the move-
ments of whale sharks in the Eastern Tropical Pacific 
(ETP) have also been shown to be closely coupled to 
seasonal changes in water temperatures and plankton 
availability (Ryan et al. 2017). 

Water temperature changes that occur during up -
welling likely influence the movements and site fidel-
ity of coastal elasmobranchs, as the selection of sites 
with optimal water temperature may be favored to 
better suit their metabolic requirements (Papastama-
tiou et al. 2015, Whitney et al. 2016, Lear et al. 2017). 
Individuals may move to waters that are thermally 
beneficial for foraging during the night and return to 
sites with temperatures beneficial for digestion dur-
ing the day, or vice versa, to maintain optimal physio-
logical benefits (e.g. Matern et al. 2000, Papastama-
tiou et al. 2015, Meese & Lowe 2020). These behaviors 
may also vary between sexes, as females can be more 
thermally selective as a result of their higher energy 
requirements associated with reproductive develop-

ment and gestation (Hight & Lowe 2007, Jirik & Lowe 
2012, Gong et al. 2023). Thermoregulatory movement 
behavior of elasmobranchs in tropical upwelling sys-
tems is of particular importance based on climate 
change scenarios where alterations in upwelling 
intensity may influence movement patterns, distribu-
tions, and overall fitness (Diaz-Carballido et al. 2022, 
Vilmar & Di Santo 2022). 

The north Pacific of Costa Rica is part of the Papa-
gayo upwelling system (Cortés 2016), and there is lim-
ited knowledge of the influence of seasonal up welling 
on the distribution and movements of elasmobranch 
species in this area (Eisele et al. 2021, Madrigal-Mora 
et al. 2024). Pacific nurse sharks Ginglymostoma unami 
are frequently observed in these regions and serve as 
an ideal model species to study the effects of changing 
water temperatures on movement behavior. This spe-
cies is found throughout the coastline from Mexico 
to Peru, inhabiting all 3 upwelling systems of the ETP. 
G. unami is currently listed as Endangered by the In-
ternational Union for the Conservation of Nature’s 
(IUCN) Red List given ongoing population declines in 
some areas, interactions with coastal fisheries, and loss 
of critical habitats (Pollom et al. 2021). Little is known 
about the biology of G. unami, as most research on 
nurse sharks comes mostly from its sister species the 
Atlantic nurse shark Ginglymostoma cirratum in the 
Caribbean (Castro 2000, Carlson et al. 2021). So far, 
only 2 studies have focused exclusively on G. unami: 
the description of the species (Del Moral-Flores et al. 
2015) and a short report of the species’ long-distance 
movements (Madrigal-Mora et al. 2024). However, no 
detailed research on the movement ecology of G. 
unami and the influence of environmental conditions 
has been published prior to this study. 

Populations of G. unami in relatively undisturbed 
conditions still exist; for example, in the Santa Elena 
Bay Marine Management Area (MMA) along the 
North Pacific of Costa Rica where they are not 
directly targeted by fisheries (Villalobos-Rojas et al. 
2014, López-Garro & Zanella 2015, Espinoza et al. 
2022). In addition, the Gulf of Santa Elena, which 
includes Santa Elena Bay, was recently identified as 
an Important Shark and Ray Area (ISRA) by the IUCN 
Shark Specialist Group based on its overall impor-
tance as a critical area for the conservation of a wide 
range of threatened elasmobranch species (Jabado et 
al. 2023). In Santa Elena Bay and the adjacent Gulf of 
Santa Elena, G. unami is exposed to seasonal upwel-
ling from December to April, when water tempera-
tures can decrease to as low as 16°C (Alfaro & Cortés 
2012, Eisele et al. 2021), becoming considerably 
colder than the lowest temperature (25°C) at which G. 
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cirratum have been reported in the Atlantic (Wiley & 
Simpfendorfer 2007, Ferreira et al. 2013). Understand-
ing the influence of these environmental changes on 
G. unami in Santa Elena Bay will be valuable for the 
management and conservation of this species, par-
ticularly in the tropical upwelling systems they 
inhabit (López-Garro & Zanella 2015, Pollom et al. 
2021). 

In this study, we investigated the site fidelity and 
movement of G. unami to Santa Elena Bay, a tropical 
estuarine embayment subjected to seasonal upwel-
ling. Specifically, we (1) quantified the site fidelity of 
G. unami to Santa Elena Bay and whether it varied 
between sexes and different areas of the bay; (2) de -
termined whether the site fidelity of G. unami varies 
throughout the year as a result of changing environ-
mental conditions (wind speed and water tempera-
ture), and (3) determined whether G. unami exhibits 
diel patterns in the use of the bay and whether these 
are affected by changes in water temperature during 
upwelling seasons. 

