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Abstract
Sea turtles are migratory animals that travel from foraging grounds to specific nesting beaches every few years and that, 
therefore, can be influenced by oceanographic conditions in several different habitats. We assessed how sea surface tempera-
ture (SST) and chlorophyll-α (Chl-α) within both internesting and foraging areas influence the nesting abundance, phenol-
ogy and duration of internesting periods of the green turtles (Chelonia mydas) that nest at Cabuyal, Northwest Costa Rica. 
Specifically, we compared (1) SST and Chl-α in foraging areas to the nesting abundance and median nesting date (MND) 
registered on the beach over seven nesting seasons and (2) SST in internesting habitats to the observed internesting period 
(OIP) (number of days between successful nesting events) and the MND. Nesting abundance was strongly correlated to 
Chl-α concentrations at the main foraging area during the February preceding the nesting season. However, we found no 
significant effect of SST or Chl-α in either foraging or internesting habitats on the MND. Mean SST values in the internest-
ing habitats and OIP were negatively correlated and were highly variable both between and within years. Oceanographic 
conditions appear to strongly influence OIP and nesting abundance, but not the nesting phenology of green turtles in this 
area. The complex nature of the effect of oceanographic conditions on reproduction of the East Pacific green turtle suggests 
uncertainty in how this species will respond to climate change.

Introduction

Variability in oceanographic conditions has a significant 
impact on the reproductive cycles and behavior of count-
less species, including invertebrates (Angeles-Gonzalez 
et al. 2017), fish (Potts et al. 2014) and birds (Monticelli 
et al. 2014). However, not all species react the same way and 

variation can even exist between con-specific populations 
(Edwards and Richardson 2004; Both et al. 2009; Mazaris 
et al. 2013; Bates et al. 2018). Sea turtles are ectotherms that 
spend their lives in the ocean but nest on tropical, subtropi-
cal and temperate beaches. Since they are migratory animals, 
sea turtles are exposed to different marine environments as 
they travel between the foraging grounds and the nesting 
beaches. Therefore, understanding how sea turtle popula-
tions respond to climate and oceanographic variations across 
the multiple habitats that they inhabit is central to assessing 
how these species will respond to long-term climate vari-
ations such as those projected by current climate change 
models.

Female sea turtles lay several clutches in one nesting 
season (Hirth 1980). During the time between one success-
ful nesting event and the next in the same nesting season, 
termed the internesting period (Reina et al. 2002; Blanco 
et al. 2012), the eggs for the next clutch develop. The rate at 
which this occurs is influenced by temperature (Sato et al. 
1998) and thus, there is an effect of ambient water tempera-
tures on the duration of the internesting period. This effect 
has been studied in loggerhead turtles (Caretta caretta) in 
Japan (Sato et al. 1998) and green turtles (Chelonia mydas) 
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in Cyprus and Ascension Island (Hays et al. 2002). Pre-
liminary studies have also shown that in North Pacific Costa 
Rica, the duration of the internesting period of green turtles 
increases as the season advances (Santidrián Tomillo et al. 
2015); however, it has not been yet confirmed whether this 
is related to seasonal changes in water temperatures.

Changes in the temperature in the foraging grounds and/
or internesting habitats can also affect the phenology of 
the nesting season, as temperature may serve as a cue that 
indicates the right time for nesting. Increasing surface tem-
perature seems to lead to earlier nesting, for example, in 
some populations of green turtles (Weishampel et al. 2010), 
while others seem to remain unaffected (Pike 2009). This 
ability to adjust phenology may allow sea turtles to counter-
act a potential negative effect of high temperatures on their 
populations (i.e., increased embryo mortality or skewed sex 
ratios) by nesting earlier (Almpanidou et al. 2018). However, 
nesting earlier may not always relate to more suitable condi-
tions for nesting.

