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1. INTRODUCTION

Nesting and breeding habitats are critical for spe-
cies to reproduce and survive (Carbonell et al. 2003, 
FitzSimmons et al. 2020). A species will likely thrive if 
its habitat meets specific environmental require-
ments (Tellería 2016). Thus, understanding where 

species nest and the characteristics of their nesting 
sites is fundamental for their conservation. Nesting 
beach selection, the process by which female sea tur-
tles choose a specific beach on which to lay their 
eggs, is widely regarded as a key process, as the nest-
ing environment can strongly influence reproductive 
success (Kikukawa et al. 1999), and there is an adap-
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tive trade-off between the cost of searching for a site 
(increased energy expenditure and the risk of preda-
tion) and the reproductive benefits of selecting a site 
appropriate for successful incubation (Miller et al. 
2003, Katselidis et al. 2012). Overall, for marine turtle 
reproduction to be successful, a beach must be 
chosen to provide the environmental conditions nec-
essary for adult emergence onto the shore, nest build-
ing, oviposition, incubation and hatchling dispersal 
(Miller 2017). 

The environmental drivers of beach selection for 
marine turtles are not well understood (Hamann et al. 
2011). Marine turtles exhibit natal homing and long-
term nesting site fidelity, and females are believed to 
select nesting locations to minimise predation risk and 
their energy expenditure and maximise reproductive 
success and the ease with which they can return to sea 
(Lohmann et al. 1996). Adult female turtles deposit 
their eggs in shallow nests (approximately 45–75 cm 
deep) on the dunes of sandy beaches (Limpus 1971, 
Loop et al. 1995), and since they provide no parental 
care, they cannot compensate for poorly selected nest-
ing beaches or changes to the environment near the 
nest after oviposition (Fu entes et al. 2016). Thus, se-
lecting suitable nesting beaches and establishing 
rookeries is important for the species’ reproductive fit-
ness (Hamann et al. 2011), and the environmental at-
tributes of nesting beaches play a critical role in deter-
mining marine turtle hatchling fitness and survival 
(Lohmann et al. 1996). However, many coastal areas 
currently used by turtles are experiencing accelerating 
human use and urbanisation, resulting in increased 
light and noise pollution, habitat degradation, beach 
compaction, pollution and beach stabilisation (Kam-
rowski et al. 2012, Fuentes et al. 2016, 2020). These 
pressures on marine turtle habitat jeopardise the qual-
ity of nesting sites and can change the behaviour of the 
nesting females and their hatchlings and have popula-
tion-scale consequences (Koch & Guinea 2006). Thus, 
understanding the environmental drivers of beach se-
lection is key for their conservation and management. 

Marine turtles select nesting beaches across var-
ious spatial scales according to environmental and 
topographic factors (Kikukawa et al. 1999). At re -
gional scales (10s of km), the choice of nesting beach 
is thought to be primarily determined by variations 
in weather, coastal features and oceanographic con-
ditions as well as the natal homing behaviour of the 
nesting females (philopatry) (Bannister et al. 2016, 
FitzSimmons et al. 2020). At the beach scale (100s of 
m), it has been hypothesised that nesting beach selec-
tion by adult females may be influenced by local envi-
ronmental conditions, including beach morphology, 

dune vegetation and sediment attributes (grain size 
and sand temperature) (Pike 2013). 

The habitat of the nesting beach must allow egg 
laying and, once laid, embryonic development and 
survival of embryos and hatchlings by being well 
drained and aerated and having low salinity, high 
humidity and an appropriate temperature fluc -
tuation (Miller et al. 2003, Laloë et al. 2014). This 
indicates that besides vegetation, shoreline charac-
teristics are an important predictor of nesting beach 
selection. Nesting beach selection is also impor-
tant for hatch lings, as the character of the beach, 
including ele vation, moisture and temperature, can 
change with distance from the ocean (Miller et 
al. 2003). Therefore, understanding the information 
individuals use to determine their choice of nesting 
beach is important to understand the species’ vul-
nerability to habitat changes, the evolution of nest-
ing beach selection and the conservation of the 
species. 

In Australia, marine turtles are known to nest along 
most of the northern coastline (Queensland across 
the north and west to central Western Australia) 
(Queensland Government 2022). Considering that 
many of the nesting beaches across this range are iso-
lated, large and remote, acquiring fine-scale environ-
mental, topographic and abundance data to under-
stand beach selection is challenging. 

