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Abstract

Land snails can be utilized to infer paleoclimate variability due to the preservation and incorporation of stable isotopes
in their aragonite shells ('O, , and 8"3C_ ). A Figuladra bayensis (Biggenden Banded Snail) shell was collected shortly
after death from Coalstoun Lakes National Park (CLNP), Queensland, Australia to investigate if this species is suitable
for paleoclimate investigations. A total of 200 samples were collected for §'®0,, , and 3"*C_ , analyses and additional
eight radiocarbon ('*C) dating samples were collected along the shell’s growth axis from the apex to the aperture
(234mm) from one typical modern (recently dead) specimen. Results indicate that the Biggenden Banded Snail lived
approximately 4.5years with “step-like” shell growth rates between 23.7 and 144.3 mm yr~'. Our '*C ages permit
the record to be tied to observed extreme rain events (i.e. ex-tropical cyclones) without inferring time-based growth
intervals or isotopic fluctuations alone. The 8'%0,  values depict seasonal variability with a rapid decrease immediately
after large precipitation events, followed by more gradual increases in 8'%0,, , as conditions dry. In contrast, the §"°C,, ,
record reflects variability in the snail’s C, diet with the seasons and as the specimen matures. The one exception to this
pattern is the one large decrease during a phase of higher moisture and warmer temperature that may be related to snail
reproduction. The development of an event-informed interpretive age-growth model constrained using multiple '*C
measurements along the growth axis represents an important innovation in snail isotope studies. This work establishes
the first Biggenden Banded Snail isotope time-series while improving our understanding of the general relationships
between land snail shell stable isotope records and climate.
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Figure 1. Generalized diagram depicting various environmental factors that influence both the oxygen (5'%0,, ) and carbon
(8"C,,,,) isotopic composition of land snail shells. Shell carbonate, more specifically aragonite, is derived from dissolved bicarbonate
in the snail’s body fluids. Major controls on the isotopic composition of the bicarbonate, and consequently the shell, include: (1)
environmental waters, which are influenced by climatic and environmental factors such as temperature, evaporation, humidity, and
precipitation, (2) ingestion of dietary materials, which become metabolic CO, via respiration, and (3) atmospheric or environmental
CO,, which can exchange across the snail’s soft tissue. Life cycle processes of the snail, such as reproduction and estivation, may
also affect the snail’s isotopic composition. Figure modified from Leng et al. (1998).

Pigati et al., 2013). Shell oxygen isotope composition
(880, is inferred to be primarily controlled by tempera-
ture, the oxygen isotopic composition of environmental
waters such as precipitation (8180preci ) and the evaporation
of local water or snail body water (Figure 1) (Balakrishnan
and Yapp, 2004; Dettman et al., 2024; Leng et al., 1998;
Prendergast et al., 2015; Zaarur et al., 2011). As a result,
studies utilize 8'*0,, , to reconstruct precipitation or rain-
fall isotopic composition, given that land snails are mainly
active after rain events and largely consume rainwater
(Nield et al., 2022; Ward and Slotow, 1992; Zong et al.,
2023). Similarly, shell carbon isotopic composition
(8"C,,;) has been used to infer long-term shifts in precipi-
tation and environmental change (e.g. Bao et al., 2023), but
most commonly is a proxy for respiration and diet (i.e. C,
vs C, vegetation), with diet contributing the predominant
source of carbon within the shell (Figure 1; DeNiro and
Epstein, 1978; Goodfriend and Ellis, 2002; Hill et al., 2017;
Li et al., 2025; Stott, 2002; Zaarur et al., 2011).

Isotope variability in snail shells has been extensively
analyzed using whole shells to represent average 8'%0,
and 8C_ , (e.g. Balakrishnan et al., 2005; Goodfriend
and Ellis, 2002; Magaritz and Heller, 1983; Rech et al.,
2021; Yanes et al., 2014). The advantage of bulk shell
analysis is its low cost, reproducibility, and application in
longitudinal or spatial studies (e.g. Prendergast et al.,
2017; Yanes et al., 2019). Although bulk shell samples pro-
vide average information on local climatic and ecological
conditions and dominant food sources, temporal informa-
tion is lost (Dettman et al., 2024). To access this informa-
tion, multiple samples representing a time series from
individual shells may be used (e.g. Dettman et al., 2024;
Dong et al., 2022; Wang et al., 2020; Zong et al., 2023).