Oceanographic conditions at the foraging areas can influ-
ence reproduction of sea turtles by affecting variability in 
their reproductive frequency (Broderick et al. 2001; Solow 
et al. 2002; Vander Zanden et al. 2014; Hart et al. 2015). 
For example, decreased productivity in the eastern Pacific 
Ocean during El Niño years associated with high sea surface 
temperatures (SST), prolong the duration of the remigration 
interval of leatherback turtles due to poor feeding conditions 
(Saba et al. 2007). In turn, when conditions are optimal, 
remigration intervals are reduced, often resulting in more 
turtles on the nesting beaches. Chlorophyll-α (Chl-α) also 
serves as an indicator of primary productivity and possi-
ble prey availability (Chaloupka et al. 2008). In addition 
to the effect aforementioned, chlorophyll fronts also affect 
movements of loggerhead and olive ridley (Lepidochelys oli-
vacea) turtles at their foraging grounds in the west Pacific 
(Polovina et al. 2004), as well as post-nesting movements of 
green turtles in the east Pacific Ocean (Seminoff et al. 2008).

Due to the various ways in which oceanographic condi-
tions at different locations affect sea turtle reproductive biol-
ogy, it makes sense that these different factors are assessed 
alongside each other. However, most studies tend to focus 
on a single oceanographic variable and its effect on a single 
aspect of the reproductive behavior of turtles or at a par-
ticular location. To address this issue, we aimed to assess 
the effect of SST and Chl-α at both nesting and foraging 
sites on the nesting abundance, phenology and duration of 
the internesting period of green turtles at Cabuyal, North 
Pacific Costa Rica. Previous telemetry studies have identi-
fied foraging and internesting areas for this particular nest-
ing population (Clyde-Brockway 2014), which facilitates the 
study. In addition, green turtles in the eastern Pacific feed 
primarily on marine algae and sea grass and secondarily, 
on marine invertebrates consumed incidentally, deliberately 

or opportunistically (Seminoff et al. 2002; Quiñones et al. 
2010). As these prey items are strongly tied to oceano-
graphic conditions, we expect to find an important effect of 
oceanographic features at foraging grounds at least on nest-
ing abundance. Finally, analyzing the effects of temperature 
and ocean productivity on green turtles at different times 
during their reproductive cycles (nesting and foraging) may 
help us to infer the impacts that future climate change may 
have on their populations.

Materials and methods

We conducted beach patrols at night at Cabuyal (10°40′N, 
85°39′W), Northwest Costa Rica, over seven consecutive 
nesting seasons between 2011/2012 and 2017/2018. We 
focused our patrolling efforts to the nesting season (Sep-
tember to March) each year as this is when the majority of 
nesting occurs (Santidrián Tomillo et al. 2015). Because the 
exact date when we started and ended the monitoring season 
varied by a few days, we only utilized data collected between 
September 9th and March 5th (which corresponds to ~ 87% 
of the total number of nests registered during the season) to 
make comparisons between seasons.

Night patrols extended from 20:00 to 4:00 during the 
high season (October to February) and from 21:00 to 3:00 
during low season (September and March). In addition, we 
conducted daily morning surveys to verify all nesting activi-
ties from the previous night and to record any nesting activ-
ity that may have been missed on the night patrols, so we 
could estimate beach coverage. When turtles were found, 
they were identified using both INCONEL metal tags and 
PIT tags placed in the front right flipper (Santidrián Tomillo 
et al. 2015). Tagging was only conducted after nesting was 
completed to minimize the impact on the egg laying process. 
We measured the curved carapace length (CCL) and width 
(CCW) of the turtle and recorded if she laid eggs or aborted 
the nesting attempt. When she laid eggs, we marked the nest 
with flagging tape and monitored it throughout the season.