Although general patterns of the nesting beach 
selection of marine turtles are known from presence/
absence surveys, there are many gaps in the distribu-
tion of monitoring efforts by species and nesting 
beach location (Queensland Government 2022). This 
information is required to obtain research goals listed 
under Action Area A2 of the Australian Govern-
ment’s Marine Turtle Recovery Plan (Queensland 
Government 2022). Such information is particularly 
important for threatened species such as flatback 
Natator depressus and green Chelonia mydas turtles, 
which are listed as vulnerable, and loggerhead 
Caretta ca retta turtles, which are listed as endan-
gered in Queensland due to various threats, such as 
habitat degradation, sea level rise, beach stabilisation 
and light and noise pollution (Queensland Govern-
ment 2022). 

The few studies investigating nest site selection 
(nesting suitability within beaches) in Australian mar-
ine turtles have been conducted in Western Australia 
and the Northern Territory (Garcon et al. 2010, Ban-
nister et al. 2016, Thums et al. 2020). These studies 
have not examined nesting beach selection (nesting 
suitability at a coastal scale) specifically. However, 
they have found attributes influencing beach selec-
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tion, such as beach topography (beach slope, dune 
elevation, wind and wave exposure). Previous studies 
outside of Australia have found species-specific pat-
terns with marine turtle beach selection preferences, 
such as green turtles preferring low-lying coral cays 
that are highly vegetated (shade) and sheltered (Fu -
entes et al. 2010b, Ferreira 2019, Heredero Saura et al. 
2022) and loggerhead turtles preferring beaches with 
a low slope, higher exposure to wind and wave action, 
high vegetation and high elevation (Varela et al. 2019, 
Siqueira-Silva et al. 2020, Patino-Martinez et al. 2023). 
While it is important to understand the nesting char-
acteristics of marine turtles to assess the species’ vul-
nerability to changes in their habitat, very little is 
known about inter- and intra-species variation in 
nesting beach characteristics across spatial scales 
used by populations. 

This study aims to identify the envi-
ronmental and topographic attributes 
of the beaches along the east coast of 
Queensland that may be associated with 
flatback, green and loggerhead turtle 
nesting beach selection. Specifically, 
we (1) collated available data on the 
presence/absence of flatback, green and 
loggerhead turtles along the east coast 
of Queensland; (2) characterised each 
of these nesting beaches according to 
environmental and topographic features 
thought to influence nesting beach se-
lection; and (3) assessed the relation-
ship between the presence/absence of 
flatback, green and loggerhead turtle 
nests and the environmental and topo-
graphic features of these beaches using 
generalised linear models (GLMs). 

2.  METHODS 

2.1.  Study area 

The study area included the south-
ern and central Queensland coastline, 
covering the latitudinal range of the 
eastern Australian flatback turtle pop-
ulation,  the southern Great Barrier 
Reef (GBR) green turtle population 
and the Queensland loggerhead pop-
ulation (Fig. 1). The coastline has a 
subtropical humid climate with both a 
wet season (Dec–Mar) and a relatively 
dry season (Apr–Nov) (Butt et al. 2016), 

and the turtle nesting season for all species occurs 
between October and March. 

2.2.  Data collection 

2.2.1.  Marine turtle nesting beaches 

We accessed turtle nesting distribution data 
from the Queensland Government database (Queens-
land Government 2022). The Queens land Govern-
ment’s Department of Environment and Science has 
had an ongoing marine turtle monitoring project 
since 1968 across the study area, and turtle nesting 
sites are well known for each species (Queensland 
Government 2022). Survey effort differs across sites 
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Fig. 1. Study area along the eastern Queensland coastline. Coloured symbols 
indicate nesting beaches for flatback, green, loggerhead and mixed (more than 
1 species present) turtles. Data are provided by the Queensland Government 
turtle nesting distribution monitoring program (Queensland Government 
2022). Bathymetry is indicated by different shades of blue; inset map indicates  