Depending on the sampling frequency, this technique can
produce high-resolution, intra-shell records of climatic
and environmental change over a single snail’s lifetime
(Zong et al., 2025). Moreover, multiple specimens of vary-
ing ages can be analyzed and combined into a composite
record that can yield snapshots of climate variability
through time, which may include evidence of climate sta-
bility, inter-annual to seasonal variability, frequency of
extreme events, habitat conductivity, and resource avail-
ability (Dettman et al., 2024; Zhang et al., 2025).

Here we investigate a modern Biggenden Banded Snail
within the humid subtropical Coalstoun Lakes National
Park (CLNP), southeastern Queensland, Australia. Our
aim is to determine if 8'*0, , and §°C , can be used as a
proxy for paleoclimate reconstruction for this species. We
collected stable isotope samples along the whorl of the
shell and set a chronological framework coupling multiple
radiocarbon ('*C) dates along the shell’s growth axis with
observed synoptic events within the CLNP to produce an
event-informed age model. Results provide insight on the
biological life cycle of the Biggenden Banded Snail, for
which little is known, and show the potential for this taxon
to be used as a paleoenvironmental proxy.

Biggenden Banded Snail (Figuladra bayensis)

The Biggenden Banded Snail is part of the largest and most
successful terrestrial gastropod family in Australia, the
Camaenidae, and is found in a wide range of habitats (e.g.
rainforests, open-woodlands, and savannahs; e.g. Hugall
et al.,, 2002; Kohler, 2011; Parkyn and Newell, 2013;
Stanisic et al., 2010, 2018). The Figuladra genus is distrib-
uted across mid- and southeastern Queensland. Two
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Figure 2. Site location of Coalstoun Lakes National Park (CLNP) in southeastern Queensland, Australia. (a) Country and regional
views of the field area with the approximate distribution of the Biggenden Banded Snail populations (red area) as delineated by
Stanisic et al. (2010). (b) Aerial view of the two volcanic calderas highlighting the location of the snail shell sampled in this study
(star), summit of Mount Le Brun (dot), and the CLNP extent (dashed line). (c) Drone imagery of the lower crater on 4 February
2017 after ex-tropical cyclone Debbie filled both lakes. (d) Close-up image of the Biggenden Banded Snail shell utilized in this

research. (Photo credit: panel (c) — John Hale).

species are found further inland amongst the upland, dry
seasonal tropical forest and subtropical dry forest habitats,
one of which is the Biggenden Banded Snail (SEQ upland—
Clade 1A taxa; Hugall and Stanisic, 2011; Stanisic et al.,
2022). Little is known of the Biggenden Banded Snail life
cycle. Stanisic et al. (2010, 2024) provide ecological depic-
tion, species distribution, and family description (phyloge-
netics and comparative morphoanatomy); however, no
information is reported on lifespan. Similar to other snails,
they have an aragonite shell that is formed at the aperture
and grows along the growth axis in a clockwise manner
(dextral). This continues until the snail has reached full
maturity, after which its shell lip begins to thicken and shell
growth essentially ceases. We anticipate the snails are
active during the warm, wet summer months, and estivate
in the cool, drier winter. Food is likely to be semi-decayed
C, vegetation found within the CLNP’s vine thickets.

Materials and methods

Study site: Coalstoun Lakes National Park
(CLNP)

Located 230km north of the city of Brisbane, Queensland, the
CLNP (25.5966°S, 151.9099°E) is situated subjacent to
Mount Le Brun (Figure 2). The proximal but separate twin
lakes were created by one of the most recent volcanic erup-
tions in southeastern Queensland approximately 600,000 years