To compare the number of turtles among nesting sea-
sons, we had to correct for differences in beach coverage. We 
estimated the total number of turtles in a season adding the 
number of turtles identified to the estimated number of uni-
dentified turtles. We used the following equation to estimate 
the number of unidentified turtles as in Reina et al. (2002): 
N = (U × S) (1 − B)ECF, where N is the number of unidentified 
turtles, U the number of body pits for which the turtle was 
unknown (turtle missed but body pit found in the morning), 
S the nesting success ratio (successful egg laying events/
body pit attempts), B the beach coverage and ECF the mean 
estimated clutch frequency in a given season. Beach cover-
age was the ratio between the number of identified turtles to 
the number of nesting attempts (Table 1).
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Internesting and foraging habitats

We were able to define internesting and foraging habitats 
for the turtles nesting on Cabuyal by referring to satellite 
tracking studies that have previously been conducted at 
Cabuyal and nearby nesting beaches (Blanco et al. 2012; 
Clyde-Brockway 2014; Robinson et al. 2017).

Foraging grounds were divided into two locations 
(Fig. 1). The northern site comprised an area between the 
south of Mexico and the Gulf of Papagayo along the Pacific 
coast, including the Gulf of Fonseca, a major foraging area 
identified for the green turtles that nest in Northern Costa 
Rica (Blanco et  al. 2012; Clyde-Brockway 2014). The 
southern area extended between the Gulfs of Papagayo and 
Panama and was selected because one of the green turtles 
tracked by Blanco et al. (2012) from Nombre de Jesús moved 
in that direction. Both areas were delimited using the 200-m 
isobaths as previous studies have found that green turtles in 

this area stay close to the coast and mainly within the 100-m 
isobaths (Blanco et al. 2012). To make sure we included all 
turtles, we expanded it to the 200-m isobaths (Fig. 2).

Daily SST data for the internesting habitats were obtained 
for the time period 2011–2018 from NASA spacecraft multi-
scale ultra-high-resolution (MUR) sensor at a 0.01° × 0.01° 
spatial grid. SST and Chl-α from the foraging habitats 
were obtained for the same time period from NOAA space-
craft GOES imager sensor, at a 0.05° × 0.05° spatial grid, 
for a 3-day composite and from Aqua MODIS sensor at a 
4 km × 4 km spatial grid for a 1-day composite, respectively.

Local SST and observed internesting period (OIP)

We calculated the duration of the OIP by counting the 
number of days between two consecutive nesting events, 
only when successful egg laying was verified. Values that 
were double the smallest OIP recorded in each season were 

Table 1   Estimated number of green turtles that nested each season based on beach coverage (number of turtles identified/number of body pits), 
estimated clutch frequency (ECF) and nesting success (successful egg laying/body pit attempts)

Season Beach coverage ECF Nesting success Number of turtles 
identified

Estimated number of 
turtles missed

Estimated total 
number of turtles

2011–2012 0.74 3.8 0.517 73 0.22 73
2012–2013 0.79 4.5 0.635 76 0.04 76
2013–2014 0.75 4.8 0.665 41 0.04 41
2014–2015 0.67 4.4 0.628 93 0.68 94
2015–2016 0.82 4.8 0.549 25 0.00 25
2016–2017 0.87 2.6 0.704 8 0.01 8
2017–2018 0.88 4.0 0.663 20 0.00 20

Fig. 1   a North (solid) and south (dots) foraging grounds determined for green turtles (C. mydas) nesting at Cabuyal, Costa Rica and b location 
of Cabuyal, Costa Rica, and the 25 km2 area (square) determined as local internesting grounds for green turtles nesting on this beach
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excluded, because the clutch could have been missed or the 
turtles could have nested elsewhere in between the observed 
nesting events (Reina et al. 2002).

We used daily mean SST within the internesting area to 
determine the mean temperature for each internesting period 
which we compared later to the duration of the OIP.

