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Naturalists as early as Darwin observed terrestrial basking in green turtles
(Chelonia mydas), but the distribution and environmental influences of this
behaviour are poorly understood. Here, we examined 6 years of daily bask-
ing surveys in Hawaii and compared them with the phenology of local sea
surface temperatures (SST). Data and models indicated basking peaks when
SST is coolest, and we found this timeline consistent with bone stress mark-
ings. Next, we assessed the decadal SST profiles for the 11 global green turtle
populations. Basking generally occurs when winter SST falls below 23°C.
From 1990 to 2014, the SST for these populations warmed an average
0.04°C yr~ ! (range 0.01-0.09°C yr™'); roughly three times the observed
global average over this period. Owing to projected future warming at bask-
ing sites, we estimated terrestrial basking in green turtles may cease globally
by 2100. To predict and manage for future climate change, we encourage a
more detailed understanding for how climate influences organismal biology.

1. Introduction

Climate regulates marine biodiversity by directing ecosystem state, biogeogra-
phy, community dynamics and reproductive fecundity [1,2]. Sea turtles, like
many marine species, range over large geographical distances which exposes
them to different ecological phenomena throughout development [3]. This
spatial and demographic structure, once understood, is key for understanding
climatic influences to population dynamics and can be applied both to interpret
historical abundance and to forecast future trajectories [4]. It is therefore strate-
gically important to link climate to specific aspects of organismal biology over
the empirical record in order to manage for climate change [5].

Basking behaviour in reptiles has been linked to thermoregulation [6,7], and
sea turtles are known to bask at ocean surfaces [8]. Over the past several centu-
ries, terrestrial basking has been uniquely observed in green turtles of the
Galapagos, Hawaiian (figure 1a) and Wellesley archipelagos [9-11]. In addition
to warming internal temperatures, researchers have speculated such terrestrial
basking may aid immune function, predator avoidance, digestion, egg develop-
ment and even prevent unwanted courtship [11,12]. Although these ideas are
largely untested, one study showed terrestrial basking raised the internal
body temperatures of captive turtles by 3°C [12]. The relationship between
terrestrial basking and climate, however, remains unexplored.

Here, we assessed how climate influences terrestrial basking in green turtles
across spatio-temporal scales. We analysed 6 years of daily turtle counts at one
emergence site in Hawaii, fitting Fourier series to the counts and local SST series.
We used the Fourier models to interpret the phenology of growth markings
within humerus bones—apparent indicators of physiological stress [13]—for
green turtles in Hawaii. Finally, we described the decadal SST profiles across
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Figure 1. Behavioural and physiological responses to SST stress in green turtles. (a) Green turtle basking at Paia, Maui (photo: Chris Stankis). (b) Basking varies
seasonally in concert with cool SST. Green circles are standardized anomalies of the number of turtles observed basking weekly at Laniakea, Oahu. Blue circles are
weekly AVHRR SST data for this location. Thick dark lines are the Fourier series for each timeseries. (c) Growth marks in turtle humeri (superimposed silhouette) peak
in January, at the beginning of the coldest SST. Purple columns report the duration of growth marks from recaptured turtles. Line is fitted gamma probability
distribution. Grey-shaded area spans the peak Fourier model values for SST and basking, retained for all plots.

green turtle populations, examining how SST might influence
basking across the species’ global range, and considering
future warming. Besides improving our knowledge of climate
impacts, these analyses also contribute to understanding
growth rates and maturity [14] which are critical for conservation
assessments [3].

2. Material and methods

NOAA'’s Pacific Islands Regional Office contracted the organiz-
ation Malama na Honu to census basking turtles at Laniakea
Beach Park, Oahu (21.6° N, 158.1° W). Unique individuals, deter-
mined from carapace markings by NOAA staff (USFWS permit
no. TE-72088A-0), were counted daily. This provided raw counts
from July 2006 to March 2012, to which we applied a 21-day low
pass filter similar to a LOESS model [15]. We compiled SST data
at Laniakea and for the 11 major green turtle populations [3]
worldwide from 1990 to 2014. Eight-day SST averages are the
AVHRR Pathfinder v4.1 data from 1990 to 2002, and GAC series
from 2003 to 2014 (see http://oceanwatch.pifsc.noaa.gov/las).
Global surface temperature averages from 1900 to 2014 are from

NASA GISS [16]. Bone cross-section images that identify growth
marks are from a previous study [13].

We fit Fourier series to the Oahu basking and SST data using
standard techniques [17]. We considered each dataset as an
annual series with average weekly values, y(t), and fit the model:

K K
s(t) = Ao +2)_ Agcoslkat] + 2 By sin[kant].
k=1 k=1

Here, wy = 27/T is the fundamental angular frequency, and T
is the cycle time (1 year). A is the average of y(t). The parameters
Ay and By are obtained from the Fourier inversion formulae (elec-
tronic supplementary material). Goodness-of-fit increased with
the model order, K, and an AIC,. selected the highest-ranked
model order [4]. As we are examining thermoregulation, we
inverted the SST series (cold peaks, warm valleys). We represented
SST and basking series as standardized anomalies [4].

