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Abstract
Brazil’s second-largest reproductive colony of loggerhead turtles (Caretta caretta) has a long history of overexploitation, 
with its temporal ecological dynamics still unknown. This study investigates changes in the average size of females and 
post-maturity somatic growth rates in marked and recaptured loggerhead turtles at a breeding site over a 33-year period 
(1982–2014). Loggerhead curved carapace length (CCL) was evaluated over the course of the study using a generalized 
additive model (GAM) with a Gaussian family distribution and time smoothed. Includes the nesting year and the CCL for a 
total of 2.359 female loggerhead turtles. The overall average length of females was 99.4 cm ± 5.8 (mean ± SD). The results 
suggest that the CCL of females in the nesting area is decreasing. From 1982 to 1998, the mean CCL was 102.6 cm; from 
1999 to 2014, the average length was 98.7 cm. There were no statistically significant differences in post-maturity growth 
rates among recaptured females, supporting the hypothesis of increased recruitment. The GAM results showed significant 
differences in the size structure changes of reproductive site females over time. The study highlights how a population 
parameter can be influenced by long-term conservation of feeding and nesting areas for sea turtles, resulting in a higher 
number of recruits. The curved carapace length serves as an important metric to describe population changes and raise 
awareness about future conservation challenges.
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Introduction

Loggerhead turtle populations (Caretta caretta; Linnaeus 
1758) have undergone a long process of overexploitation 
along the Brazilian coast, with intensive use of their eggs, 
meat, and carapace throughout the region (Da Silva et al. 
2016; López-Mendilaharsu et al. 2020). Excessive exploita-
tion (e.g., overfishing, hunting, and poaching; Bugoni et al. 
2001; Monteiro et al. 2016), coupled with issues arising 
from coastal development (e.g., artificial lighting, gradual 
increase in waste, chemical contamination from domestic, 
agricultural, and industrial runoff; Wilcox et al. 2018), have 
historically posed threats to this species, resulting in popu-
lation declines (Jackson et al. 2001). Implementing envi-
ronmental public policies and developing sea turtle conser-
vation programs have reduced global impacts and enabled 
the recovery of several populations (Mazaris et al. 2017). 
Conservation efforts have also included the protection of 
the nesting and foraging sites (Marcovaldi and Marcovaldi 
1999), regulation of hunting and bycatch (Brasil 1998), and 
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the establishment of the South Atlantic Sea Turtle Network 
(redasotortugas.com). The network focuses on the inter-
action between sea turtles and fishing activities (López-
Mendilaharsu et al. 2020), and the establishment of pro-
tected areas (Hamann et al. 2010). As a result, loggerhead 
turtle populations in the Western South Atlantic have shown 
signs of recovery, reflected in their change in conservation 
status from “Endangered” to “Vulnerable” in 2022 (Casale 
and Tucker 2017; ICMbio 2022). In a global study, 95 of 
130 study sites showed an increase in nesting abundance 
(Mazaris et al. 2017) showing independent global growth. 
But little is known about the impact this has on nesting 
female size.

In general, body size comparisons of recovering sea 
turtle populations are under studied (Hays et al. 2022). The 
increase in smaller females may indicate higher recruitment 
rates or lower growth rates; however, smaller individuals 
typically lay fewer eggs per clutch (Mortimer et al. 2022), 
impacting population productivity. On the other hand, 
increased protection of adults not only enhances annual 
survival rates but also the number of eggs laid, resulting 
in long-term recruitment increase (Piacenza et al. 2016; 
Hays et al. 2022). Furthermore, size structure analyses can 
indicate changes in growth rates (Bjorndal et al. 2017), 
represent the distribution of stranded animals (Monteiro 
et al. 2016; Herren et al. 2018), or indicate size variations 
to attain sexual maturity (Phillips et al. 2021). Long-term 
monitoring of sea turtle populations can detect issues in 
resource stability early, thus providing managers better data 
for conservation.

The second-largest population of loggerhead turtles 
nesting on the eastern coast of Brazil has been continuously 
monitored since 1982 (Marcovaldi and Chaloupka 2007; 
Colman et al. 2019). Due to the philopatric behavior of 
females (returning where they were emerged; Reis et al. 
2010), long-term monitoring can yield valuable insights into 
the demographic structure of the reproductive population 
(Baltazar-Soares et al. 2020). Population surveys in the 
area have described temporal patterns of nests, reproductive 
success of females (Baptistotte et al. 2003), and indicated 
an increase in relative abundance during the early years of 
monitoring (Marcovaldi and Chaloupka 2007). However, no 
attempt has been made to identify loggerhead female size 
variation in this nesting population.