SST, Chl‑α, nesting phenology and nesting 
abundance

Each season, the exact dates that patrolling begins and ends 
may differ by a few days. Thus, we only used data collected 
between September 9th and March 5th (period covered in 

all seasons) to estimate median nesting date (MND) and 
length of the nesting season (meaning the time between the 
dates when 25% and 75% of nesting activities were regis-
tered). To estimate MND and length of nesting season, we 
used the number of emergences. Because green turtles in this 
area have a high rate of nest abandonment (54%, Santidrián 
Tomillo et al. 2015) and it is not always possible to deter-
mine if a turtle laid eggs, we used number of emergences 
instead of number of verified nests to estimate MND and 
length of the season. Number of emergences corresponded 
to the total number of events registered on the beach, includ-
ing successful and unsuccessful nesting. The season com-
prises two calendar years as it starts in September of one 

Fig. 2   Relationship between 
sea surface temperature (SST) 
and observed internesting 
period (OIP) of green turtles 
(C. mydas) nesting at Playa 
Cabuyal, Costa Rica, during 
seven different nesting seasons. 
a 2011/2012 (R2 = 0.30; 
p < 0.001); b 2012/2013 
(R2 = 0.43; p < 0.001); 
c 2013/2014 (R2 = 0.25; 
p < 0.001); d 2014/2015 
(R2 = 0.42; p < 0.001); 
e 2015/2016 (R2 = 0.47; 
p < 0.001); f 2016/2017 
(R2 = 0.45; p > 0.05); g 
2017/2018 (R2 = 0.32; p < 0.05)
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year and extends to March of the following year. MND and 
percentiles were calculated using Julian dates for the time 
period starting on January 1st prior to the beginning of the 
nesting season (day 1) and until the season ended.

We compared nesting phenology (MND and length of 
the nesting season) to monthly values of SST and Chl-α 
levels from the foraging and internesting grounds. Based on 
Blanco et al. (2012), turtles in this area moved at a rate of 
37 km per day after nesting and had short or long migrations 
that were 62–98 km and 270–1086 km, respectively. Based 
on that, turtles could spend up to 1 month migrating. How-
ever, because return migratory patterns have not yet been 
identified and we do not know if turtles migrate ahead of 
time, we have used monthly values of SST and Chl-α levels 
for 15 months starting in the January of the year the nesting 
season starts and finishing in the last month of the nesting 
season (March). Then we compared the correlation values 
obtained to assess which month gave the stronger signal.

We considered two variables of nesting abundance, the 
number of nests registered on the beach and the number of 
female turtles identified during each nesting season. We esti-
mated the total number of nests by multiplying the number 
of females identified on the beach by the mean estimated 
clutch frequency (ECF) of the season, which corrects for 
clutches that could have been missed. Nesting abundance, 
phenology, and duration of the nesting season were also 
compared to the monthly SST and Chl-α averages, calcu-
lated for the northern and southern foraging areas including 
several months preceding to each nesting season (January to 
October), to allow for enough time to store fat reserves and 
migrate to the nesting beach.

Statistical analysis

We used SPSS v. 23 (IBM 2015) to run all statistical tests. 
We tested for normality of data using the Shapiro–Wilk 
test. Data for OIP, SST at internesting grounds and Chl- α 
at foraging grounds were not normally distributed (Sha-
piro–Wilk: p < 0.001). However, we could not reject the 
hypothesis that SST at foraging grounds, number of nests 
and number of turtles followed a normal distribution 

(Shapiro–Wilk: p > 0.05). Because some of the data did 
not have a normal distribution, we used Kruskal–Wallis 
to compare means with a post hoc analysis to determine 
where the differences were when present. We used a linear 
regression to test the relation between local SST and OIP 
for all seasons together and for each season separately. We 
ran Kendall correlations to compare MND and total length 
of the nesting season to SST at internesting areas and SST 
and Chl-α at the foraging grounds. We also used Kendall 
correlations to compare SST and Chl-α of the foraging 
grounds to the number of turtles and the number of nests 
identified on the beach during each nesting season. We 
compared monthly SST and Chl-α values between the two 
foraging sites using a univariate analysis of variance with 
a random effect to prevent pseudoreplication. We used a 
nested term as random effect to include the variable month 
in the variable year.

