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Abstract

There is an intense interest in long-term trends of species abundance that may reflect, for example, climate change or conser-
vation actions. Less well studied are patterns in the magnitude of inter-annual variability in abundance across large spatial
scales. We collated abundance time-series for 133 nesting sites across the globe of the seven sea turtle species. Inter-annual
variability in nest numbers was lowest in loggerhead turtles (Caretta caretta), Kemp’s ridley (Lepidochelys kempii) and
flatback turtle (Natator depressus) and highest in green turtles (Chelonia mydas), likely reflecting their lower trophic posi-
tion compared to other species and hence tighter coupling of food availability to environmental conditions each year. The
annual number of nests in green turtles could vary by 60-fold between successive years. We identified regional patterns in
the magnitude of inter-annual variability in green turtle nest numbers, variability being highest for nesting beaches around
Australia and lowest in the western Indian Ocean and equatorial Atlantic. These regional patterns are likely linked to cor-
responding patterns of environmental variability with, for example, areas subjected environmental extremes as part of the

El Nino Southern Oscillation (ENSO) showing high inter-annual variability in nest numbers.
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Introduction

Across biological systems there is intense interest in the
findings from long-time series for measures such as species
abundance, health, range and the seasonal timing of events
(phenology), such as breeding and migration (Poloczanska
et al. 2016; Pinsky et al. 2020). These long-time series have
been particularly important for assessing how biological
systems are changing over time, for example in response to
conservation efforts, harvesting or climate change, thereby
informing policy and management (Edwards et al. 2010).
In addition to species abundance, the body condition (e.g.
weight to length ratio) of breeding individuals may also
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vary across years with profound demographic consequences
(Gardner et al. 2018; Ozgul et al. 2010). However, the extent
of this inter-annual variation in body condition has rarely
been considered over large spatial scales, such as across
ocean basins or globally. Here we address this question by
using a group, sea turtles, that do not generally breed every
year, in common with some other animals (Jouventin and
Dobson 2002), and hence whose annual breeding numbers
indicate that subset of the adult population that has attained
suitable body condition to breed (Hays 2000).

In a seminal study, it was suggested that the extent of
inter-annual variability in nesting numbers in sea turtles var-
ies with trophic position, with the working hypothesis that
for species that forage lower down the food chain there will
be greater inter-annual variability in both their forage avail-
ability and also hence their nest numbers (Broderick et al.
2001). Initial examination of data from 45 nesting sites sup-
ported this hypothesis (Broderick et al. 2001). Here we con-
duct the most extensive examination of this hypothesis and
examine three a priori predictions. First, the inter-species
patterns reported in Broderick et al. (2001) with a relatively
small sample size, should be maintained when a much larger
number of data-sets that have emerged in the interim are
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examined. Second, when all seven species of sea turtles are
examined, compared to the four species examined in Brod-
erick et al. (2001), the patterns on inter-annual variability in
nest numbers should be explainable by likely variability in
forage conditions. Third, it might be expected that regional
patterns will exist in the extent of inter-annual variability in
nesting numbers, given that the extent of inter-annual vari-
ability in foraging conditions is likely to vary regionally.
Here we examine these predictions using the largest data-
set assembled to date on inter-annual variability in nesting
numbers. Any regional patterns in variability in nesting
numbers may have important consequences for the survey
effort needed to detect changes in population size in sea
turtles (Mazaris et al. 2017) which in turn feed into [IUCN
conservation assessments of species conservation status. As
such, an improved understanding of inter-annual variability
in nesting numbers may help in conservation assessments
for sea turtles.