Given the importance of size structure in demonstrating 
population patterns, we analyzed capture-mark-recapture 
(CMR) records from the initial 33 years of monitoring 
conducted by the Sea Turtle Project (TAMAR) to identify 
variations in curved carapace lengths (CCL) and post-
maturity growth of females. The CCL was employed as a 
biological indicator to monitor long-term demographic 
changes; we explored the hypothesis of an annual gradual 
decrease in CCL due to an increase in the number of smaller 

recruits each year. If confirmed, our findings could yield 
new insights into population trends of loggerhead turtles in 
northern Espírito Santo. These additional data are pertinent 
to the conservation and management of loggerhead turtles, 
offering insights into how long-term conservation efforts can 
benefit local nesting colonies of marine turtles.

Materials and methods

Study area

The study area encompasses a stretch of 194 km of beaches 
on the northern coast of the State of Espírito Santo, south-
eastern Brazil, between latitudes 19º 50' and 18º 36' S 
(Fig. 1). Of the 194 km, approximately 78 km of the nest-
ing beaches are consistently monitored for the marking and 
recapture of females (from km 0 to km 78; Fig. 1), while 
the remaining kilometers are monitored intermittently for 
marking. The beaches of the Northern region of Espírito 
Santo are characterized by dynamic beaches with coarse 
sand in the south, and low-energy beaches with fine sand in 
the north, adjacent to the estuaries of the Riacho, Doce, São 
Mateus, Itaunas, and Mucuri rivers (Baptistotte et al. 2003).

Female biometrics

Nightly monitoring was conducted by the TAMAR project 
occurred during the peak of nesting activity (September 
1–March 31; hours of 18:00 and 05:00) from 1982 to 2014 
(Santos et al. 2011). When detecting turtle tracks, the team 
carefully searches for the female and the nest, avoiding 
startling the animal. During the nesting process, they 
mark the nest and, taking advantage of the female’s resting 
period, perform marking and measurements. Patrols multiple 
were conducted using vehicles, with a team comprising 
approximately eight individuals. Monitoring during the 1997 
to 2003 seasons encountered logistical difficulties due to 
budget constraints, resulting in a shortage of field personnel 
and irregular monitoring, typically occurring around three 
times a week.

Adult females were measured from the anterior nuchal 
notch to the posterior tip of the carapace using a flexible 
measuring tape (Bolten 2003; Thomé et al. 2007) and tagged 
on the front flippers with Inconel tags (Style 681, National 
Band Compan, Kentucky USA; Almeida et al. 2011). Before 
the marking process, barnacles and epibionts are removed. 
Females were marked during the resting period following 
nest closure. The presence of calluses and scars were 
checked, which could indicate previous tag loss (Hughes 
1996).

Measurement records of nesting females were only used 
once per reproductive season to avoid pseudoreplication. 
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However, for cases of females recaptured in the same 
reproductive season, we calculated a mean CCL following 
the approach of Phillips et al. (2021). We made no distinction 
between recruited females (first-time nesters) and remigrants 
(nesters recaptured in subsequent seasons) when conducting 
the statistical tests.

Baptistotte et al. (2003) identified that CCL of nesting 
loggerhead females range from 83 to 123  cm in this 
breeding population. We divided this range into three 
groups (83–96 cm; > 96–110; > 110 cm) for recruitment size 
thresholds. A single size determinant (96 cm) is limiting, 
however it is a reasonable assumption for recruitment in this 
population.

Growth variability

To verify if there were changes in growth rates over the 
monitoring period, we used the average CCL at first 
tagging  (xCCLfirst) and the last average CCL from the 
subsequent season  (xCCLlast) divided by the number of 
years between these records Le Gouvello et al. (2020). 
The number of years corresponds to the difference between 
the first and last observation (> 1 year; Le Gouvello et al. 
2020). The growth rate was estimated using the following 
formula (Le Gouvello et al. 2020):

Fig. 1  Location of the nesting 
beaches of the loggerhead turtle 
(Caretta caretta) on the north-
ern of State of Espírito Santo, 
east coast of Brazil. The dark 
line indicates the kilometers of 
the beaches where the monitor-
ing of female took place. Black 
boxes represent the names of the 
beaches. Operational sections 
monitored, in the south-north 
direction: Comboios (0–37 km), 
Povoação (38–78 km), Pontal 
do Ipiranga (79–115 km), Guriri 
(116–178 km), and Itaunas 
(179–194 km)
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Data analysis