Results

Local SST and internesting period

Observed internesting period varied between 9 and 21 days 
(mean ± SD 14.3 ± 2.5) and mean SST between 25.0 and 
30.0 °C (mean ± SD 27.5 ± 1.0). Duration of the OIP was 
negatively correlated to SST during all seasons (linear 
regression: R2 = 0.52, p < 0.001, Fig. 2), with shorter OIPs 
during warmer years (Table 2).

SST declined and OIP was longer as the season pro-
gressed in all years (Fig. 3). A statistical significant differ-
ence was found between both mean SST (Kruskal–Wal-
lis: p < 0.001) and mean OIP (Kruskal–Wallis: p < 0.001) 
between years. Post hoc tests indicated that these dif-
ferences were primarily found between the coolest sea-
sons (2011/2012 and 2017/2018) and the warmest ones 
(2012/2013, 2013/2014, 2014/2015 and 2015/2016, p < 0.05 
in all cases). The warmest season (2015/2016) showed sig-
nificant differences with all other years (p < 0.05 in all cases) 
(see Table S1 for details of the statistical results).

Table 2   Mean (± SD) observed 
internesting period (OIP) of 
green turtles (C. mydas) at 
Cabuyal, Costa Rica, mean 
(± SD) sea surface temperature 
(SST) registered in the area in 
front of the beach per season 
and the statistical relationship 
between them (R2 and p value)

Season Number of 
intervals

Min OIP Max OIP OIP (mean ± SD) SST (mean ± SD) R2 p value

2011–2012 103 11 21 16.1 ± 2.2 26.5 ± 0.6 0.30 < 0.001
2012–2013 99 9 18 13.5 ± 1.7 27.8 ± 0.7 0.43 < 0.001
2013–2014 78 11 21 14.1 ± 2.3 27.9 ± 0.7 0.25 < 0.001
2014–2015 83 9 18 13.7 ± 2.0 27.8 ± 0.9 0.42 < 0.001
2015–2016 48 10 20 12.3 ± 1.9 28.8 ± 0.7 0.47 < 0.001
2016–2017 11 12 19 14.3 ± 2.5 27.3 ± 0.9 0.45 0.023
2017–2018 26 11 21 16.9 ± 2.8 26.5 ± 0.7 0.32 0.003
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SST, Chl‑α concentration and nesting phenology

The length of the nesting season ranged between 59 and 
121 days (mean ± SD 83.6 ± 23.3 days). Mean local SST dur-
ing the months of the nesting season (September to March) 
varied between 27 °C and 29 °C (mean ± SD 27.7 °C ± 0.6), 
being highest during 2015–2016 (mean ± SD 28.8 ± 1.0) 
and lowest during 2011/2012 (mean ± SD 27.1 °C ± 1.3) 
(Table 3). We found no statistically significant correlation 
between SST and MND (p > 0.05, in all cases) and between 
SST and length of the season (p > 0.05, in all cases) (see 
Table S2 for details of the statistical results).

We found statistically significant differences in SST 
between the northern and southern foraging grounds and 
between months of the year (p < 0.001 both cases). For 

Chl-α, we found significant differences between months 
(p < 0.001), but not between foraging areas (p = 0.099). SST 
at the foraging areas was lowest in February (mean ± SD 
27.4 °C ± 0.5) for the northern area and March (mean ± SD 
26.8  °C ± 0.8) for the southern one, and highest in August 
(mean ± SD 29.6 °C ± 0.5) for the northern area and in May 
(mean ± SD 28.5 °C ± 0.6) for the southern one (Table 2). 
We found no statistically significant correlations between 
MND or length of the season and SST (mean or by month) 
at either foraging area (p > 0.005 all classes) (see Table S3 
for details of correlation results).