ago (Department of the Environment, Tourism, Science and
Innovation, 2026). The climate is humid subtropical (Cfa,
Koppen climate classification) with humid, hot summers
(October—March) and drier, mild winters (April-September;
Peel et al., 2007). The closest and most continuous meteoro-
logical station (Gayndah Airport ~30km west) indicates
mean monthly minimum and maximum temperatures that
range from 7.3°C to 33.6°C (mean 28.8°C) and average
annual rainfall of approximately 630mm. Roughly 75% of
the precipitation falls in the summer months, largely due to
ex-tropical cyclones (BOM, 2026). Mean monthly 8"°0, ;.
compositions are estimated to range from —6.0 to —1.9%o
(VSMOW) with the lowest and highest values observed in
late summer and late winter, respectively (Supplemental
Figure 1; Falster et al., 2026). Precipitation is the only source
of water for the perched lakes system due to its posi-
tion>150m above the surrounding terrain. After prolonged
periods without substantial rainfall (typically in late winter),
lake levels begin to lower as water infiltrates into the subsur-
face, subsequently draining the lakes and forming a dry,
grass-covered lake bed (e.g. Figure 2b and ¢ — wet to dry).
The volcanic cone is composed of vesiculated basalt
(Baramba Basalt; Johnson et al., 1989). The upper and
lower crater basins sit at an elevation of 400 and 349 m,
respectively, and are enclosed by short, steep scree (talus)
covered slopes. The weathered bedrock forms shallow,
rocky and well drained Ferrosols, which are characterized
by medium clay content and are neutral to slightly acidic.
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These soils are found at all locations within the interior
walls of the caldera rim. When the lakes periodically dry,
the clay-rich basin floor forms large vertical cracks
(McCarroll and Brough, 2000). The lakes experience dry-
ing roughly every Syears (Mahar, 1993) with the most
recent prolific dry spell during the “Millennium Drought”
from 2001 to 2009. Despite variability in lake levels, veg-
etation has remained consistent since the establishment of
the park in 1929 (Queensland Parks & Wildlife Service
(QPWS), 2023), highlighting the area as a potential vege-
tation and biologic refugium.

The exterior and crest of the caldera cones are domi-
nated by drier softwood scrub and brigalow woodlands,
whereas the more mesic interior slopes have a diverse
assortment of dry rainforest taxa including three-leaved
bosistoa (Bosistoa transversa), crow ash (Flindersia aus-
tralis) and leopard ash trees (Flindersia collina) while
black tea-tree (Melaleuca bracteata) occurs near the edges
of the lakes. When the lakes dry, an assortment of sedge-
land plants such as Bunchy flat-sedge (Cyperus polystach-
yos), Bachelors buttons (Cotula australis), Sword Sedge
(Gahnia aspera), Rhodes grass (Chloris gayana), Bermuda
grass (Cynodon dactylon var. dactylon), among others, are
rapidly established.

Climate and environmental data

As noted, the climate for the CLNP generally trends
between wet, warm summers and dry, mild winters; how-
ever, precipitation events are temporally and spatially spo-
radic. There are few active and continuous meteorological
stations within 50km of our study and none within the
CLNP. Data obtained from one, or any, of these stations
are likely to represent site specific conditions or events
that may not be experienced within our field area.
Therefore, we opt to utilize a direct and indirect approxi-
mation of climate and environmental conditions over the
snail’s life using the Scientific Information for Land
Owners (SILO) weather dataset and the Wetland Insights
Tool (WIT), respectively.

SILO is an open-sourced 0.05° daily gridded meteoro-
logical database which provides estimated synthetic data
interpolated from ground-based weather stations across
Australia (Frost et al., 2018; Jeffrey et al., 2001). Areas
surrounding the CLNP have complex terrain that causes
large heterogeneity and uncertainties in meteorological
gridded datasets at local scales (Fu et al., 2022). As a
result, we utilize the SILO dataset to represent general,
regional climate trends in daily total rainfall, evaporation,
and temperature.

In the absence of reliable local climate data, we use the
WIT as a proxy for environmental conditions. WIT is an
open-source dataset providing land surface coverage time-
series data (biweekly) at 30m resolution (Department of
Environment Science and Innovation Queensland
(DESIQ), 2019). The tool designates land cover using
Landsat satellite imagery for a defined area of interest into
five classifications from wettest to driest: open water, wet
vegetation, green vegetation, dry vegetation, and bare

ground (Dunn et al., 2019). This tool has been utilized to
evaluate seasonal and interannual variability for wetland
ecosystems (Dunn et al., 2023); however, for this study we
use it to observe changes in the snail’s ecosystem as a
whole (e.g. rain and cyclone events, condition of the lakes,
and droughts) that may not be captured in the SILO data-
set. The only source of water entering the caldera is rain-
fall. Therefore, we can appropriately assume and validate
those changes in the designated land cover to a wetter clas-
sification (e.g. dry vegetation to open water, or bare earth
to green vegetation) indicating the presence of rain.