We utilized the years of monitoring as an predictor 
variable and CCL as response variable, as the reproductive 
site underwent significant overexploitation, which was 
subsequently mitigated. The normality and homogeneity of 
the residuals were assessed before creating the model. The 
main generalized additive model (GAM) (CCL ~ year) was 
fitted to the Gaussian family distribution. The GAM, was 
used to test the hypothesis of an increase in smaller females 
over the reproductive seasons (Table S1). The second GAM 
model (ranges CCL ~ year) was fitted to the Scat family due 
to the residual distribution exhibiting long tails (heavy-tailed 
distribution; Wood et al. 2016). This model was designed 
for three different size ranges. Time variable was smoothed 
in both models due to previous statistical tests. Analysis 
was performed using the R software (R Core Version 4.1.0, 
Team 2017) with the ‘mgcv’ (Wood 2017), and visualized 
using the ‘ggplot2’ (Arnold 2019), and ‘ggthemes’ packages 
(Wickham 2016).

We compared post-maturity growth rates estimated 
between 1982 and 2004 with those of distinct females 
marked and recaptured between 2005 and 2014. The post-
maturity growth rates were categorized into three CCL 
intervals (99 to 107  cm) with replicates for statistical 
testing. The Mann–Whitney U test was employed to assess 
whether there were differences in post-maturity growth rates 
(response variable) over time (predictor variable).

Results

Patterns of curved carapace length

Biometric records of 2.359 females were collected between 
1982 and 2014 during nightly monitoring at the peak 
of nesting activity (Table S2). The overall mean CCL of 
females throughout the monitoring period from 1982 to 
2014 was 99.4  cm ± 5.8 (mean ± SD), with a range of 
81.2–136.4 cm.

The was an increase in the frequency of smaller-sized 
females over time (Fig. 2a). The GAM model’s results indi-
cated that time was a significant predictor in the CCL struc-
ture of nesting females (χ2 = 18.79; df = 1; P < 0.001; pseudo 
– R2 = 0.556 and deviance = 58%; Fig. 2b; Table 1).

Due to the low number of females observed in some sea-
sons, we graphically represented the temporal pattern of 
size variations only for 14 reproductive seasons that had a 
minimum number (N = 50 females). The annual reproductive 

Growth rate =
CCLlast − CCLfirst

Number of years

population exhibited an increase from 4.83% of females with 
CCL < 96 cm in the early years of monitoring to 45.26% 
in the final years. Conversely, the percentage of “larger” 
females, classified as > 96–110 cm and > 110 cm, was higher 
in the early years (95.16 and 19.44%), decreasing in subse-
quent years to 53.68 and 1.05%, respectively (Fig. 3). The 
size distribution revealed an asymmetry between the moni-
tored periods, with an increased frequency of CCL values 
for females smaller than 96 cm, a pattern that became more 
evident from 2004 onwards compared to previous seasons 
(Fig. 3; Fig S1 and Table S3).

The results of the GAM analyses regarding changes in 
the three size ranges can be observed in Fig. 4 (Table 2). 
The percentage of females with CCL ≤ 96 cm increased 
between reproductive seasons, with a more pronounced 
pattern after the year 2000 (χ2 = 69.51; df = 1; p < 0.001; 
pseudo – R2 = 0.657 and deviance = 65%; Fig. 4a). How-
ever, the percentages of the larger CCL ranges > 96 < 110 cm 
and > 110 cm showed a decrease throughout the reproductive 
seasons (χ2 = 16.09 and χ2 = 8.91; df = 1; P < 0.001; pseudo 
– R2 = 0.323 and 0.185; deviance = 37 and 15% respectively; 
Figs. 4b, c).

Post‑maturity growth rates

Post-maturity growth rates of females in the nest-
ing area ranged from 0 to 3.81 cm/year, with a mean of 
0.56 ± 0.65 cm/year (Fig. S1). The highest post-maturity 
growth rates were recorded within the first 3 years after 
following initial sightings (3.81, 3.52, 3.51 cm/year; Fig. 
S2). Post-maturity growth rates by CCL can be visualized 
in Fig. 5. There were no statistically significant differences 
between the growth rates and CCLs across the reproductive 
seasons of 1989–2004 and 2005–2014 (P > 0.05; Fig. 5).