In contrast to SST, Chl-α concentration at the foraging 
areas were highest in March (mean ± SD 1.6 ± 0.9 mg m−3) 
for the northern area and in February (mean ± SD 
1.8 ± 0.4 mg m−3) for the southern one, and lowest in May 

Fig. 3   Seasonal changes in 
the duration of the observed 
internesting period (OIP, solid 
circles) of green turtles (C. 
mydas) and local sea surface 
temperature (SST, gray line) 
along seven different nesting 
seasons at Cabuyal, Costa Rica. 
a 2011/2012; b 2012/2013; 
c 2013/2014; d 2014/2015; 
e 2015/2016; f 2016/2017; g 
2017/2018
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(mean ± SD 0.4 ± 0.1 mg m−3) for the northern area and in 
July (mean ± SD 0.7 ± 0.2 mg m−3) for the southern one 
(Table 4).

Effect of SST and Chl‑α concentration at foraging 
areas on nesting abundance

We found a strongly positive relationship between Chl-α 
concentrations at the northern foraging site in the month 
of February preceding the nesting season and the number 
of turtles (Kendall correlation: r = 0.90, p < 0.01, n = 7) and 
number of nests registered on the beach (Kendal correlation: 
r = 0.905, p < 0.01, n = 7), and a weaker but significant rela-
tionship between Chl-α levels at the same area in the months 
of January and March and the number of turtles (Kendall 
correlation: r = 0.714, p < 0.05, n = 7 and r = 0.714, p < 0.05, 
n = 7 for January and March, respectively) and number of 

nests (Kendall correlation: r = 0.714, p < 0.05, n = 7 and 
r = 0.714, p < 0.05, n = 7, respectively). High Chl-α levels 
in the month of February resulted in high number of turtles 
and nests (Fig. 4).

We found no statistically significant relationships between 
mean Chl-α for any month at the southern foraging site and 
nesting abundance registered on the beach (p > 0.05 all 
classes, S 5). Likewise, we did not detect any effect of SST 
at either foraging site on nesting abundance (p > 0.05 all 
cases, see Table S6).

Discussion

Effect of local SST on the duration 
of the internesting period

Observed internesting period of green turtles at Cabuyal var-
ied with SST in all years, increasing towards the end of the 
season as SST declined. Water temperature in the Gulf of 
Papagayo is marked by a strong seasonality that is character-
ized by a dramatic decrease between December and March, 
with the lowest temperatures in January. This strong change 
in water temperature is driven by the occurrence of seasonal 
win patterns that lead to significant deep-water upwelling 
from November to May (Brenes 2001; Alfaro and Cortés 
2012). Thus, turtles arriving early or late in the season may 
encounter completely different oceanographic conditions, 
which likely affect their reproduction.

The relationship between SST and OIP has been pre-
viously reported for green and loggerhead turtles at other 
locations (Sato et al. 1998; Hays et al. 2002), which sup-
ports the idea that the relationship between these two factors 
occurs globally at least for these species. Water temperature 
influences metabolic rate and reproductive cycles of green 
turtles, as the difference between body and water tempera-
ture is minimum (Sato et al. 1998). As a result, cool water 

Table 3   Phenology of nesting 
population of green turtles (C. 
mydas) at playa Cabuyal, Costa 
Rica

Data were trimmed between September 9th and Mach 5th (period covered in all seasons). Median nesting 
date (MND) and 25% and 75% percentile are shown in Julian date. The season comprises two calendar 
years as it starts in September of one year and extends to March of the following year. MND was calculated 
for the time period starting on January 1st prior to the beginning of the nesting season (day 1) and until the 
season ended

Season Number of 
emergences

Median nest-
ing date

25% percentile 75% percentile Length (days)

2011–2012 808 376 345 408 63
2012–2013 806 340 305 372 67
2013–2014 435 370 308 415 107
2014–2015 1013 344 305 386 81
2015–2016 390 363 308 395 87
2016–2017 54 314 277 398 121
2017–2018 147 369 332 391 59

Table 4   Monthly (mean ± SD) sea surface temperature (SST) and 
monthly (mean ± SD) chlorophyll-α concentration (Chl-α) of two 
foraging areas for green turtles (C. mydas) nesting at Cabuyal, Costa 
Rica from 2011 to 2018