2.  MATERIALS AND METHODS 

2.1.  Study site 

Santa Elena Bay is a relatively large embayment 
(7.3 km2) located in the Gulf of Santa Elena, north 
Pacific coast of Costa Rica (Fig. 1), comprising a wide 
variety of habitats including mudflats, subtidal sand 

and rocky reef substrata, and mangroves (Cortés 
1996, Espinoza et al. 2022). The bay is relatively shal-
low (<15 m) but can reach up to 30 m depth near the 
mouth and in the center. Santa Elena Bay also func-
tions as a seasonal reverse estuary, where the salinity 
inside the bay can be higher than the surrounding 
waters of the Gulf of Santa Elena (Tisseaux-Navarro 
et al. 2021). There is also yearly seasonality, with a dry 
season (average daily rainfall: 0.2 mm) from Decem -
ber to April characterized by the strengthening of the 
trade winds (average wind speed: 13.2 m s–1) (data 
obtained from Costa Rican National Meteorological 
Institute, IMN). Stronger winds during the dry season 
drive upwelling events that reduce water tempera-
tures from an average of 28° to as low as 16°C and 
draw nutrients to the surface waters, increasing pro-
ductivity (Alfaro & Cortés 2021). The rainy season 
lasts from May to November, when winds decrease 
(median wind speed: 7.5 m s–1) and average daily 
rainfall increases to 32.6 mm (data obtained from 
Costa Rican National Meteorological Institute, IMN). 

In May 2018, Santa Elena Bay was designated an 
MMA (Law Decree No. 41171; SINAC 2017), allowing 
for some eco-tourism, sport angling, snorkeling, and 
diving. More intensive fishing methods, including 
trawling, longline, and gillnet, are prohibited (SINAC 
2017). This is beneficial for threatened species includ-
ing elasmobranchs and sea turtles that may be captured 
as by-catch by artisanal fisheries operating along the 
Pacific coast of Costa Rica (Villalobos-Rojas et al. 2014, 
López-Garro & Zanella 2015, Clarke et al. 2016). 

2.2.  Shark tagging 

Scientific bottom longline surveys 
were conducted in various sites of 
Santa Elena Bay to capture and tag 
Ginglymostoma unami. Longlines 
(~1 km long) were deployed with 19–
54 hooks of sizes 13-0 and 14-0 and 
then soaked for ~1 h. Hooked sharks 
were brought to the side of the boat 
to be sexed, measured, and fitted with 
Innovasea V16 coded acoustic trans-
mitters (16 mm diameter, 98 mm 
length, 69 kHz, power output: 150–
162 dB, 100–300 s pulse interval, 
10 yr battery life). Transmitters were 
surgically implanted into the perito-
neal cavity through a small incision 
(~2 cm) along the abdomen, and 
wounds were closed with 2–3 inter-
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Fig. 1. Acoustic receiver locations in Santa Elena Bay Marine Management 
Area (MMA), north Pacific coast of Costa Rica. Receivers monitor 28% of  

Santa Elena Bay MMA

A
ut

ho
r c

op
y



Mar Ecol Prog Ser 750: 89–104, 2024

rupted PDS sutures. Tagging procedures were per-
formed under and approved by California State Uni-
versity Long Beach Institutional Animal Care and 
Use Committee (IACUC), protocol no. 364. 

2.3.  Acoustic telemetry array 

An array of 6 acoustic telemetry receivers (Innova-
sea VR2W and VR2Tx, 69 kHz) were used to monitor 
the movement and site fidelity of acoustically tagged 
sharks in Santa Elena Bay (Fig. 1). Receivers were 
moored 1–2 m above the sea floor at depths ranging 
from 4–9 m, with OnSet HOBO Water Temperature 
Pro v2 Data Loggers attached to each receiver to re -
cord bottom water temperature with a resolution of 
0.1°C every 30 min. 

To determine if there are spatial differences in hab-
itat use within Santa Elena Bay, we divided the bay 
into 2 zones (outer and inner bay) based on habitat 
composition and abiotic conditions present in each 
area that may provide certain advantages for G. 
unami. In July 2018, 3 of these receivers (ST01, ST02, 
ST04) were deployed in the outer section of the bay, 
and an additional 2 (ST03, ST05) in the inner section 
(hereafter referred to as the outer and inner bay; 
Fig. 1), with a third (ST06) added to the inner bay in 
June 2021. The outer bay (the area closer to the mouth 
of the bay) is characterized by rocky reefs, gravel sub-
stratum, and sandy beaches where shallow waters are 
exposed to direct sun during the day, whereas the 
inner bay is composed mostly of muddy flats and 
mangrove forest. The inner bay tends to have gen-
erally calmer waters, as it is isolated from swells and 
wind action, and is characterized by mangrove forest 
which may provide greater prey availability. 

Acoustic receivers were deployed predominantly 
around the perimeter of some portions of the bay 
where sharks have previously been observed to ag -
gregate (M. Lara pers. comm.). Receivers detected 
50% of transmissions at an average range of 400 m 
(V. Valverde et al. unpubl. data). The outer bay re -
ceivers (ST01, ST02, ST04) covered 12.4% of the area 
of Santa Elena Bay MMA, while the 2 initial inner bay 
receivers (ST03, ST05) covered 11.8%. The addition of 
ST06 increased the coverage of the inner bay receiv-
ers to 16.1% of the bay. Hence, a total of 24.2% of the 
MMA was monitored when all 5 receivers were pre-
sent, and the monitored area increased to 28.5% when 
ST06 was added (Fig. 1). The positions of the receiv-
ers were chosen based on reported observations of 
G. unami by local fishers and divers (ST01, ST05) and 
to monitor Santa Elena Bay MMA as evenly as pos-

sible with the limited equipment available (ST02, 
ST03, ST04, ST06). 