Methods

We assembled time-series of sea turtle nesting numbers
from the literature following procedures outlined in Mazaris
et al. (2017). Each nesting site was allocated to a particular
Regional Management Unit (RMU) based on the definition
of RMUs in Wallace et al. (2010). We considered data from
all species of sea turtles and time-series with a minimum of
6 years of data. We used data-sets from Mazaris et al. (2017)
with the additional of more recent time-series (published
before November 2021) located using the same literature
searching procedures outlined in Mazaris et al. (2017). To
avoid any confounding effects in tiny nesting populations,
studies were only included if the minimum and mean number
of annual nests exceeded 25 and 40 respectively. These cut-
off points were selected pragmatically to exclude minor sites
and the minimum of 25 was also based on the upper bound
of the lowest class in the hierarchical scheme of nesting
abundance provided by the SWOT database for describing
colony size (http://seamap.env.duke.edu/swot). Further, we
excluded nesting sites where the long-term trend exceeded
a three-fold increase/decrease in nest numbers within a
five-year period. This trend was calculated by regression
analysis for any 5-year period. This filter was used simply
to exclude cases (n=17) where an extreme trend (upwards
or downwards) in nesting numbers, generated a spuriously
high value for the index of inter-annual variability. If the
abundance in the first year of monitoring was close to zero, it
was assumed to reflect incomplete sampling at the start of a
monitoring project and was not included. In a small propor-
tion of cases the original publication reported the number of
nesting females. These values were multiplied by three, i.e.
a value that has been assumed as the mean number of nests
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per female for sea turtles (Mazaris et al. 2017). To assess
the extent of inter-annual variability in nesting numbers, we
calculated an inter-annual variability index using the raw
annual nest numbers. Specifically, between successive moni-
toring years, the larger value for nest numbers was divided
by the smaller value. This process was repeated for every
pair of successive years in the time-series and then the mean
value calculated. For example, consider 6 years with annual
counts of 520, 260, 780, 390, 3900, 650. So for each pair of
successive years the inter-annual variability index values are
2, 3,2, 10 and 6, and then the mean is 4.6, i.e. the mean dif-
ference in abundance between successive years is 4.6-fold.

Results

We assessed patterns of inter-annual variability for 133 nest-
ing sites across the globe, including all seven sea turtle spe-
cies: Chelonia mydas (green turtle), Dermochelys coriacea
(leatherback turtle), Lepidochelys olivacea (olive ridley),
Eretmochelys imbricata (hawksbill turtle), Caretta caretta
(loggerhead turtle), Lepidochelys kempii (Kemp’s ridley),
Natator depressus (flatback turtle) (Fig. 1a) (Table S1).
Across species, the maximum number of nesting sites for
which inter-annual variability was assessed was for green
turtles (n =352 sites) and lowest for Kemp’s ridley turtles
(n=1 site). Across nesting sites, there could be large differ-
ences in the magnitude of inter-annual variability in nesting
numbers (Fig. 1b and c).

There were significant differences in the extent of inter-
annual variability across species (Fig. 2) being highest for
green turtles and lowest for loggerhead turtles (ANOVA,
Fs1,6=5.0, P<0.001) (Fig. 2a). Significant differ-
ences across species remained even when green turtles
were excluded from the analysis (ANOVA, F, ,5=6.1,
P <0.001), i.e. there were significant differences between
the indices of the non-green turtle species. For green tur-
tles, there was sufficient data across RMUs to examine
regional patterns of inter-annual variability. For green tur-
tles there were 12 RMUSs within which nesting numbers
were recorded for multiple nesting sites. There were sig-
nificant differences in the extent of inter-annual variabil-
ity across these RMUs (ANOVA, F; ;,=14.1, P <0.001)
(Fig. 2b). Inter-annual variability was highest for RMUs
39 (Pacific Southwest) which included data from four Aus-
tralian nesting sites: Raine Island, Heron Island, Wreck
Island, and Northwest Island, with the maximum ratio in
nesting numbers between successive years for these sites
being 55, 60, 27, and 32 respectively. So, for example, for
Heron Island (Australia) there was sometimes a 60-fold
difference between the number of nests in year n versus
n+ 1. Furthermore, there was also very high inter-annual
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Fig. 1 Global assessment of the magnitude of inter-annual variability
in nesting numbers. a Sites around the world where levels of inter-
annual variability were assessed for different sea turtle species. Num-
bers reflect the RMU for green turtle nesting areas that are mentioned

variability for green turtle nesting sites in RMU 40 (Indian
ocean southeast), which included nesting sites in Western
Australia at Ningaloo and Northwest Cape. Taken together
inter-annual variability in nesting numbers was generally
high for green turtle nesting sites in Australia. This find-
ing was reiterated by the pattern of generally increasing
variability moving eastwards across the Indian Ocean to
Australia, with inter-annual variability in nest numbers
tending to be lowest for green turtles in the western Indian
Ocean (Fig. 2c). When we repeated this type analysis for
green turtle nesting sites in the Atlantic, again significant
patterns of inter-annual variability in nesting numbers
were evident, with variability decreasing with latitude
in the western and central Atlantic (Fig. 2d). For exam-
ple, the mean inter-annual variability index values were
4.7 and 3.4 on the Yucatan (Mexico) and Archie Carr
National Wildlife Refuge (Florida, USA) respectively, but
decreased to 1.8 and 1.9 at Ascension Island (UK) and
Atol das Rocas (Brazil) respectively.