Biggenden Banded Snail collection

In early September 2018, we observed an abundance of
land snail shells amongst the dense vine thicket, soft-
wood scrubs, and protected shelter of boulders and logs
within the CLNP crater’s understory. The specimens
ranged in size from 10 to 55mm in diameter and were
composed of two species. Species were identified via
photographs by J. Stanisic at the Queensland Museum
(personal communication, 2019), who found the domi-
nant specimen to be the Biggenden Banded Snail
(Figuladra bayensis) with the less common Maryborough
Dark Snail (Sphaerospira sidneyi). The largest, intact and
apparently most recently deceased snail shell was selected
for this study (Figure 2d). The death of the snail was
inferred to be recent due to the presence of dried, decom-
posed soft-tissue and abundant, intact periostracum pre-
served in and on the shell, respectively. The aim was to
ensure we analyzed the best-preserved shell with the lon-
gest, most continuous record for this work.

Stable isotope (5'%0,, , and 8'3C, )
preparation and analyses

The shell was first cleaned with a brush in 10% hydrogen
peroxide (H,O,) to remove organic matter, placed in an
ultrasonic bath of deionized water (3x), and then oven
dried at 50°C for 24 h. The specimen was evaluated under
a Scanning Electron Microscope (SEM) to support that the
shell was well preserved and retained an aragonitic com-
position with no evidence of recrystallization. The speci-
men was sent to the British Geological Survey (BGS) and
carbonate samples were collected using a 0.8 mm Dremel
drill bit, sampled from the apex to aperture along the
growth axis using a uniform sample interval of ~1.1 mm.
The top layer of shell (the periosteum) was carefully
removed prior to analysis. Approximately 100 ng of pow-
dered aragonite per sample was extracted into glass exe-
tainers, purged with H,, and placed on a hot plate with
phosphoric acid. The CO, gas released in the exetainer
headspace was analyzed on an Isoprime dual inlet mass
spectrometer coupled to a Multiprep device. Carbon (*C)
and oxygen ('*0) isotopes are reported in standard delta
notation (e.g. 8'%0), relative to the Vienna Pee Dee
Belemnite (VPDB) standard. Analytical precision was cal-
culated utilizing an internal laboratory standard (KCM)
calibrated against an international NBS standard. Both the
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Figure 3. Photographs of the modern Biggenden Banded Snail (Figuladra bayensis) shell collected for this project for §'%0

sheit 2N

33C,,, stable isotope analyses and '*C dating from two different perspectives: (a) side and (b) below views, respectively. Images
highlight shell characteristics (patterns, colors), terminology locations, number of whorls, and depicts discontinuities/fractures on

the shell (dotted white lines) that are discussed in this manuscript.

180 and "*C reproducibility for KCM was <0.1%o. The
mineral-gas fractionation factor used for aragonite was
1.00854 (Kim et al., 2007).

'*C dating and growth rates

Five sample locations were selected for '“C dating spaced
evenly through the whorl of the snail shell using a 2mm
Dremel bit. For the Biggenden Banded Snail to be a suitable
candidate for '“C dating there must be minimal to no reservoir
effects within the shell (i.e. through the consumption of “old”
carbon such as other shells or limestone that would result in
anomalously older ages). As a result, we collected additional
three samples on the youngest material (aperture of the shell)
assumed to be mid-August, 2018. This date was inferred by
the presence of desiccated, soft tissue in the snail shell which
decomposes rapidly, days to weeks, after death (Pearce,
2008). The aragonite shell samples (ca. 10mg) were hydro-
lyzed to CO, using 85% phosphoric acid and converted to
graphite using the H,/Fe method (Hua et al., 2001) and loaded
into an aluminum cathode for '*C analysis using the VEGA
AMS Facility at the Australian Nuclear Science and
Technology Organisation (ANSTO; Wilcken et al., 2015). All
measured '“C values and associated uncertainties at 0.20—
0.22% precision (1o) are reported in fraction of modern car-
bon (F'“C) and calendar years. To place our stable isotope
values in time, we create two age-growth models utilizing
linear interpolation. The first model is generated by estimat-
ing sample age only with '“C dates, whereas the second model
includes timing of known ex-tropical cyclones and rain events
that resulted in lake filling and vegetation greening
(Supplemental Table 1). Existing work demonstrates that
such events result in a distinct decrease in "0, values
(Hollins et al., 2018) that are preserved in snail 3'%0
records (Wang et al., 2024a, 2024b). Therefore, including the
timing of observed large synoptic events as anchor points
within our age-growth model provides increased confidence

and a more temporally continuous dataset. This refinement is
not used in this study as an independent validation, but rather
it improves our understanding of snail growth patterns and
lifecycle within a chronological framework.