2.4.  Site fidelity of Ginglymostoma unami  
to Santa Elena Bay 

To quantify the site fidelity of G. unami in Santa 
Elena Bay, we used detection data collected from 
January 2019 to December 2022. The presence or 
absence of tagged sharks at each acoustic receiver 
was determined for each day of the monitoring 
period. A tagged shark was considered to be present 
in the bay at any receiver if 2 or more detections were 
recorded on the same day. We calculated the res-
idency index (RI), the total percentage of days when a 
shark was detected, for all of Santa Elena Bay as well 
as independently for the inner and outer zones of the 
bay. Although we calculated RI, the primary purpose 
of this analysis was to quantify site fidelity to each 
area of the bay since these sharks were not expected 
to be permanent residents of the bay (Chapman et al. 
2015). RI is defined as: 

 

To determine the variation among individual 
sharks’ use of Santa Elena Bay, we calculated RI sep-
arately for each tagged shark as well and compared 
overall site fidelity between the inner and outer zones 
of the bay. An analysis of covariance (ANCOVA) was 
used to determine if RI varied between individuals of 
different sexes and total lengths and between the 
zones of the bay. 

2.5.  Yearly changes in use of Santa Elena Bay 

Generalized additive mixed models (GAMMs) 
with a binomial error distribution were used to pre-
dict changes in the daily probability of detection of 
G. un a mi using the ‘mgcv’ package (Wood 2017). 
GAMMs are able to model non-linear patterns from 
multiple continuous variables while considering 
interactions with categorical predictors and can also 
account for the variation of random effects such as 
individual behavior (Wood 2017). GAMMs were 
used to determine if there were inter- and intra-
annual patterns in the daily probability of detection 
of G. unami and whether they were related to envi-
ronmental variables associated with upwelling 
(Table 1). GAMMs were com pared with the Akaike 
information criterion (AIC) using stepwise selection 

 %    100   
   

RI Total days since tagging
Number of days detected
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to find a best-fit model. We built models that 
treated day of the year (DOY) as a cyclical response 
variable; however, these were not significantly dif-
ferent from models that treated this variable linearly. 
We decided to keep the models that did not include 
cyclical parameters, as adding these resulted in sig-
nificantly lower p-values when checking basis 
dimensions (k) and, hence, worse models. 

2.6.  Diel patterns in use of Santa Elena Bay 

To assess whether G. unami showed diel patterns 
associated with the use of different zones of Santa 
Elena Bay, we calculated the number of sharks 
detected at each receiver for each hour of the mon-
itoring period. A 2-way ANOVA was used to test for 
differences between hours, zones, and interactions 
between both variables. A second 2-way ANOVA was 
conducted to test whether mean hourly water tem-
peratures in Santa Elena Bay varied between hours, 
zones of the bay, and upwelling and non-upwelling 
seasons. 

To determine how much time each individual spent 
in each zone during the hours it was detected, we cal-
culated the mean detections per individual present 
per hour of the day and then used GAMMs with the 
package ‘mgcv’ (Wood 2017) to generate predictions 
for this variable (Table 2). GAMMs were used to 
determine if there were diel patterns in the hourly 
mean detections per individual and whether these 

were related to water temperature changes associated 
with upwelling (Table 2). Stepwise selection of 
GAMMs based on AIC was again used to find a best-
fit model. We built models with hours treated as a 
cyclical response variable; however, these were not 
significantly different from models that treated this 
variable linearly. Models that did not include cyclical 
parameters were used, as significantly lower p-values 
when checking k resulted from the addition of these 
parameters. All data analysis was conducted in R ver-
sion 4.2.3 (R Core Team 2023). 

3.  RESULTS 

3.1.  Site fidelity to Santa Elena Bay 

A total of 28 individuals were tagged during 2 major 
tagging events, including 13 female and 15 male 
sharks ranging from 85–256 cm total length (Table 3, 
Fig. 2). Ginglymostoma unami was detected in Santa 
Elena Bay 1298 d out of a total of 1461 d monitored 
(88% of days detected); however, the mean (±SD) RI 
of individual sharks was 37 ± 28%, showing consider-
able variation among individuals (Table 4, Fig. 2B,C). 
There was no association between RI and sex or size 
(total length) according to the ANCOVA (F = 0.91, 
df = 1, p = 0.34). However, mean residency was sig-
nificantly higher in the outer bay, where sharks were 
detected 31 ± 28% of the days, than in the inner bay 
(12 ± 10% of days) (F = 7.959, df = 1, p = 0.007). 
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Variable                                     Description                                                                                                                                        Type 
 