We compared these results with bone stress marks from
Hawaiian green turtles. A previous study [13] captured wild
green turtles, injected them with fluorescent oxytetracycline
(OTC), released them and later recovered a subset as dead strand-
ings. Histological preparations of humeri cross sections from these
turtles revealed OTC marks and dark lines of arrested growth
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(LAG,) [13]. These LAGs are thought to reflect a low point in an
annual cycle of bone growth, yet their phenology is unresolved.
Using graphics software [18], we measured the radial tissue
accretion in bone cross-section images for three turtles, noting
where six LAGs begin and end. As bone growth varies seasonally
(and figure 1b shows a correlation between basking and SST), we
applied our SST Fourier model to growth chronology. We used
8y = 8,1 + f(t)X, where &, is the radial distance from the OTC
mark, f(t) is the Fourier series value and X is a constant such
that the final bone position, §,, equals the measured growth (elec-
tronic supplementary material). The Fourier process here is
recalibrated from s(f) above so f(t) = —s(t) — 5(t)min, and interp-
olated daily between weekly s(t) values. Having LAG positions
and a chronology of bone growth, we recorded the Julian dates
for LAGs, and fit Gamma distributions to the data using
maximum likelihood estimation (MLE).

We calculated the decadal SST profiles for the 11 global green
turtle populations, focusing on the primary nesting rookery
locations [3]. In two of the three populations with basking, the
major rookeries are also the primary basking sites. For the East-
ern Pacific, however, we analysed SST at the primary basking
location (Galapagos: 0° N, 90.5° W). For each population, we cal-
culated the 95% confidence interval for annual and winter SST
(12 coldest weeks annually). We estimated the observed rate of
SST change over 1990-2014 as the slope of the linear model of
annual SST averages (electronic supplementary material).

3. Results and discussion

Figure 1b shows that basking and SST stress have a similar
phenology at the Laniakea site, measured over 6 consecutive
years. The Fourier models demonstrate that, while there is
some interannual variability, the series cycle annually with
peak cold SST in late March and peak basking in early
May. These phenologies are intuitive, and suggest terrestrial
basking functions in thermoregulation as a response to
seasonally cool ocean temperatures.

Figure 1c shows bone stress marks occur in winter, broadly
consistent with the phenology of SST stress. The model fits
suggest LAG occurrence peaks in January, but the raw data
show a smaller peak later in May. Published studies disagree
[13,14] about whether green turtle LAGs are strictly annual.
We had too few samples to resolve this question. However,
our analysis does indicate green turtle physiology is sensitive
to SST phenologies, as reflected in basking (figure 1b) and
bone LAGs (figure 1c). Environmental as well as demographic
drivers may influence the bone LAG chronology, and as a
result, this may vary between individuals. We encourage a
more thorough treatment on this topic.

Figure 2 describes the annual SST profiles for green turtle
populations globally. Hawaii has the coolest peak SST of all
populations, expressed in both the extreme peak (28.5°C)
and upper 95% interval (27.8°C). Moreover, as a set, the
three basking populations have three of the four coolest
winter SST profiles. The exception to the rule is the Mediterra-
nean, which has the largest annual SST range and the coldest
winter SST, yet basking does not occur there. Mediterranean
sea turtles are anomalous in many respects [3,19]. For green
turtles, this region is the most geographically restricted and
least abundant of all such populations globally and it is cur-
rently under extreme conservation threat [3]. It is possible
that terrestrial basking occurred in this population historically,
but that it was selected against owing to harvest pressures in
this densely populated area. By contrast, the three populations
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Figure 2. Terrestrial basking occurs in green turtle populations with colder
winter SST. Data are weekly AVHRR SST (1990—2014) for each major population.
Boxes are the winter 95% interval, thick lines are the annual 95% interval and
thin lines are the extreme values. Light-shaded area is the annual SST interval for
Hawaii (NP, North Pacific). The three basking populations (NP; IP, Indo-Pacific and
EP, East Pacific) have some of the coldest documented winter SSTs. The Medi-
terranean (M), with the coldest winter and coldest extreme SST, is the
exception. Hawaii has the coolest annual and extreme SST peak for all green
turtle populations. WP, West Pacific NA, North Atlantic; SP, South Pacific; NI,
North Indian; A, Southwest Pacific; SA, South Atlantic and SI, South Indian.

with contemporary basking are all archipelagos somewhat
distant from human population centres.

How might climate change influence terrestrial basking?
From 1990 to 2014, SST profiles at the primary green turtle
nesting sites increased on average 1.0°C (range 0.3-2.2°C),
which is 4.1°C centuryfl, and as high as 9.0°C centuryfl.
This increase is three times (range 0.8—6.3 times) the average
global surface temperature change (0.01°C yr_l) during this
period [16]. These trends raise obvious concerns for conserva-
tion management, but they may also influence terrestrial
basking. Except the Mediterranean, figure 2 shows populations
with a minimum winter SST above 23°C do not bask on land. If
warming continues at observed rates, we can calculate when
winter SST minimums in basking populations will surpass
23°C, and basking may significantly decline or cease altogether.
Based on observed SST changes, we estimate terrestrial basking
may cease in Hawaii by 2039, in Australia by 2086, and in the
Galapagos by 2102—all by century’s end. Over time, these
populations might shift toward in-water thermoregulation
strategies, as are observed in other sea turtle species [19].

Terrestrial emergence is a risky behaviour that exposes
turtles to human poaching and depredation from terrestrial
carnivores. However, this habit must have evolved to serve
a significant ecological function. Here, we described the
spatio-temporal variability of basking and its correlation
to ocean temperatures. Six years of daily monitoring in
Hawaii shows basking peaks when ocean temperatures are
coolest, and bone markings suggest this period is physiologi-
cally suboptimal. These correlations also play out at the
global scale. The three populations with basking have some
of the coolest temperature profiles. While this presents com-
pelling evidence that terrestrial basking is climate-driven,
warming SST trajectories may cause behavioural shifts to
where terrestrial basking may decline or even disappear
this century. We recommend future studies document how
climate influences the biology of marine organisms and the
impact of observed and future climate changes.

Ethics statement. Our study followed the US Endangered Species Act
guidelines and was approved by NOAA.
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