Results

Specimen’s collection and morphometric
measures

The shell is classified as very large with a 51.5mm diame-
ter, 37.5mm height, 0.73 height to diameter ratio, and a 6.25
whorl count (Figure 3). The total length of the snail shell
along the sampling line (growth axis from the apex to aper-
ture) is 234 mm with two apparent and minor shell disconti-
nuities (i.e. fractures or defects) at 55 and 139mm. The
specimen has a reflected, slightly thickened lip, and the shell
is smooth with extremely fine microsculptures, consistent
with measurements and observations from other mature
Biggenden Banded Snails (Stanisic et al., 2022, 2024).

18 BC
8'°0,,., and 6'°C,, , isotopes

The isotope time series are relatively smooth and continu-
ous with no significant shifts in values associated with
visual shell defects (Figure 4). The 8'*0, , mean, standard
deviation, median, and range values are —2.22%o, +1.57%o,
—1.77%o, and +7.22%o, respectively. These results are con-
sistent with expected mean 8'%0,, , values from land snails
of similar latitude, average annual 8'*0__. . and mean
annual temperatures (Yanes et al., 2019). The 8'%0
value for the time of the snail’s death (i.e. at aperture) is
—2.35%o. There is an apparent cyclic pattern with two
broad troughs and three peaks spaced such that two wave-
lengths of similar length are observed (0—130mm and
130-234mm). They have amplitudes greater than 6%eo.
Within these larger features are smaller, more narrow
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Figure 4. The §'®0,, , and §'°C , stable isotopes (white and gray dots, respectively) analyzed from the apex to the aperture
(0-234mm). The mean values for §'°0,, , and 5'3C , within the shell are =2.22%o and —=9.05%., respectively, indicated by a solid,
gray horizontal line with the lighter horizontal bar representing their standard deviation. Vertical hashed columns correspond to
discontinuities/fractures observed on the surface of the shell, whereas dots with crosses denote locations of '*C age estimates. All
isotopic data was provided by the National Environmental Isotope Facility (NEIF) at the British Geological Society (BGS).

troughs and peaks ranging in length (20-65mm) with
amplitudes of approximately 2%o.

The 813Cshell mean, standard deviation, median, and range
values are —9.05%o, 0.79%o0, —8.99%o, and 4.60%o, respec-
tively. The 8"°C,,, value for the time of the snail’s death
(i.e. ataperture) is —8.88%o. The 8'°C, , and 8'%0, , records
depict similar in-phase cyclic patterns with the 8°C , data
being more consistent along the transect, especially in the
latter portion of the record. We observe regular amplitude
shifts of nearly 2%o with one distinct 4%o shift §°C , that
corresponds with the first major decline in 8'80 . The
only clear discrepancy between the two isotopic records
occurs at ~170mm where the second major decline in

880, ., does not have a concordant shift in §'3C

shell shell*

'4C dating

Eight “C samples were collected and analyzed (Table 1).
The three samples collected at the snail’s aperture show
consistent measured F'*C, with all values agreeing within
1o uncertainties, which is equal to a weighted mean value
of 1.0604 = 0.0015. This F'*C value was used for the esti-
mation of the radiocarbon reservoir age (R) for the shell by
comparing with contemporaneous atmospheric F'“C value
(1.0204 £0.0006) from bomb radiocarbon data for the
Southern Hemisphere (SH) Zone 1-2 for the assumed time
of death of the shell of 19 August 2018 or 2018.63 (Hua
et al., 2022). We were able to account for this offset or R
value of =366 =+ 14 C years in the remaining samples by
utilizing the associated atmosphere to shell F'*C ratio
(0.9623 £0.0015) that indicates the food consumed by the
snail and incorporated into the shell has a mean age of
approximately 10 calendar years (Table 1). Reservoir
effect corrected FC values (for detailed calculation, see
Supplemental Section 1) were employed for chronological

construction using the “Sequence” function in OxCal pro-
gram v.4.4 (Bronk Ramsey, 2008), with an assumption that
the outer samples are younger than the inner samples, and
the SH Zone 1-2 bomb '“C data at 0.1-year resolution.
General outlier analysis (prior probability=0.05) was also
used in the modeling. The modeled calendar ages of the
shell are shown in Table 1.