Detection probability            Calculated from a binomial variable of presence or absence (1 or 0)               Dependent variable 
                                                    of each tagged shark at each zone of the bay for each day of the study 
Days of the year (DOY)        Discrete variable for days of the year. Interactions for categorical                      Smoothed effect 
                                                    variables sex and zone were included 
Water temperature (°C)       Median water temperature for each day of monitoring was calculated              Smoothed effect 
                                                    at each receiver station from the data recorded by HOBO loggers.  
                                                    Interactions for categorical variables sex and zone were included 
Wind speed (m s–1 )               Daily median wind speed data was obtained from the nearest                              Smoothed effect 
                                                    meteorological station in La Cruz, Guanacaste, from the Costa Rican  
                                                    National Meteorological Institute (IMN). Interactions for categorical  
                                                    variables sex and zone were included 
Sex                                              Categorical variable for male and female                                                                     Parametric effect 
Zone                                           Categorical variable for zone of Santa Elena Bay (outer bay and inner bay)     Parametric effect 
Year                                            Categorical variable for years of the study (2019–2020)                                           Random effect 
Individual shark                      Categorical variable for transmitter ID of each tagged shark                                  Random effect 
Error distribution                   Binomial

Table 1. Generalized additive mixed models (GAMMs) used to predict the daily probability of detection of Pacific nurse sharks 
Ginglymostoma unami in Santa Elena Bay, Costa Rica. The list of variables and their descriptions included in the saturated  

models was used as a starting point for stepwise selection using Akaike’s information criterion
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3.2.  Inter and Intra-annual patterns of detection 

The GAMM best-fit model showed that the prob-
ability of detecting sharks in Santa Elena Bay 
changed by DOY, with different patterns between 
males and females and between the inner and outer 
zones (Table 5, Fig. 3). A higher overall probability of 

detection for both sexes was observed 
in the outer bay compared to the inner 
bay. There was no difference in the 
probability of detection between sexes, 
but males and females had varying 
probabilities of detection throughout 
the year. Shark probability of detection 
varied between monitoring years, with 
2020 having the highest probability of 
detection, followed by 2022, 2019, and 
then 2022 (Table 5, Fig. 3). 

Probability of detection was also in-
fluenced by water temperature and 
wind speed (Table 5). Overall, the de-
tection probability of male and female 
G. unami increased with lower water 
temperatures and dropped sharply after 
29°C (Fig. 4A). Higher wind speeds 
were linearly correlated with higher de-
tection probabilities for both males and 
females (Fig. 4B). Lower temperatures 
and higher wind speeds occurred dur-
ing the upwelling months, from De-
cember to April (Fig. 4C,D). The model 
also found significant random effects, 
indicating variation in the probability of 
detection among individuals (Table 5). 

3.3.  Diel patterns in habitat use 

Sharks were disproportionately detected during 
certain hours of the day within each zone of Santa 
Elena Bay (F = 14.65, df = 23, p < 0.001). There was 
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Transmitter     Sex   Total length   Date tagged      No. of days   No. of days  
ID                                         (cm)         (yyyy-mm-dd)      at liberty         detected 
 
8916                 Male          176             2018-09-07              1576                  126 
8917               Female        194             2018-09-07              1576                  669 
8918                 Male          234             2018-09-07              1576                  234 
8915               Female        238             2018-09-07              1576                  623 
8592               Female         85              2018-09-08              1575                   63 
7321               Female        190             2019-05-17              1324                    7 
7327                 Male          202             2019-06-08              1302                  365 
7322                 Male          225             2019-06-08              1302                  177 
7326                 Male          232             2019-06-08              1302                   81 
7325                 Male          242             2019-06-08              1302                  348 
7323                 Male          195             2020-01-29              1067                  104 
7324               Female        249             2020-01-29              1067                  612 
6121               Female        130             2022-05-28               217                   164 
4321                 Male          188             2022-05-28               217                    31 
4323               Female        220             2022-05-28               217                   136 
6119               Female        209             2022-07-11               173                   155 
56657               Male          215             2022-07-11               173                    99 
10043               Male          217             2022-07-11               173                    24 
56656               Male          221             2022-07-11               173                   115 
10041               Male          256             2022-07-11               173                    36 
10042             Female        170             2022-07-14               170                   135 
56654             Female        219             2022-07-14               170                    61 
10044               Male          102             2022-07-18               166                   114 
10045               Male          205             2022-07-18               166                   119 
56655             Female        226             2022-07-19               165                     7

Table 3. Pacific nurse sharks captured and tagged internally with acoustic trans- 
mitters in Santa Elena Bay, Costa Rica

Variable                                     Description                                                                                                                                        Type 
 
Mean detections per             Mean detections per individual present in that hour were calculated             Dependent variable 
individual present                  for each hour of the monitoring period 
Hour                                           Discrete variable for hours of the day. Interactions for categorical                     Smoothed effect 
                                                    variables sex and zone were included 
Water temperature (°C)       Median water temperature per hour for the monitoring period was                   Smoothed effect 
                                                    calculated at each receiver station from the data recorded by HOBO  
                                                    loggers. Interactions for categorical variables sex and zone were included 
Zone                                           Categorical variable for zone of Santa Elena Bay (outer bay and inner bay)     Parametric effect 
Season                                       Categorical variable for season when a measurement occurred                          Parametric effect 
                                                    (upwelling and non-upwelling season) 
Year                                            Categorical variable for years of the study (2019–2020)                                           Random effect 
Month                                        Categorical variable for transmitter ID of each tagged shark                                  Random effect 
Error distribution                   Gaussian