location study area in relation to Australia
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and years, as data were collected by various methods 
over 50 yr. Surveys to count clutches of turtles are not 
done on most turtle nesting beaches. Regular annual 
monitoring, including surveys every day for the entire 
nesting season, for flatback, green and loggerhead 
turtles only occurs on approximately 10 to 15 of their 
approximately 100 nesting beaches. We therefore 
used presence/ab sence as our response/predictor 
variable rather than abundance data in this study. The 
response variable was defined as 1 for a beach if the 
species was recorded to be present at an abundance 
of at least 1 to 10 females per year at a beach in the 
Queensland Government database and as 0 if the spe-
cies was recorded as absent. Although the presence/
absence data are based on different methods, marine 
turtles have high site fidelity and have likely nested 
on the same beach for hundreds of years (Lettrich et 
al. 2020). We acknowledge that absence scores for a 
beach, especially mainland beaches, may not always 
represent an absolute absence, as turtle presence may 
be undetectable due to female nesting attempts 
occurring at such a low density and frequency to be 
detected by any surveys. We also acknowledge that 
some presence beaches might be from infrequent 
nesting records. 

2.2.2.  Environmental and topographic variables 

We collected environmental and topographic vari-
ables known to influence nesting beach selection 
by  turtles from a range of platforms for each turtle 
nesting beach in the study area. The selection of 
these variables depended on their availability over 
the temporal and spatial scale of the turtle nesting 
monitoring data (Table 1) (Kikukawa et al. 1999, 
Fuentes et al. 2011, Katselidis et al. 2012, Patrício 
et al. 2019, Thums et al. 2020). These variables in -
clude exposure (sheltered, semi-exposed or exposed), 
site type (mainland, island or coral cay), shoreline 
characteristics (sand, rocky reef and sand, rock, 
mixed fines, gravel or fringing coral reef), elevation 
(m) and latitude. 

2.3.  Data analysis 

Through visual inspection of boxplots and histo-
grams of shoreline characteristics, slope, elevation, 
vegetation, exposure, latitude, site type and beach 
orientation (Figs. S1 & S2 in the Supplement at www.
int-res.com/articles/suppl/n054p353_supp.pdf), we 
identified site type (mainland, island or coral cay), 

shoreline characteristics, elevation, exposure (shel-
tered, semi-exposed or exposed) and latitude as 
strong proxies of flatback, green and loggerhead 
turtle nesting beach selection (see Section 3). Be -
cause of their flexibility to incorporate multiple quan-
titative and qualitative independent variables (Laloë 
et al. 2017, Williams et al. 2017), we used GLMs 
(Agresti 2015) to assess the simultaneous effects of 
exposure (wind and waves), site type, shoreline char-
acteristics and elevation on the presence/absence 
of  nesting fe male flatback, green and loggerhead 
 turtles (Text S1). 

We assessed spatial autocorrelation for all nesting 
beaches and each variable using the Mantel test 
(Table S1, Legendre et al. 2015), and we assessed 
multi collinearity among the explanatory variables 
with Cramer’s V-test (Shishkina et al. 2018) for cate-
gorical variables (site type, exposure and beach 
type) and the point biserial correlation test to test for 
correlation between the numerical variables (eleva-
tion and latitude) (Kornbrot 2014). The variable 
shoreline characteristics was removed from the analy-
sis, given its strong correlation with site type (Fig. S3, 
see Section 3) (Mansfield & Helms 1982). 

To determine which explanatory variables best pre-
dict flatback, green and loggerhead turtle presence, 
we built 16 models with binomial distribution with a 
logit link function using all possible combinations of 
the remaining 4 variables. We ranked them based on 
Akaike’s information criterion corrected for small 
sample size (AICc) (Burnham et al. 2011) (Tables S2–
S4). We checked the top-ranked models (within 3 
AICc of each other) for interactions between variables 
and over-dispersion, normality and apparent patterns 
in the residuals. Where the top-ranked model had at 
least 2 non-interacting variables, we evaluated the 
relative importance of each explanatory variable by 
calculating the change in goodness of fit (i.e. the 
adjusted amount of deviance accounted for by the 
GLM) when the respective variable was left out of the 
full model (Weisberg 2005). This method is equiv-
alent to a sensitivity analysis for the final model, 
allowing us to quantify and rank the relative impor-
tance of each explanatory variable for the full model. 
All analyses were conducted using R version 4.2.1 (R 
Core Team 2022). 