Northern area Southern area

SST (°C) 
(mean ± SD)

Chl-α 
(mean ± SD 
mg m−3)

SST (°C) 
(mean ± SD)

Chl-α 
(mean ± SD 
mg m−3)

January 27.4 ± 0.8 0.9 ± 0.3 27.8 ± 0.9 0.6 ± 0.2
February 27.4 ± 0.5 1.1 ± 0.5 27.3 ± 0.6 1.1 ± 0.2
March 27.8 ± 0.8 1.3 ± 0.7 27.2 ± 0.8 1.1 ± 0.6
April 28.8 ± 0.6 1.0 ± 0.5 27.9 ± 0.4 0.8 ± 0.1
May 29.4 ± 0.6 0.4 ± 0.1 28.5 ± 0.6 0.5 ± 0.2
June 29.2 ± 0.5 0.5 ± 0.2 28.4 ± 0.8 0.5 ± 0.2
July 29.0 ± 0.7 0.6 ± 0.3 28.2 ± 0.8 0.5 ± 0.1
August 29.4 ± 0.5 0.5 ± 0.2 28.4 ± 0.6 0.5 ± 0.2
September 29.3 ± 0.5 0.6 ± 0.6 28.4 ± 0.6 0.6 ± 0.3
Mean 28.6 ± 0.9 0.8 ± 0.3 28.0 ± 0.5 0.7 ± 0.3
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temperatures can extend the internesting period. In turn, this 
could even lead to more time in the reproductive area in cold 
years or for turtles that nest late in the season. The effect of 
such an extension on the turtles is unknown. However, since 
green turtles are mostly aphagic while breeding, spending 
extra time around the beach could be challenging if lipid 
reserves drop below critically low levels. On the other hand, 
this could lead to the atresia and reabsorption of follicles, 
to be used as an extra source of energy (Limpus et al. 2002; 
Hamann et al. 2003), reducing the number of clutches but 
allowing the turtle to stay alive.

The average OIP for the green turtles that nest at Cabuyal 
was similar to those reported for green turtles nesting in 
the Atlantic Ocean at Ascension island (14.3 days, Godley 
et al. 2002) and slightly longer than those reported for turtles 
nesting in the Mediterranean at Cyprus (13 days, Broderick 
et al. 2002) and in the Pacific Ocean at Michoacán, Mexico 
(12 days, Alvarado-Díaz et al. 2003). If OIPs at the differ-
ent nesting sited were entirely due to changes on SST, local 
temperature data could be used to infer the intervals for each 
population.

Oceanography and nesting phenology

Some sea turtle species exhibit a significant response in their 
phenology to changes in SST (either at internesting or forag-
ing areas), by nesting earlier, e.g., loggerhead turtles in West 
Florida (Weishampel et al. 2004, 2010; Pike et al. 2006) and 
Greece (Mazaris et al. 2008, 2009); or nesting later, e.g., log-
gerheads in south Florida (Lamont and Fujisaki 2014) and 
leatherback turtles in Costa Rica and Virgin islands (Nee-
man et al. 2015), also see Robinson et al. (2014). Our results 
show that, as in other green turtle populations (Pike 2009; 
Weishampel et al. 2010), the nesting dates did not vary in 
response to SST or Chl-α changes at the nesting or foraging 

grounds. As green turtle eggs in the area seem more resistant 
to high temperatures than other species (Santidrián Tomillo 
et al. 2017), their phenology may not be affected by SST, 
as a change in temperature may not relate to a decrease in 
hatching success. In addition, Cabuyal is highly affected by 
the cold coastal upwellings of the Gulf of Papagayo during 
the second part of the nesting season and these conditions 
could act as an environmental barrier, for adult turtles or 
hatchlings preventing delays of the nesting season. Future 
research should investigate the effect that the cold coastal 
upwellings of the Gulf of Papagayo could have on reproduc-
tive success, hatchling survival and dispersal to assess the 
pros and cons of nesting at the same time the cold fronts 
occur.