Table 2. GAMMs used to predict hourly number of individual G. unami detected in Santa Elena Bay, Costa Rica. The list of vari-
ables and their descriptions included in the saturated models were used as a starting point for stepwise selection using Akaike’s  

information criterion
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also a significant interaction between 
the hours of the day and zones of the 
bay, which influenced shark detection 
probability (F = 32.49, df = 23, p < 
0.001) (Fig. 5A). More sharks were de-
tected in the outer bay during the 
night, while more were detected in the 
inner bay during the day (Fig. 5D). 
There was no significant difference in 
water temperature across diel periods 
(F = 0.69, df = 23, p = 0.86); however, 
water temperature in the outer bay 
was significantly warmer than in the 
inner bay (F = 22.46, df = 1, p < 0.001), 
and the upwelling season was signifi-
cantly colder than the non-upwelling 
season (F = 1841.16, df = 1, p = 0.86) 
(Fig. 5B,C). The model indicated that 
diel patterns in mean detections per 
 individual occurred during upwelling 
 seasons and were more pronounced 
than in non-upwelling seasons (Fig. 5E). 
Additionally, mean detections per indi-
vidual per hour changed across the 
water temperature regimes of each sea-
son (Fig. 6). More detections occurred 
at water temperatures between 18° and 
20°C during the upwelling season 
(Fig. 6A), while the non-upwelling sea-
son had more detections at water tem-
peratures near 23°–26°C (Fig. 6B). Ad-
ditionally, there were more detections 
of sharks in the outer bay when tem-
peratures were lower, while there were 
more detections in the inner bay as 
water temperatures increased (Fig. 6C). 
At temperatures above 29°C, G. unami 
individuals showed low detections per 
hour throughout the bay. The model 
found the random effect of year of the 
study to be significant. 

4.  DISCUSSION 

Our study reveals some of the first 
data on the movement ecology of the 
recently described Endangered Gin -
gly mostoma unami in the ETP. Study 
sites such as Santa Elena Bay offer 
some degree of protection from extrac-
tive activities and are exposed to 
 seasonally changing environmental 
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Fig. 2. Detections of Pacific nurse sharks Ginglymostoma unami tagged with 
acoustic transmitters (A) at each acoustic receiver station on (B) the first tag-
ging event (September 2018–January 2020) and (C) the second tagging event 
(May–July 2022). The total length at the time of tagging (TL) and the residency  

index (RI) is displayed for each tagged individual
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conditions, providing a unique oppor-
tunity to unravel the behavioral move-
ment patterns of G. unami. 

4.1.  Site fidelity to Santa Elena Bay 
during  upwelling months 

As ectotherms, G. unami individuals 
may behaviorally thermoregulate by 
moving to microhabitats where more 
energetically suitable temperatures 
are available (Fitzgerald & Nelson 
2011, Spurgeon et al. 2022). The prob-
ability of detecting G. unami in Santa 
Elena Bay was higher on days with 
water temperatures below 20°C and 
high wind speeds (up to 20 m s–1), 
which typically occurred during the 
upwelling season. Additionally, G. un -
a mi individuals showed higher detec-
tions per hour in the outer bay during 
the upwelling season when tempera-
tures were between 18° and 20°C, 
spending considerably more time here 
than in the inner bay. During the non-
upwelling season, when water tem-
peratures were warmer than 25°C, 
more detections were observed in the 
inner bay, with sharks spending less 
time at the outer bay at these tempera-
tures. G. unami may use the outer bay 
less frequently and spend more time in 
the inner bay when available waters are 
warmer and the outer bay no longer 
provides thermal benefits over the 
inner bay (Matern et al. 2000, Hight & 
Lowe 2007, Papastamatiou et al. 2015). 

The shallow, sun-exposed waters of 
the outer bay and its geographic posi-
tion (facing the incoming trade winds) 
possibly warm up faster due to solar 
warming of the substrata, forming 
pockets of warmer water that provide a 
temporary thermal benefit (Hight & 
Lowe 2007, Papastamatiou et al. 2015, 
Madrigal-Mora et al. preprint doi:10.
2139/ssrn.4956621). A study with un -
occupied aerial vehicle (drone) surveys 
and in situ temperature loggers de-
ployed in higher density found evidence 
that these pockets provide refuge to G. 
unami from the cooler waters in other 
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Parametric terms 
                                                               Estimate                      SE                            z 
 
(Intercept)                                        –2.804181              0.337483              –8.309 
Wind speed                                          0.033316              0.007402                  4.501 
Zone (outer bay)                                 1.343107              0.045501                29.518 
Year (2020)                                           0.886447              0.076397                11.603 
Year (2021)                                           0.425510              0.077564                  5.486 
Year (2022)                                       –0.181811              0.082213              –2.211 
                                                                                                                                        
Smooth terms 
                                                                    edf                        Ref. df                        F 
 