3.  RESULTS 

We collated data on flatback, green and loggerhead 
turtle nesting locations along 194 beaches along the 
central and southern Queensland coast of Australia 
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(Fig. 1). Loggerhead turtles nest from southeastern 
Queensland north to Agnes Waters, green turtles 
nest from southeastern Queensland north to the 
Townsville region, and flatback turtles nest between 
the Bundaberg region and the Townsville region. We 
acknowledge that there are green turtle nesting sites 
further north than the Townsville region in Queens-
land, but these northern sites contribute to the north-
ern GBR genetic stock, and our study is limited to the 
southern GBR genetic stock. The nesting range 
where mixed species occurred was broad, encom-
passing much of the coast and islands between south-
eastern Queensland north to Townsville. The main 

nesting sites for loggerhead turtles were the Woon-
garra coast, the islands of the Capricorn–Bunker 
groups and Swains reefs on the southern GBR. The 
main nesting sites for green turtles included rook-
eries within the Capricorn–Bunker groups, and for 
flatback turtles, the main nesting rookeries included 
Wild Duck Island, Avoid Island and Peak Island in 
eastern Queensland. 

Nesting flatback turtles were present on 107 and 
absent on 125 beaches, nesting greens were present 
on 51 and absent on 143 beaches, and nesting logger-
heads were present on 73 and absent on 121 beaches 
along the east coast of Queensland (Fig. 1). The total 
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                                                    Description                                          Source                  Link                                                       Scale 
 
Predictor/dependent variable 
Presence/absence of             Each nesting beach across the      Queensland        https://apps.information.qld.       Categorical 
 nesting female                       study area was identified as          Globe                  gov.au/TurtleDistribution/ 
 flatback turtles                       either presence or absence 
                                                     for flatback turtles 
Presence/absence of             Each nesting beach across the      Queensland        https://apps.information.qld.       Categorical 
 nesting female                       study area was identified as          Globe                  gov.au/TurtleDistribution/ 
 green turtles                           either presence or absence 
                                                     for green turtles 
Presence/absence of             Each nesting beach across the      Queensland        https://apps.information.qld.       Categorical 
 nesting female                       study area was identified as          Globe                  gov.au/TurtleDistribution/ 
 loggerhead turtles                either presence or absence 
                                                     for loggerhead turtles 

Explanatory/independent variable 
Exposure                                   Level of exposure to wind and       Queensland        https://qldspatial.information.    Categorical 
                                                     waves for each turtle nesting        Spatial                 qld.gov.au 
                                                     beach across the study area; 
                                                     identified as either sheltered, 
                                                     semi-exposed or exposed 
Site type                                    Site type identified as either          ArcGIS Pro          https://www.google.com.au/       Categorical 
                                                     mainland, island or coral cay        and Google        earth/ 
                                                     for each turtle nesting beach        Earth                   ESRI (2022) 
                                                     within the study area 
Shoreline characteristics     Identified for each nesting             Queensland        https://qldspatial.information.    Categorical 
                                                     beach within the study area          Spatial                 qld.gov.au 
                                                     as either sand, rocky reef and 
                                                     sand, rock, mixed fines (fine 
                                                     sands, rock, shells and reef), 
                                                     gravel or fringing coral reef 
Elevation                                   Elevation (m) at each nesting        Queensland        https://qldspatial.information     Numerical 
                                                     beach across the study area;         Spatial                 qld.gov.au 
                                                     measured at the longitude/ 
                                                     latitude point (highest point 
                                                     of sand on the beach) 
Latitude                                     Latitude points for every                 Google Earth      https://www.google.com.au/       Numerical 
                                                     turtle nesting beach in the            and                       earth/                                                  
                                                     study area                                           Queensland      https://apps.information.qld. 
                                                                                                                      Globe                  gov.au/TurtleDistribution/ 
                                                                                                                                                    

Table 1. Environmental and topographic variables used to model the presence of flatback, green and loggerhead turtle nesting  
beaches across the east coast of Queensland, Australia



Endang Species Res 54: 353–363, 2024

presence and absence of nesting beaches is not the 
same between each species because we truncated the 
dataset based on knowledge of the respective distri-
bution of each species (Limpus 1971, Williams et al. 
2017, Jensen et al. 2018, Queensland Government 
2022). 