Effect of SST and Chl‑α concentration on foraging 
areas on nesting abundance

The trophic status of green turtles can be a major influencer 
on their reproductive cycles (clutch size, number of clutches 
and remigration intervals) because of their mainly herbivo-
rous diet being so tightly related to oceanographic condi-
tions (Broderick et al. 2001). Green turtles foraging areas in 
the Central American Pacific are also highly influenced by 
seasonal changes in nutrient concentrations due to coastal 
upwellings in the gulf of Tehuantepec (Mexico), the gulf of 
Papagayo (Costa Rica) and the gulf of Panama from Novem-
ber to April (Glynn et al. 1983; Brenes 2001; Alfaro and 
Cortés 2012). Specifically in February, the cyclonic wind 
jets from these gulfs cause the thermocline to decrease in 
depth and have a great influence on Chl-α levels, so that 
when the wind abates in May, the coastal upwellings recede 
(Fiedler 2002). The strong positive relationship between 
Chl-α concentrations in February at the northern forag-
ing grounds, one of the months that registered the highest 

Fig. 4   Relationship between 
chlorophyll-α (Chl-α) concen-
tration at the northern foraging 
area during February and the 
number of green turtles (C. 
mydas) (open circles) and nests 
(solid squares) registered at 
Cabuyal, Costa Rica, during 
seven different nesting seasons 
(2011/2012 to 2017/2018)
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concentrations in the year, and turtle abundance suggests 
that turtles take advantage of the high coastal productivity 
on these months to obtain most of the nutrients they require 
previous to nesting. This agrees with other studies that show 
a relationship between green turtles post-nesting movements 
and Chl-α fronts in oceanic and neritic habitats, suggesting 
they also benefit from the high productivity found in both 
environments (Seminoff et al. 2008). The lack of correlation 
between nesting abundance and Chl-α at the southern forag-
ing grounds is not surprising as previous telemetry studies 
have shown that most turtles from Cabuyal (Clyde-Brock-
way 2014) and from nearby Nombre de Jesús (Blanco et al. 
2012) migrate toward northern areas after nesting. Some 
green turtle populations also exhibit high fidelity to foraging 
grounds (Cheng 2000).

Although we found a strong correlation between Chl-α 
and the nesting abundance at Cabuyal, some of the interan-
nual variability could be explained by other factors such as 
cohort effects (i.e., hatchling production in past years and/
or number of nesting turtles 3–4 years before). In addition, 
analyzing smaller and/or more specific foraging areas, as 
well as using different time periods in future studies, could 
allow us to better capture the effect of ocean variability on 
nesting abundance, as relevant changes in oceanographic 
conditions can occur at very small scales (Schofield et al. 
2009; Bates et al. 2018).

SST affects nesting abundance of some sea turtles such as 
loggerhead turtles in Greece, where the number of nests was 
negatively correlated to SST at foraging grounds (Mazaris 
et al. 2009; Patel et al. 2016). However, we found no effect 
of SST on the green turtles that nest at Cabuyal. SST was 
used as a proxy of climatic conditions and it is possible that 
a more throughout analysis on the effect of water column 
temperatures may show different results. Our study dem-
onstrated that SST on nesting areas can strongly influence 
OIP, and Chl-α at foraging grounds influenced the number 
of nesting turtles. Since Cabuyal and the foraging grounds 
are located in an area highly affected by El Niño Southern 
Oscillation (ENSO) and both variables (SST and Chl-α) 
depend on ENSO conditions, further study of the effects 
of ENSO on the nesting population should be considered 
as the number of turtles encountered in nesting (Saba et al. 
2007) and foraging areas (Quiñones et al. 2010) can vary 
with these events. Finally, the study of the oceanographic 
characteristics of the foraging grounds and their influence on 
sea turtle nesting populations should be kept in considera-
tion for conservation and research initiatives.
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