DOY by sex (female)                           7.728                       8.390                   83.107 
DOY by sex (male)                              6.829                       7.468                 295.372 
DOY by zone (inner bay)                   7.466                       7.892                 604.211 
DOY by zone (outer bay)                   1.003                       1.003                   20.502 
DOY by year (2019)                             1.000                       1.000                     8.188 
DOY by year (2020)                             7.889                       8.533                   70.404 
DOY by year (2021)                             8.177                       8.702                   86.548 
DOY by year (2022)                             6.638                       7.576                   54.919 
Temperature by sex (female)           4.723                       5.848                   14.345 
Temperature by sex (male)               3.911                       4.900                   13.059

Table 4. Results of best-fit GAMM predicting daily probability of detection of 
G. unami through days of the year (DOY) in Santa Elena Bay from 2019 to 
2022. Model uses a binomial error distribution and had an adjusted R2 of 0.28  

and explained 27% of the deviance

Parametric terms 
                                                                                   Estimate            SE                  t 
 
(Intercept)                                                                2.850             1.390             2.040 
 
Smooth terms 
                                                                                        edf              Ref. df           F 
 
Hour by Zone (Inner Bay)                                    0.204             0.268             0.004 
Hour by Zone (Outer Bay)                                   6.915             7.941          15.49 
Hour by Season (Non-Upwelling)                    8.124             8.740             8.015 
Hour by Season (Upwelling)                              3.659             4.498             4.41 
Temperature by Zone (Inner Bay)                     1.000             1.000             9.79 
Temperature by Zone (Outer Bay)                    8.253             8.777          25.285 
Temperature by Season (Non-Upwelling)      5.591             6.136          29.61 
Temperature by Season (Upwelling)                7.202             7.771          30.02 
 
Random effects 
                                                                                        edf              Ref. df          F 
 
Year                                                                            2.997             3.000      1772.44 
Month                                                                        4.999             5.000      8301.34 
Station                                                                     10.972            11.000     1013.425

Table 5. Results of best-fit GAMM predicting mean detections per G. unami 
individual present per hour in Santa Elena Bay from 2019 to 2022. Model uses 
a Gaussian error distribution and had an adjusted R2 of 0.18 and 18.2% of the  

deviance explained
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areas of the bay during upwelling season (Madrigal-
Mora et al. preprint doi:10.2139/ssrn.4956621). These 
warmer-water pockets may not be re flected in the 
coarser-scale measurements of average water tem-
perature from the limited number of temperature 
loggers used for this study, as they occur at finer scales 
in the outer bay’s shallow waters (Madrigal-Mora et al. 
preprint doi:10.2139/ssrn.4956621). The higher detec-
tion probability of G. un a mi at lower temperatures is 
contradictory to studies on G. cirratum, which are 
known to select habitats with temperatures above 25° 
but not higher than 30°C (Ferreira et al. 2013). This is 
likely due to the distinct conditions of the seasonal up-
welling that the G. unami in this study are exposed to 
as opposed to the more seasonally stable environments 
where G. cirratum have been studied. 

As they sought warmer pockets of 
water in these shallow areas, sharks of 
both sexes were likely to be detected in 
the outer bay during the upwelling 
 season, when water temperatures are 
generally colder (Alfaro & Cortés 2012). 
Yet females had a higher probability of 
 detection than males during the up -
welling season. Females may be more 
selective than males in their thermal 
preferences, as optimal temperatures 
can make reproductive processes more 
efficient (Hight & Lowe 2007, Jirik & 
Lowe 2012). For example, in other elas-
mobranchs such as the spotted eagle 
ray Aetobatus narinari and the round 
stingray Urobatis halleri, females have 
been shown to have shorter gestation 
periods at optimal water temperatures 
(Jirik & Lowe 2012, Swider et al. 2017). 
Furthermore, leopard shark Triakis 
semi fasciata females are more selective 
of temperatures than males, forming 
aggregations in warmer shallow waters 
(Hight & Lowe 2007, Nosal et al. 2014). 

4.2.  Diel patterns in habitat use 

G. unami showed diel patterns in 
which they spent more time in the 
inner bay during the day and showed 
more detections in the outer bay dur-
ing late night. The diel detection pat-
terns are not likely a response to 
hourly temperature changes, since we 
found that water temperatures did not 

vary significantly throughout diel periods. However, 
the outer bay was consistently warmer than the inner 
bay; hence, the pockets of water G. unami use in the 
outer bay are warmed by the sun during the day and 
remain warm through the night because of the slow 
circulation of Santa Elena Bay (Tisseaux-Navarro et 
al. 2021). Warmer temperatures resulting from solar 
warming might not persist in the shallow areas of the 
inner bay because various creeks carry cooler fresh-
water into this zone. G. unami do not show a prefer-
ence for a thermal refuge during the day as they 
spend more time in the colder inner bay during these 
hours but remain for longer periods of time in the 
warmer outer bay at night. 