The top-ranked GLM explaining the presence/
absence of flatback turtle nesting beaches along the 
east coast of Queensland retained the variable site 
type interacting with latitude, which explained 41% 
of the deviance (Table 2, Table S2). Flatback turtles 
predominately nested on island and mainland beaches 
but not on coral cays, with a more substantial pres-
ence on mainland beaches (Fig. 2). There is a latitude 
effect, with the likelihood of presence decreasing 
with lower latitude (i.e. further north) and very few 
sites further south than 24°S (Table 3, Fig. 2, Fig. S2). 

Those nesting beaches located further north where 
flatback nesting occurs were more likely to be main-
land beaches than islands. Flatback turtle nesting is 
generally absent south of Bargara. For green turtles, 
the top-ranked model retained only the variable site 
type, and this explained 22% of the deviance (Table 2, 
Table S3). Green turtles nested on coral cays over 
islands and mainland beaches (Table 3) across a 
broad latitudinal range (19°–27°S). The top-ranked 
model for loggerhead turtles retained the variables 
site type and exposure interacting with latitude, 
explaining 61% of the deviance (Table 2, Table S4). 
Of these variables, the interaction between exposure 
and latitude contributed more to the overall model fit 
than site type (Fig. S4). Loggerhead turtles were more 
likely to nest on coral cays, the mainland, then is -
lands, with presence decreasing with decreasing lati-

358

Species                    Model           Variable                                                                LL              %DE           ΔAICc             wAICc            k 
 
Flatback                       1                Site type × latitude                                        –78.7              41                   0                        0.98               6 
                                       2                Site type + latitude                                         –84.9              36                8.06                  0.02               4 
                                       3                Site type + elevation + latitude                  –84.9              36               10.16                  0.01               5 
Green                            1                Site type                                                            –87.4              22                   0                        0.43               3 
                                       2                Site type + latitude                                         –86.5              23                0.21                  0.38               4 
                                       3                Site type + elevation                                      –87.2              22                1.60                  0.19               4 
Loggerhead                 1                Site type + exposure × latitude                –50.5              61                   0                        0.81               8 
                                       2                Site type × latitude + exposure                  –52.1              59                3.04                  0.18               8 
                                       3                Site type + exposure + latitude                  –56.9              56                8.40                  0.01               6

Table 2. Generalised linear models (GLMs) for flatback, green and loggerhead nesting beach selection across the east 
coast of Queensland, Australia. Bold: best model; LL: log likelihood; %DE: deviance explained; ΔAICc: difference in Akaike’s 
information criterion corrected for small sample size (AICc); wAICc: AICc weigh; k: number of parameters per model

Species                   Term                                                                          Estimate                         SE                    Statistic                         p 
 
Flatback                 Site type (island)                                                        24.7                          35617                   <0.001                       0.999 
                                 Site type (mainland)                                                  44.7                          35617                      0.001                       0.999 
                                 Latitude                                                                     <0.0001                       1561                    <0.0001                    1.00 
                                 Site type (island) × latitude                                      24                             1561                       0.0001                    1.00 
                                 Site type (mainland) × latitude                              1.08                          1561                    <0.001                       0.999 
Green                      Site type (island)                                                        –3.38                         0.785                  –4.31                      <0.0001 
                                 Site type (mainland)                                               –4.181                       0.810                  –5.16                      <0.0001 
Loggerhead           Site type (island)                                                        –5.95                             1.68                     –3.53                      <0.001 
                                 Site type (mainland)                                                  –5.59                             1.78                     –3.14                         0.001 
                                 Latitude                                                                         –2.11                         0.656                  –3.22                         0.001 
                                 Exposure (semi-exposed)                                        31.0                                17.0                           1.82                         0.068 
                                 Exposure (sheltered)                                                 45.1                                16.6                           2.72                         0.006 
                                 Exposure (semi-exposed) × latitude                    1.34                        0.708                      1.89                         0.058 
                                 Exposure (sheltered) × latitude                             1.87                        0.690                      2.71                         0.007

Table 3. Results of the top generalised linear models (GLMs) for flatback, green and loggerhead turtles across the east coast of 
Queensland, Australia, including estimate, SE, statistic and p-value for each variable. Variables include site type (island), site 
type (mainland), exposure (semi-exposed), exposure (sheltered) and latitude. The GLM uses the first (alphabetically) variable 
to compare against, meaning that coral cay and exposed were used to compare against the other site and exposure types
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tude and nesting sites occurring south into southern 
Queensland. This effect was stronger on sheltered 
than on semi-exposed beaches (Table 3, Fig. 2). 