in the text. b and ¢ For green turtles nesting on Raine Island, Aus-
tralia (RMU 39, Pacific Southwest) and Jiwani beach, Pakistan (RMU
43, Indian Northwest), time-series of nesting numbers showing exam-
ples of high and low inter-annual variability respectively

Discussion

Our results extend the findings of Broderick et al. (2001)
by showing that the extent of inter-annual variability in
breeding numbers of turtles may vary regionally and in
accord with a species’ trophic position. For the first time
we identify clear regional patterns in the magnitude of this
inter-annual variability for green turtles. There are clearly
some caveats to these data comparisons, such as the wide
variation in the start and end years for the various nesting
number time-series, which might potentially blur any real
differences in the extent of inter-annual variability between
nesting sites. Nevertheless, a previous examination of 45
nesting sites across four species very clearly showed that
for sea turtles the highest inter-annual variability in nesting
numbers tended to occur in green turtles (Broderick et al.
2001). Our results from 133 nesting sites both confirm and
extend these previous conclusions.

Our findings are consistent with the hypothesis that for
herbivorous species there is likely more inter-annual vari-
ability in their food availability and so higher variability
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Fig. 2 Inter-specific and regional patterns in the magnitude of inter-
annual variability. a The magnitude of inter-annual variability in nest
numbers across species. Each symbol reflects a different nesting site,
with the horizontal line showing each species mean. Cm green tur-
tle, Dcleatherback, Lo olive ridley, Eihawksbill turtle, Ccloggerhead
turtle, Lk Kemp’s ridley, Ndflatback turtle. The number refers to the
sample size. b For green turtles the magnitude of inter-annual vari-
ability in nest numbers differed across RMUs. Each point represents
a different nesting site (ANOVA, F,; ;,=14.1, P<0.001). Highest
levels of inter-annual variability were recorded in RMUs 39 and 40
(Pacific Southwest and Indian Ocean Southeast respectively). ¢ For
green turtles the magnitude of inter-annual variability in nesting num-
bers changed from the western Indian Ocean across to Australasia.
Variability was linked to longitude in this region with lowest variabil-
ity in the western Indian Ocean. Inter-annual variability index =0.077
longitude (°W)—1.75. (F,;,=41.9, *=0.75, P<0.001). d In the
western and central Atlantic region, for green turtles inter-annual
variability in nest numbers decreased with latitude, being higher for
nesting sites in the Gulf of Mexico and Florida and lower for nest-
ing sites in the Caribbean, Suriname and Ascension Island. Inter-
annual variability index=0.06 latitude (°N)+1.96. (F;,=9.8,

in annual nesting numbers. So, for example, green turtles
are largely herbivorous, feeding on seagrass and macroalgae
(Esteban et al. 2020) the abundance and quality of which can
change profoundly between years linked to environmental
variability (Nowicki et al. 2019). Leatherback turtles had
the next highest levels of interannual variability in nest num-
bers, presumably because, although individuals range very
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?=0.52, P=0.012). For the other species for which there were data
from at least 2 nesting sites for multiple RMUs, there were no sig-
nificant differences in the magnitude of inter-annual variability across
RMUs: for leatherback turtles, n=16 nesting sites across two RMUs
(ts=1.33, P=0.23); for hawksbill turtles n=14 nesting sites across
three RMUs (ANOVA, F),,;=2.7, P=0.11); for loggerhead turtles,
n=33 nesting sites across five RMUs (ANOVA, F,,5=1.8, P=0.17).
The data for green turtles are from Mazaris et al. (2017), Okuyama
et al. (2020), Ferreira et al. (2019), Mohd Salleh et al. (2020), Mor-
timer et al. (2020), Omeyer et al. (2021), Olendo et al. (2019), Sem-
inoff et al. (2018), Shimada et al. (2021). For loggerhead turtles from
Mazaris et al. (2017), Willson et al. (2020), Sonmez et al. (2021),
Omeyer et al. (2021). For leatherbacks from Mazaris et al. (2017),
Whiting et al. (2020). For hawksbills from Mazaris et al. (2017),
Gane et al. (2020), Mortimer et al. (2020), Balladares and Quintero-
Torres (2019). For Kemp’s ridleys from Mazaris et al. (2017). For
olive ridleys from Mazaris et al. (2017), Ariano-Sanchez et al. (2020),
Sosa-Cornejo et al. (2021), Ossman (2019), Kurniawan & Gitayan
(2020). For flatbacks from Mazaris et al. (2017). See Supplementary
Information for further details