These patterns may indicate that G. unami has vary-
ing thermal requirements for different behaviors 
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Fig. 3. Detection probability of male and female G. unami from 2019–2022 in 
the (A), (C), (E), and (G) outer and (B), (D), (F), and (H) inner regions of Santa 
Elena Bay, Costa Rica, predicted by a generalized additive mixed model  

(GAMM)
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throughout diel periods (Meese & Lowe 2020). Behav-
ioral thermoregulatory strategies have been de -
scribed in elasmobranchs where some species rest at 
water temperatures warmer than where they forage to 
improve digestion efficiency (i.e. blacktip reef sharks 
Carcharhinus melanopterus, Papastamatiou et al. 
2015; California horn sharks Heterodontus francisci, 
Meese & Lowe 2020). Species like H. francisci have 
been found to tolerate less suitable water tempera-
tures in order to forage in areas known to have profit-
able and predictable prey availability (Meese & Lowe 
2020). G. unami may display similar behavior of forag-
ing in the less thermally suitable waters of the inner 
bay during the day, returning to the outer bay at night 
to rest in the warmer waters available in this zone. 
Even though waters throughout the bay are signifi-
cantly warmer in the non-upwelling season, these diel 
patterns persist, albeit with less variation in detec-
tions between day and night. It is possible that some 
G. unami may still use the outer bay as a known cen-

tral refuging point to aid with navigation to other 
areas, even when there are no thermal benefits, as has 
been observed for scalloped hammerhead sharks 
(Klimley & Nelson 1984, Hearn et al. 2010) and C. 
melanopterus (Papastamatiou et al. 2018). 

4.3.  Midyear variation probability of detection 
between males and females 

As the dry season ended (late April to early May), 
the probability of detecting male G. unami peaked 
throughout the bay. Between June and July, male 
sharks appear to use the inner and outer bay with sim-
ilar frequency, suggesting that the outer bay no 
longer provides the thermal benefits that were avail-
able to sharks during upwelling. Upwelling events 
during the dry season can have a bottom-up effect, in -
creasing the primary productivity in the area (Stuhl -
dreier et al. 2015); therefore, the increase in male 
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Fig. 4. Effect of (A) water temperature (°C) and (B) regional wind speed, a metric for upwelling, on detection probability of 
male and female G. unami in Santa Elena Bay, Costa Rica, predicted by a GAMM and (C) mean daily water temperature (°C) 
and (D) mean daily wind speed per month, using data from 2019–2022. Horizontal line in box: median; top and bottom of box:  

25th and 75th percentiles; whiskers: 10th and 90th percentiles; black dots: outliers
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detections may be associated with prey availability 
remaining after the upwelling season combined with 
the generally warmer waters now available. Concur-
rently, the probability of detecting females decreased 
significantly in the outer bay and remained low in the 
inner bay. During this time, the outer bay may no 
longer function as a warmer water refuge for females 
as wind speeds decrease and water temperature rises 
again throughout the region. Females may also be 
mostly absent at this point due to male avoidance 
during these months of high male presence, returning 
after the decrease in male detections after August 
(observed in 2020 and 2022). Female avoidance of 
males has been reported for G. cirratum in the Atlan-
tic, where sexual segregation occurs throughout the 
year except for the breeding season (Afonso et al. 
2016). So far, G. unami courtship behavior has not 
been observed in Santa Elena Bay, and the breeding 
season has not been reported for the species any-
where in its distribution. Since the early months of the 
year are the only period during which high detections 

of males and females coincide, courtship and repro-
duction may be playing an important role in patterns 
of site fidelity (Afonso et al. 2016, Pratt et al. 2022). 

4.4.  Influence of other environmental factors 

The selected GAMMs for probability of detection 
by DOY and number of sharks per hour explained 
only 27 and 21% of the variance, respectively, sug-
gesting that factors that were not considered in our 
study may influence the behavior and long-term pat-
terns of G. unami occurrence in Santa Elena Bay. The 
model found variation between years, which could be 
a result of some unmeasured environmental con-
ditions that changed through the study period. The 
pattern in detection probability observed during 
2019, 2020, and 2021 was not evident in 2022. This 
year had the lowest overall probability of detection, 
which could be associated with the frequent occur-
rence of algal blooms (red tides) inside the bay during 
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Fig. 5. Diel patterns in (A) number of acoustically tagged G. unami detected per hour in 2 zones (inner and outer bay) of 
Santa Elena Bay, Costa Rica. Mean hourly water temperature available throughout the day in the 2 zones of the Bay during 
the (B) upwelling (December to April) and (C) non-upwelling seasons (May to November). GAMM predictions for mean de-
tections per individual present per hour in (D) the 2 zones of Santa Elena Bay and (E) during the upwelling (December to  

April) and non-upwelling seasons (May to November)
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2022 (M. Lara pers. comm.). Algal blooms have been 
studied in other areas of the Costa Rican Pacific (Gulf 
of Nicoya, Gulf of Papagayo, Caño Island), yet the 
causes of these blooms in these areas are poorly 
understood and have not been studied in Santa Elena 
Bay (Hargraves & Víquez 1981, Gocke et al. 1990). 
The low detection probability of G. unami in 2022 may 
have been associated with large algal bloom events, 
as they are known to drastically reduce dissolved 
oxygen concentrations in the affected areas (Gocke 
et al. 1990). In other regions, such as the Gulf of Mex-
ico, seasonal red tides and hypoxic conditions can 
influence the distribution of demersal fish that seek 
adjacent waters with suitable oxygen levels (Craig et 

al. 2001, Driggers et al. 2016). In areas also subjected 
to seasonal upwelling, such as the Gulf of Oman, pro-
nounced red tide events are correlated with periods 
of strong upwelling, although these also occur out-
side of the upwelling season (Al Gheilani et al. 2011), 
hence upwelling may intensify this phenomenon in 
Santa Elena Bay as well. The observation of red tides 
in Santa Elena Bay coincided with periods of the 
lowest probability of detection early in 2022. 