4.  DISCUSSION 

Nesting beach selection is important for the sur-
vival and reproduction of marine turtle populations 
(Kikukawa et al. 1999), but data on the environmental 
and topological drivers of nesting beach selection 
have been lacking for vulnerable and data-deficient 
species such as the flatback, green and loggerhead 
turtles in eastern Australia. In this study, we eval-
uated the influence of a suite of environmental (expo-
sure) and topographic (site type, latitude and eleva-
tion) factors on nesting beach selection by flatback, 
green and loggerhead turtles along the east coast of 
Queens land. Our results highlight the importance of 
site type for predicting the presence of all 3 turtle spe-
cies as well as latitude for both flatback and logger-
head turtles and exposure for loggerhead turtles. This 
is important new information which will support 
future research and monitoring efforts to mitigate the 
effect of anthropogenic impacts, including climate 
change, on the habitat of flatback, green and logger-
head turtles, aiding the conservation and manage-

ment of these vulnerable species along the east coast 
of Queensland. 

The tendency for flatback turtles to nest on beaches 
on the mainland and islands, instead of on coral cays, 
is supported by previous studies which looked at nest 
site selection in eastern Queensland, the Gulf of Car-
pentaria, northern Australia, Western Australia and 
the GBR region (Hamann et al. 2011, Howard et al. 
2015, Bustard 2017, Thums et al. 2020, Gammon et al. 
2021). However, these studies were conducted over 
smaller spatial scales and did not specifically focus on 
beach selection. The focus of site selection includes 
influencing factors after a beach has been chosen. A 
study has found that one of the largest rookeries for 
flatback turtles has been discovered on a small coral 
cay, Crab Island, in the Gulf of Carpentaria (Bustard 
2017). This finding differs from our results, as we 
found the eastern Queensland population does not 
nest on coral cays. This highlights the need to run 
these types of studies at population scales over their 
geographical range. Similarly, previous studies on 
the nesting beach selection of green and loggerhead 
turtles support our findings, as they have been found 
using coastal reef habitats, islands, coral cays and 
mainland beaches across Australia, the Mediterran-
ean, Asia, coastal East Africa, the Gulf of California 
and the Mesoamerican Reef (Booth & Freeman 2006, 
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Fig. 2. Interaction between site type ([a] mainland, [b] island) and latitude (x-axis) for flatback turtles (shaded in blue) and 
 between exposure types ([c] exposed, [d] semi-exposed, [e] sheltered) and latitude (x-axis) for loggerhead turtles (shaded 
in green) across the east coast of Queensland, Australia. An unsmoothed regression line was used for the final models, with  

shading representing the SE of the estimated smooth function
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Chaloupka et al. 2008, Fuentes et al. 2010b, Mazor et 
al. 2013, Williams et al. 2017). 

Our findings suggest that flatback turtles are found 
to nest at locations with different environmental and 
topographic features (site type and latitude) com-
pared to loggerhead and green turtles nesting within 
a similar latitudinal area. This demonstrates the dif-
ference in the nesting ecology and behaviour of flat-
back turtles in eastern Queensland. One driver of this 
difference could be the hydrodynamic environment 
adjacent to nesting beaches, which influences hat-
chling dispersal. Unlike other species, flatback turtles 
remain within the GBR region during their post-hat-
chling phase (Walker & Parmenter 1990), and thus 
nesting sites are presumably in areas where the cur-
rents enable hatchlings to be entrained within coastal 
waters (e.g. Wildermann et al. 2017). In particular, the 
beaches south of Bundaberg are likely adjacent to 
unfavourable currents for flatback turtle dispersal. 