broadly to forage across ocean basins (Bailey et al. 2012),
there can be marked inter-annual variability in abundance of
their jellyfish prey (Lilley et al. 2009). In contrast, hawksbill
and loggerhead turtles tended to show much less variabil-
ity in annual nesting numbers, consistent with expectations
about the inter-annual variability in their food availability.
Hawksbill turtles tend to feed on sponges and loggerhead
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turtles on bivalve molluscs and other benthic invertebrates
(Bjorndal 1997). These prey groups are long-lived and show
continuous growth so that their abundance likely reflects the
integration of environmental conditions across many years
and, hence, less inter-annual variability. For some species
there is very limited information on diet, such as for flatback
turtles (Bjorndal 1997). It is notable that this species showed
relatively little variation in annual nesting numbers imply-
ing that, like hawksbill and loggerhead turtles, they feed at
a relatively high trophic level on prey whose abundance is
relatively constant across years. Hence we highlight how
inter-annual variability in nesting numbers in sea turtles
likely conveys useful information about the consistency of
their food resource availability across years supporting the
conclusions of others (Saba et al. 2007; Suryan et al. 2009;
Van Houtan and Halley 2011).

We showed major differences across and between ocean
basins in the magnitude of the inter-annual variability in
green turtle nesting numbers, which implies that the sta-
bility of their foraging conditions changes systematically
over these same spatial scales. While focal studies have
examined foraging conditions for green turtles at particular
sites (Nowicki et al. 2019), ours is one of the first to draw
conclusions about inter-annual variability in foraging con-
ditions for sea turtles across the globe. For green turtles we
showed highest inter-annual variability in nesting numbers
for nesting sites in Australia including the largest green
turtle rookery in the world at Raine Island in the north-
ern Great Barrier Reef. The El Nino Southern Oscillation
(ENSO) conditions may drive the forage availability for
green turtles in Australasia (Limpus and Nicholls 1988)
and hence underpin the large inter-annual variability in
nest numbers. ENSO is well known to cause massive per-
turbations in the weather and so impact a range of broad
range of habitats in the Pacific and beyond (Balance et al.
2006). Conditions on the west coast of Australia may also
change markedly across years due to ENSO events impact-
ing sea temperatures and also variable flows on the warm
south-flowing Leeuwin Current (Feng et al. 2003). In some
years, for example, oceanographic conditions may drive
marine heatwaves and associated sea grass die-off along
the west coast of Australia (Arias-Ortiz et al. 2018) and
so have a major negative impact of green turtle foraging
conditions (Nowicki et al. 2019). ENSO may also impact
green turtle foraging conditions in the eastern Pacific and
help drive inter-annual variability in reproductive output
in that region (Bruno et al. 2020; Ramirez et al. 2021).
It has been well established that, across their adult life-
spans, sea turtles tend to have tight fidelity to individual
foraging sites (Shimada et al. 2020). So generally their
strategy appears to be to largely endure years where for-
age availability is poor, for example due to environmental
forcing, rather than relocate to other more suitable areas.

Taken together our results point to high variability in both
environmental and foraging conditions for green turtles
that nest in Australia. This finding has wider implica-
tions for censuses to detect changes in population size,
which is central to assessing the population status of sea
turtles (Whiting et al. 2020). While it is well understood
that long-term data are often needed to assess population
trends in sea turtles (e.g. Mazaris et al. 2017), in addition,
as the extent of inter-annual variability in nest numbers
increases, so it will generally take more years of monitor-
ing to detect any changes in population size.

In the western and central Atlantic, inter-annual vari-
ability in green turtle nesting numbers tended to decrease
between the Gulf of Mexico/Florida and more equatorial
nesting sites. As with the gradient in variability in nesting
numbers between the western Indian Ocean and Australasia,
this pattern likely reflects a gradient of inter-annual variabil-
ity in foraging conditions. For example, the Gulf of Mexico
region is subjected to marked inter-annual variability in
environmental conditions, with environmental perturbations,
such as storms, causing major inter-annual changes in the
extent of seagrass beds, upon which green turtles forage in
the region (Esteban et al. 2020; Rodemann et al. 2021). In
contrast to green turtles, regional differences in the extent of
inter-annual variability in nest numbers were less evident in
other species, consistent with their higher trophic position
which likely means that their food availability will tend to
show less variability across years (Broderick et al. 2001).
Continued assessment of inter-annual variability in sea turtle
nest numbers may provide further insights into the impacts
of climate change on the foraging ecology of this iconic
group, including predicted increases in environmental vari-
ability (van Hooidonk et al. 2016).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00227-022-04042-x.
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