Although variation between individuals was in -
cluded as a random effect in the model, some un -
explained variance may still be related to the high 
individual variation in shark movement. Variation be -
tween the propensity of dispersal of different individ-
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Fig. 6. GAMM predictions for the effect of water temperature on mean detections per G. unami individual present per hour 
during the (A) upwelling (December to April) and (B) non-upwelling seasons (May to November) and (C) 2 zones (inner and  

outer bay) of Santa Elena Bay, Costa Rica
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uals within a population is commonly observed in 
many species of fish (Dodson et al. 2013, Gillanders et 
al. 2015), including bull sharks Carcharhinus leucas 
(Matich & Heithaus 2015) and Australian blacktip 
sharks Carcharhinus tilstoni (Munroe et al. 2016). 
Both resident and transient individuals may be pre-
sent within a population, where more transient move-
ment patterns may be beneficial by increasing access 
to prey items or accessibility to mates (Matich & Heit -
haus 2015, Munroe et al. 2016), while residents ensure 
greater chances of survival by avoiding the risks of 
travel and reducing energetic costs of movement if 
other areas are more devoid of resources (Dodson et 
al. 2013). 

4.5.  Forays outside Santa Elena Bay MMA 

This is the first study to describe annual patterns 
and quantify the effects of changing environmental 
conditions on the site fidelity of G. unami, yet the 
extent and frequency with which these sharks move 
beyond Santa Elena Bay is still poorly understood. 
Although at least one tagged shark was detected in 
the bay on 88% of the days of our study, these were 
generally not the same individuals. When examining 
the detections of each tagged shark, we found that, on 
average, individuals were present in the bay less than 
half of the days monitored (37%), indicating that they 
frequently exit the boundaries of the MMA. A pre-
vious study showed that a single G. unami tagged in 
Santa Elena Bay could travel over 200 km along the 
north Pacific coast of Costa Rica before returning to 
the bay (Madrigal-Mora et al. 2024). Though G. 
unami is not directly targeted by artisanal fisheries in 
Costa Rica, they are occasionally caught as bycatch in 
gillnets, as individuals with fishing nets tangled on 
their fins and dead juveniles have been occasionally 
found by recreational divers in the Gulf of Santa 
Elena (M. Lara pers. comm.). 

Frequent forays outside Santa Elena Bay expose 
G. unami to these risks and suggest that relatively 
small and isolated MMAs such as Santa Elena Bay are 
likely ineffective for the conservation of mobile spe-
cies like this one, particularly in regions subjected to 
stronger fishing pressure (Pollom et al. 2021). 

4.6.  Potential influence of climate change 

Climate change is expected to warm ocean waters 
and alter regional patterns of upwelling (Sydeman 
et al. 2014, Johnson & Lyman 2020). We expect warm-

ing ocean waters to reduce the amount of time G. 
unami individuals spend inside the MMA during the 
non- upwelling season (Caughman et al. 2024), as 
our data shows that the sharks are less likely to visit 
the bay when water temperatures are at or above 
30°C. On the other hand, strengthening trade winds 
are likely to intensify upwelling events, increasing 
the surface water cooling that occurs in this region 
during the upwelling season (Sydeman et al. 2014, 
Latif et al. 2023). With an increasing necessity to 
behaviorally thermoregulate during colder and more 
intense upwelling events, we expect that G. unami 
will visit Santa Elena Bay more frequently during 
the upwelling season. During the non-upwelling sea-
son, sharks may spend less time in the MMA, leaving 
for deeper waters or higher latitudes when waters get 
too warm (Latif et al. 2023, Caughman et al. 2024). 
These trends suggest that other ectothermic elasmo-
branchs could also use tropical upwelling regions as 
thermal refuges in warming oceans, as has been sug-
gested for mobile fish species (Angeles-Gonzalez et 
al. 2024) as well as sessile invertebrates such as corals 
(Randall et al. 2020). 

5.  CONCLUSIONS 

Santa Elena Bay MMA is located within the Gulf 
of Santa Elena, a larger region that was recently iden-
tified by the IUCN Shark Specialist Group as an 
IUCN ISRA; hence, we provide a fundamental base-
line for informing management and spatial planning 
strategies for this ISRA (Jabado et al. 2023). Ad -
ditionally, the minimal fishing pressure experienced 
by Ginglymos toma unami in the north Pacific coast of 
Costa Rica allows us to study a practically undis-
turbed population without substantial interference 
from the anthropogenic factors (e.g. fishing or habitat 
degradation) that are prevalent throughout its re -
stricted distribution range, yielding valuable insights 
to inform management and conservation (Pollom et 
al. 2021). 
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