Some studies report a relationship between hatch-
ing success and temperature changes at different lati-
tudes in marine turtles but not how latitude affects 
beach selection (Limpus 1971, Bentley et al. 2020). All 
beaches in our study region are likely to be warm 
enough during the austral summer to allow eggs to 
incubate. It is possible that the effect of latitude in our 
results for flatback turtles is due to our study site 
being located at the southern end of the species’ lati-
tudinal range, which means that there may naturally 
be more variation in where the turtles have chosen to 
nest. The border of a species range generally repre-
sents the area in which their populations are not 
within the optimal part of the range as the suitability 
of their environments decreases (Carbonell et al. 
2003). For flatbacks, while we are uncertain what 
limits the northern extent of nesting, it is likely a 
 combination of beach availability and exposure of 
beaches to cyclones (Fuentes & Abbs 2010, Garcon et 
al. 2010). The southern extent, however, is likely con-
strained by oceanographic processes, and the coast 
south of Bundaberg does not provide a favourable 
habitat to allow retainment of hatchlings within near-
shore environments (Hamann et al. 2024). 

Furthermore, because marine turtles demonstrate 
long-term (decades) site fidelity (Lohmann et al. 
1996) and take over 20 yr to reach maturity (Miller 
2017), the latitudinal range and sites used by the flat-
back, green and loggerhead turtles are likely to have 
been established decades ago (Bannister et al. 2016, 
Thums et al. 2020). However, it has been suggested in 
the literature that a possible adaption for marine tur-
tles in response to climate change is to gradually shift 
their nesting sites into cooler latitudes (Fuentes et al. 

2011, Pike 2013, Rivas et al. 2016, Patrício et al. 2021). 
However, this is unlikely for flatback turtles in east-
ern Queensland because any southward shift in nest-
ing sites, especially south of K’gari (Fraser Island), 
will correspond with oceanographic features that do 
not allow hatchlings to remain within continental 
waters as they disperse. Thus, our study’s results are 
important to enable predictions about possible site 
shifts in different climate or coastal change scenarios. 

The exposure variable was present in the top model 
for loggerhead turtles, indicating that they are found 
on both sheltered and semi-exposed beaches and not 
on exposed beaches. Although data visualisation 
identified loggerheads to nest on exposed beaches, 
this involved only assessing 1 variable at a time and 
therefore does not allow for the inclusion of multiple 
variables (see Text S1). These nesting beach selection 
characteristics are also consistent with findings where 
loggerhead turtle nests were found on the side of the 
island that was semi-exposed to wind and wave action 
(Garcon et al. 2010). However, loggerhead turtles 
nesting on Maio Island, Cabo Verde, were found to 
choose nesting beaches with greater exposure to wind 
and wave action and other relative exposure index 
values (Patino-Martinez et al. 2023). These differ-
ences in our findings could be due to a variation of 
traits among different genetic stocks of this species 
(Garcon et al. 2010) and availability of habitats in par-
ticular areas. Nesting sites for loggerhead turtles 
occur along the exposed coast of southern Queens-
land, and there are predictions that nesting will 
become more prevalent in this region in re sponse to 
increased beach temperatures (Hamann et al. 2024). 

In general, our results indicate that within the GBR 
region, loggerhead and green turtles (southern GBR 
population) predominately nest within the same lati-
tudinal range as the flatback turtles, but they have a 
southward expansion of minor nesting sites. 

The elevation variable was also not retained in the 
top model, suggesting that it may not be an important 
factor in the nesting beach selection of any of the 3 
species. This could be because all sites provided 
enough dune habitat above the high tide levels for 
nesting (Fish et al. 2005). However, elevation and lati-
tude were retained in one of the top 3 models (all 
almost equal rating) for green turtles, suggesting they 
have higher importance for this species. The majority 
of green turtle nesting sites were found on low-lying 
coral cays, and sites were across a broader latitudinal 
range (19°–27°S). A study on loggerhead turtles in 
Okinawajima and adjacent islands of the central Ryu-
kyus, Japan, suggested that beach height is an in -
fluential variable but was also not chosen as the top 
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variable, although sand softness was (Kikukawa et al. 
1999). In addition, some beaches are likely to be more 
vulnerable under projected sea level rise increases, 
either because they are low lying or because natural 
or anthropogenic barriers cannot retreat (Blech-
schmidt et al. 2020, Patrício et al. 2021). 