Age-growth models and duration

The ability to date and constrain our specimen’s lifespan
provides confidence that our isotope record can be
placed in an environmental and climatic context. The
lifespan of our specimen was approximately 4.5 years,
which is consistent with the estimated age of an adult
snail of this size (Figure 5; Johnson and Black, 1991).
Utilizing '*C dates alone ('*C constrained age-growth
model), shell growth rates along the growth axis display
a sigmoidal trend (white dots with crosses connected by
dashed line in Figure 5). Growth rate mean (* standard
deviation), median, and range are equal to 105 = 73, 74,
and 239 mm yr !, respectively. The two fastest periods of
growth occur within the first and last years of the snail’s
life, whereas the slowest growth is recorded between
2015 and 2017.

The second, and our preferred age-growth model
(event-informed interpretive model: gray dots connected
by solid black line in Figure 5) incorporates the timing of
observed weather events within the CLNP (Supplemental
Table 1 and Supplemental Figure 2), and depicts a step-
like growth pattern that is bounded by the '“C date uncer-
tainties. The rates for this model are more consistent. The
fastest rates occur immediately after cyclone events,
whereas the slowest rates occur from mid-2015 to early
2017. Growth rate mean (£ standard deviation), median,
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Figure 5. Age-growth models. Dots with crosses and numbers indicate modeled median ages with bars denoting 68% Cl range
shown in Table |. Samples |-3 were collected from the shell aperture and the remaining samples were spaced along the growth

axis to the apex. The top-left insert shows corresponding '“C locations. The dashed line connecting the white dots with crosses
represents the '“C constrained age-growth model. Gray dots and roman numerals denote observed synoptic events within the
CLNP (Supplemental Table ) with the solid black line depicting our preferred event-informed interpretive age-growth model in this

study.

and range are equal to 70 =40, 55, and 144mm yr !,
respectively. The growth rates and the step-like, or epi-
sodic, pattern are consistent with determinate growth
found in other similar snail species (Supplemental Figure
3; Béguinot, 2022; Johnson and Black, 1991).

Regional climatic and local environmental
conditions compared to isotopic records

From 2013 through 2019, the regional SILO dataset
depicts seasonal cyclic patterns associated with tempera-
ture, evaporation, and to a lesser extent precipitation.
These trends are expected in the CLNP’s humid subtropi-
cal climate zone. The largest contribution of water to the
region occurs during ex-tropical cyclones that pass through
the area once every 2 years (i.e. Tropical Cyclone Oswald,
Severe Tropical Cyclone Marcia, and Tropical Cyclone
Debbie; Figure 6b and ¢ and Supplemental Table 1).

The WIT data depicts marked changes in vegetation
cover. The most dramatic signal is the rapid increase in
percent open water and wet vegetation aligning with ex-
tropical cyclone events. These events are followed by a
gradual increase in green and subsequent dry vegetation
(Figure 6d). Unlike the regional SILO data, the WIT record
depicts only minor seasonal trends. When the lakes are full
(2013-2016) shifts from humid, hot summers to drier,

mild winters are not apparent; however, once the lakes dry
the fluctuations between green and dry vegetation appear
to follow this expected trend (2016-2019).

The regional climatic trends described above appear to
be preserved in our isotopic records. The two largest shifts
in 8"0,, values (~6%o) are tied to Severe Tropical
Cyclone Marcia and Tropical Cyclone Debbie. We see
minor amplitude shifts (<2%o) corresponding to seasonal-
ity throughout the record; however, this seasonal signal is
less obvious during periods immediately following the
cyclones. The minor shifts in 8"°C,,, (<2%o) appear to
fluctuate with the change in seasons, particularly within
the first half of the record. The larger shift in 8°C, val-
ues (~4%o) occurs near the same timing as Severe Tropical
Cyclone Marcia, but no shift is observed during Tropical
Cyclone Debbie.

Discussion

Both age-growth models depict similar patterns between
the timing of isotopic excursions and changes in local con-
ditions. In the following sections, we present our record
only in the context of the event-informed age-growth
model. We recognize that anchoring our isotopic record
with known synoptic events limits the ability to indepen-
dently test environmental and climatic mechanisms for our
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Figure 6. Snail shell stable isotope values compared to extracted regional climate data from SILO gridded dataset and
environmental conditions using the Wetland Insights Tool (WIT). (a) 8'%0,,, and 3'*C,, , stable isotopes (white and gray dots,
respectively) placed in calendar years utilizing the event-informed interpretive age-growth model (Figure 5). (b) Total daily
precipitation (solid black line), evaporation (gray area) and major ex-tropical cyclones that passed nearby (symbol). (c) Mean (solid
black line) with maximum and minimum (gray area) daily temperature, and (d) Local environmental conditions for the Coalstoun
Lakes National Park (CLNP) based on changes in percent area cover for open water, wet vegetation, green vegetation, dry
vegetation, and bare ground (from darkest to lightest, respectively). All isotopic data was provided by the National Environmental

Isotope Facility (NEIF) at the British Geological Society (BGS).

dataset. Nevertheless, this more robust chronological
framework reduces the range of plausible drivers of
observed isotopic patterns.