Discussion

The results presented here provide evidence of recruitment 
to a recovering loggerhead nesting population. Smaller 
females tend to be younger (Richardson et al. 2006; Hays 
et  al. 2022; Turner Tomaszewicz et  al. 2022) and the 
biometric evidence supports this assertion. The analysis of 
CCL variation has been suggested as an alternative method 
to provide demographic information at various life stages 
of marine turtles (Piacenza et al. 2016; Hays et al. 2022). 
However, this type of approach requires years of monitoring 
and the capture, tagging, and recapture of these animals.

We have demonstrated the first reduction in the average 
size of loggerhead turtles females at the second-largest nest-
ing site in Brazil. While there may be potential reasons for 
this reduction, we propose that this result is linked to the 
proportional increase in female recruitment in the breeding 
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area, which has shown signs of recovery. The increase in 
recruitment in a breeding population can lead to a decrease 
in the average size of females (Hays et al. 2022).

Female size decreases imply an increase in recruitment 
which is due to the cumulation of 30 + years of 
conservation efforts. Offspring from nests within the 
early monitoring period will have reached sexual maturity 

(28–32 years Piovano et al. 2011; Petitet et al. 2012; Avens 
et al. 2015). Increased recruitment shows high survival 
rates in various life stages for these animals (Chaloupka 
2002; Bellini et al. 2013; Lopez-Mendilaharsu et al. 2020).

To reinforce our hypothesis of increased recruitment, 
we must consider the history of overexploitation of logger-
head turtles on the Brazilian coast, where hunting and col-
lection were the main threats (Fontinelli and Creato 2020). 
The TAMAR project, established in 1980, has contributed 
to the species’ preservation by involving local communi-
ties and developing viable economic alternatives for popu-
lations that relied on these animals (Liles et al. 2015; Da 
Silva et al. 2016). In addition to the boosting of environ-
mental laws, such as the prohibition of hunting, the inclu-
sion of marine turtles in the list of endangered species, use 
of Turtle Excluder Devices, and increased penalties for 

Fig. 2    A Full  presentation of curved lengths B Average curved carapace length (CCL) variation (line) indicated by the generalized additive 
model (GAM) (line) and standard deviation indicating p < 0.001 (shaded area in gray). The dots represent the mean values   of CCL

Table 1  Results of the analysis of deviance applied to the generalized 
additive model fit to describe the curved carapace length (CCL) off 
females throughout the study

Estimate ß Std.error Z P

Intercept 101.28 0.2706 374.3  < 0.001
Smooth term Edf Ref.Df χ2 P
Year 1.753 2.185 18.79  < 0.001
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Fig. 3  Frequency distribution of curved carapace length of logger-
head females, organized by reproductive seasons. Areas shaded in 
black delimit the proportion of smaller individuals (“recruits”) in the 

population (80–96 cm). Areas shaded in light gray delimit the propor-
tion in the population of the largest individuals in the population (110 
to 136 cm CCL)

Fig. 4  Variation of the percentage of mature loggerhead turtle 
females with respect to the lengths indicated by the generalized addi-
tive model line with standard deviation (shaded gray area). A Green 
points represent CCL ≤ 96  cm with an intercept of 19.57%. B Blue 

points represent CCL between > 96 and < 110  cm with an intercept 
of 73.0%. C Red points represent CCL > 110 cm with an intercept of 
7.71%
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capture, collection, killing, and disturbances. These are 
important measures for species conservation.

Despite observing lower recruitment rates (with a small 
presence of smaller females) until the reproductive season 
of 2004, it should be noted that there was less monitoring 
effort between 1997 and 2003. This may have led to reduced 
species protection during the initial period of the TAMAR 
Project implementation. For instance, the first foraging area 
base was only built in 1991 (Gallo et al. 2006). In 1994, only 
31.5% of the nests were protected, and human egg predation 

occurred along the entire coast (Da Silva et  al. 2016). 
Currently, 80% of marine turtle nests are protected due to 
the establishment of bases in feeding and nesting areas and 
the enforcement of environmental laws (Lopez et al. 2014).