The deviance explained for green turtles is lower 
than that for the other species, suggesting that other 
factors which have not been measured could be 
influencing their nesting beach selection. Previous 
studies have suggested additional factors that could 
influence nesting beach selection such as oceanogra-
phy and wind direction. We could not model these 
factors, as there is insufficient fine-scale data on wind 
direction, and the analysis of data on oceanography 
would have been outside the scope of this study (Pike 
2013, Thums et al. 2020). However, oceanic data are 
important to consider when looking into nesting 
beach selection, as oceanic currents adjacent to nest-
ing beaches play a part in the dispersal of hatchlings 
(Hamann et al. 2011, Barbour et al. 2020, Hoover et al. 
2020). Studies have suggested that loggerhead turtles 
have been found to nest on the more exposed beaches, 
as they are adjacent to favourable currents which pre-
sumably enable them to escape rapidly from pred-
ator-rich coastal areas and, therefore, are of greater 
value for nesting (Putman et al. 2010, Scott-Hayward 
et al. 2014). Onshore wind directions may cool down 
sand temperatures and thus could also be an impor-
tant factor in nesting beach selection, as the tempera-
ture of the sand affects their development, sex ratio 
and hatchling emergence (Booth & Astill 2001, Gar-
con et al. 2010, Fuentes et al. 2024). This could be an 
important relationship that remains to be tested. 

4.1.  Implications for future conservation  
and research 

The results from this study have implications for 
flatback, green and loggerhead turtle conservation 
and management in eastern Australia, as they provide 
information on what beach characteristics females are 
found nesting on. We can use this knowledge to help 
understand if flatback, green and loggerhead turtles 
could be threatened by habitat changes and what nat-
ural responses might be. This can be achieved by 
identifying the important nesting beaches for each 
species according to the characteristics determined 
from our results and then increasing the monitoring 
of these nesting beaches to prioritise the threat man-
agement of habitat changes in the future. Flatback 
turtles nesting on the mainland and islands, and 

green and loggerhead turtles nesting on islands, 
including coral cays and mainland beaches, are at risk 
due to sea level rise. Sea level rise will be exacerbated 
by future climate change, causing nesting beaches in 
Australia with low dune structures or beaches with 
development behind the dunes and therefore no -
where to retreat to become completely inundated 
with water (Fish et al. 2005, Fuentes et al. 2010a). 
Female turtles may have to move to less favourable 
locations to nest in these cases, meaning that those 
beaches that are currently not highly favourable 
could become more favourable. Due to the higher 
temperatures predicted for the future due to climate 
change, marine turtles in Australia may expand their 
latitudinal range and shift nesting to sites where the 
sand temperatures are cooler or start to nest earlier in 
the year when the temperature is lower (Butt et al. 
2016, Laloë & Hays 2023, Fuentes et al. 2024). There-
fore, increased spatial and temporal monitoring of the 
species into the future is essential to determine how, 
and if, they can adapt to these climatic pressures. 

In the future, using knowledge from this study, 
increased monitoring of beaches with potential turtle 
nesting could provide a better understanding of the 
current and predicted distribution of flatback, green 
and loggerhead turtle populations in eastern Queens-
land and to further identify which beaches are likely 
to continue to enable successful nesting and hat-
chling dispersal. For future turtle management to be 
effective, we will need to foster an increase in the 
resilience of populations to climate change (Patrício 
et al. 2019). Within-beach site selection could poten-
tially ameliorate broad-scale changes in environmen-
tal conditions; therefore, other existing or newly 
established beaches will become critical for the per-
sistence of turtle populations. 

4.2.  Conclusions 

We have assessed the nesting beach characteristics 
of flatback, green and loggerhead turtles in eastern 
Queensland. This fills knowledge gaps regarding the 
optimal conditions for nesting turtles, contributing to 
meeting the research goals listed under Action Area 
A2 of the Australian Government Marine Turtle Re -
covery Plan (Queensland Government 2022). Along 
the east coast of Queensland, the most significant 
habitat characteristics of flatback nesting beaches 
were the mainland and non-coral cay islands in 
higher latitudes. The significant indicators of nesting 
beaches for green turtles were coral cays. Loggerhead 
turtles were also found predominately nesting on 
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coral cays in high latitudes when the beaches were 
semi-exposed and sheltered. Our results provide an 
important baseline for aiding the assessment of the 
vulnerability of each species to habitat changes, with 
future studies in this area needed to provide ad -
ditional insights to further characterise important 
nesting beaches considering likely future changes 
due to climate and anthropogenic effects. 
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