Biggenden Banded Snail as a
paleoenvironmental proxy

In the humid subtropical climate zones, there should be
isotope variability in precipitation related to shifts from
hot, wet summers to drier, cooler winters. Temporal esti-
mates of '0__ . values generated from machine learn-

ing models indicate that the CLNP’s §'°0,;, can swing

more than 7%o from summer to winter (Supplemental
Figure 1; Falster et al., 2026). This is largely a result of
temperature-controlled dissolution in air masses as they
cool and precipitate, traveling across and over higher lati-
tudes and elevation (Bowen et al., 2005; Bowen and
Wilkinson, 2002; Falster et al., 2026; Hollins et al., 2018).

Variation in land snail 8'*0, ,, records has been inferred
to capture these seasonal fluctuations (Dettman et al., 2024;
Wang et al., 2020; Yanes et al., 2019). Dettman et al. (2024)
propose possible mechanisms for either small- or large-
scale temporal variability in 80, values during snail
growth. Small amplitude shifts (<5%o) record either local
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environments that are consistently humid or consistently
dry, whereas large amplitude shifts (>5%o) record local
environments with pronounced wet-dry seasonal fluctua-
tion. Knowing that our snail lived for 4.5 years in a region
with strong seasonal variability, we would expect at mini-
mum four large-amplitude oscillations in 3'*0, , values;
however, we do not observe this pattern. As discussed by
Fu et al. (2022), gridded datasets created from limited, spa-
tially continuous control points can have substantial uncer-
tainties in complex terrain at finer spatial and temporal
scales. The CLNP’s local conditions do not match the
regional climatic signals. The steep caldera walls promote
the capture and persistence of water by shielding incoming
solar radiation and wind. Higher local humidity acts to buf-
fer the study area from regional climate variability (e.g.
heat waves and cold snaps). Even when open water is
absent and dry vegetation is the highest, the topography
provides the CLNP with some protection from the elements
(2016-2019; Figure 6d). The presence and persistence of
mesic vine thicket forest, the two ephemeral lakes, and the
Biggended Banded Snail in the CLNP support these asser-
tions, as these conditions stand in stark contrast to the sur-
rounding dryland areas (Figure 2).

Therefore, the most plausible mechanism for signifi-
cant shifts in 8'*0,, , record within the CLNP is the deliv-
ery of isotopically-depleted water from ex-tropical
cyclones. Ex-tropical cyclones have a distinctly lower
mean 8O . signal compared to seasonal precipitation
(Hollins et al., 2018), and these large events can be
recorded in land snail shells (e.g. Wang et al., 2024b;
Zhang et al., 2025). Alternative explanations for these
large shifts in 8'*0,, ,, include either significant alteration
of vegetation communities (e.g. long-term droughts), or
the snail’s ingestion of old shell fragments. These scenar-
ios for the CLNP are unlikely, based on historical and field
observations, radiocarbon ages, and low variability in
8"C,, - Ruling out these alternatives, the small-amplitude
shifts of roughly 2%o in our snail’s 8'*0, record are
likely driven by broad seasonal signals, whereas large-
amplitude shifts of >5%o are consistent with extreme pre-
cipitation events within the event-informed age model,
such as ex-tropical cyclones (Figure 6a).

Biggenden Banded Snail life cycle and ecology

Little is known about the Biggenden Banded Snail’s life
cycle. Based on our record, we hypothesize that our speci-
men was hatched at the start of the Southern Hemisphere
summer, during a period when both lakes were full, and
lived roughly 4.5 years. Meeting expectations for a large
land snail, the fastest growth period in both age-growth
models occurred at the beginning of the snail’s life and
after larger rain events (Schmera et al., 2015). The flaring
of shell near the aperture and a thickened lip and the num-
ber of whorls indicate the snail was a mature adult at the
time of death (Stanisic et al., 2010). The absence of large
fractures and scratches at the aperture suggest the cause of
death was not due to predation from larger animals (e.g.
birds). The estimated time of death (mid-August, 2018)
falls at the end of winter, when conditions were drier (over

a month since the last rainfall) and temperature dropped to
—1.7°C for the region, which was the coldest recorded tem-
perature since the meteorological stations were established
in 2003 (BOM, 2026). We posit that the snail died as a
consequence of cold temperatures combined with lower
humidity and lower water availability, supporting other
work that has identified the important role of temperature
in snail ecology (e.g. Zong et al., 2023). Moreover, the
abundant number of deceased snail shells ranging in size
found in the study area at the time of our specimen’s col-
lection supports this assertion.