Adult and subadult mortality, mainly due to interactions 
with fishing activities and plastic ingestion (Rizzi et al. 
2019; Cantor et al. 2020), may have masked the potential 
of recruitment. This is shown by the increase in abundance, 
but the reduction of larger females after 2005. In the region, 
71% of strandings overlap with fishing activities during 
the nesting season (Lopes-Souza et  al. 2015; Monteiro 
et al. 2016). Further, 45% of loggerhead bycatch between 
Brazil and Uruguay are within loggerhead foraging grounds 
(Giffoni et  al. 2014). With these animals spending a 
significant part of their time offshore, their protection will 
be a challenge to be faced in the coming decades.

The post-maturity growth rates of females in relation 
to CCL remained stable for over a decade, indicating that 
the decline in mean curved carapace length (CCL)is not 
associated with this metric, supporting the hypothesis of 
increased recruitment. Although some females exhibit lower 
growth rates, the overall population has remained stable, 
indicating that this isolated fact does not explain the increase 
in smaller-sized females in a reproductive site that has been 
showing indications of recovery. The post-maturity growth 
(0 to 3.81 cm/year) of females from the northern region 
of Espírito Santo exceeds that of other populations in the 
South Atlantic, ranging from 0.63 to 2.71 cm/year (Lenz 
et al. 2016). External factors such as habitat degradation, 
intraspecific competition, temperature, or food variation 
influence growth (Ramirez et al. 2020).

From 1982 to 1998, nesting females were identified as 
the largest amonst studied populations (Fig. 6), but from 
1999 to 2014, the opposite is true. An increase in smaller 
females could imply fewer nests with reduced egg quantities 
(Brost et al. 2015; Mortimer et al. 2022). Baptistotte and col-
leagues (2003) determined that the average number of eggs 
per nest in this population was 119.7 and the average hatch 
success rate was 68.3%. If this trend of smaller females con-
tinues, there could be less hatchlings resulting in long-term 
population losses. However, the reproductive population has 
shown signs of recovery with an increasing number of nests 
at a rate of 1.9% each season (Marcovaldi and Chaloupka 
2007; Da Silva et al. 2016; López-Mendilaharsu et al. 2020). 
Furthermore, it is expected that these females will age and 
the pattern of average size will return to initial levels (Hays 
et al. 2022). This was observed in a long-term study of green 
turtles in a reproductive site in Hawaii (Piacenza et al. 2016).

In summary, this study highlights the importance of 
analyzing size structure to demonstrate population recoveries 
influenced by increased recruitment and the significance of 
long-term conservation programs involving capture, tagging, 
and recapture. We also conclude that the reproductive female 

Table 2  Results of the analysis of deviance applied to the generalized 
additive model fit to describe CCL ≤ percentages 96  cm throughout 
the study

and model fit to describe CCL percentages > 96–< 110 cm throughout 
the study. To the generalized additive model fit to describe CCL 
percentages > 110 cm throughout the study

CCL Estimate ß Std.Error Z P

 < 96 cm Intercept 19.57 1.33 14.63  < 0.001
Smooth term Edf Ref.Df χ2 P
Year 2.33 2.914 69.51  < 0.001

 > 96–< 110 Intercept 73.0 1.958 37.28  < 0.001
Smooth term Edf Ref.Df χ2 P
Year 2.522 3.141 16.09  < 0.001

 > 110 cm Intercept 7.71 1.006 7.66  < 0.001
Smooth term Edf Ref.Df χ2 P
Year 1 1 8.915  < 0.001

Fig. 5  Median annual curved carapace growth rate (CCL) (circles) 
and standard deviations (vertical bars) post-maturity for loggerhead 
females that nesting in northern Espírito Santo State, east coast of 
Brazil. Black circles indicate females that were tagged and returned 
between 1982 and 2004. White circles indicate females that were 
tagged and returned in 2005–2014. A represents the post-maturity 
growth of females with CCL between 99 and 101. B represents the 
post-maturity growth of females with CCL between 102 and 104. C 
represents the post-maturity growth of females with CCL between 
105 and 107. Equal numbers of asterisks indicate non-significant dif-
ferences with the test U Mann–Whitney
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population structure of loggerhead turtles in the northern 
region of Espírito Santo has changed, with a gradual 
increase in smaller-sized females as a result of conservation 
efforts. As this study focuses on the same reproductive site, 
it can serve as a reference for future research following the 
Mariana disaster in 2015. We suggest conducting future 
studies on population abundance to assess the effectiveness 
of recruitment in population growth, as well as developing 
a metric using stranding data related to mortality by CCL.
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tary material available at https:// doi. org/ 10. 1007/ s00227- 024- 04408-3.
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