Our analysis shows a mean 8"°C,;, of —9%o, suggesting
the Biggenden Banded Snail targeted decomposed C, plant
litter. Studies have observed a roughly 14—16.8%o decrease
in 8"°C,, fractionation in snails from the ingestion of C,
plants (Balakrishnan et al., 2005; Metref et al., 2003; Stott,
2002; Zhang et al., 2014; Zhu et al., 2015). Taking into
consideration this plant to shell fractionation, our speci-
men would be ingesting 5'3C material ranging from —23 to
—25.8%o, which aligns with semi-decayed C, vegetation
and measured surface soil (—24.84%o) within the CLNP.
This interpretation is supported by the mean age of con-
sumed material for our specimen was ca. 10cal. yr. old,
which also reinforces that our specimen likely did not
incorporate shell fragments or pedogenic carbonate into its
diet. Moreover, the steep crater walls and confinement of
forest within the crater at CLNP prevents the snail from
foraging on a wide range of food and water sources, and
most of the forest taxa are C, plants (Figure 2).

The cyclicity in §°C,,, appears to fluctuate on a sea-
sonal basis, with the first half of the record showing more
distinct cyclicity with higher amplitude shifts in §°C
compared to the second half. We hypothesize two potential
mechanisms for the shift in amplitude variability: (1) vari-
ations in feeding habits due to shifts in local environmental
conditions and (2) changes in snail physiological pro-
cesses. From 2013 to 2016, when 8"3C_ , shifts are ~2%o,
large quantities of rainfall delivered to the CLNP promoted
increased primary productivity, resulting in a wider range
of available higher-quality, fresh C, biomass and fungus
for consumption. This pattern is in contrast to the subse-
quent drier years when 8"°C_ , has reduced variability
(£0.5%0). During this time, our specimen would have
been limited to older, lower-quality, homogenous litter
with more consistent §'*C values (Astor et al., 2015). The
change in variability could also be a physiological process
in which juveniles depict a greater 8'°C, sensitivity to
dietary and environmental conditions compared to later
life stages when body mass is larger (Zong et al., 2025).
Either mechanism alone or together could explain these
observations.

The one exception to this mechanism is the approxi-
mately 4%o shift observed immediately following Severe
Tropical Cyclone Marcia. We posit that this pronounced
drop in 3"C, is related to the onset of reproductive
activities when climate was ideal (i.e. wet and warm;
Goodfriend et al., 1989; Leng et al., 1998). The lack of a
similar isotopic response during Tropical Cyclone Debbie
when environmental conditions were both drier and colder
supports this assertion.
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Conclusion

In this study, we determine the Biggenden Banded Snail is
a suitable target for paleoenvironmental studies in south-
eastern Queensland, Australia. We have shown that multi-
ple radiocarbon ages allow the construction of isotope time
series from such shells. While these age-growth models
are effective, relatively large uncertainties make it difficult
to assess mechanisms for isotopic change where meteoro-
logical data is limited and/or coarse. The incorporation of
observed synoptic events produces a more temporally-
constrained age-growth model that permits us to assess the
nuances of the isotope record. Moreover, this event-
informed age-growth model allows us to place our record
in the context of the biological life cycle of the Biggenden
Banded Snail, of which little is known, and the CLNP’s
environmental conditions. Contrary to the expectations
from the regional humid subtropical climate, the largest
shifts in the 8'®0, , record appear more consistent with
ex-tropical cyclone-related rainfall than with simple sea-
sonality (Nicolai and Ansart, 2017). This pattern is due to
the CLNP’s microtopography that buffers the effects of
regional climate and modulates expected isotope variabil-
ity. Synoptic signals are expressed when rainfall events are
large enough to overwhelm the system, or if the precipita-
tion occurs when the system is more water-limited. In con-
trast, the 8'°C ,, record only depicts minor cyclic patterns
associated with the snail’s diet of semi-decayed C, plant
litter that is indirectly affected by seasonality, and one
larger shift likely related to reproduction under optimal cli-
matic conditions. This study highlights the need to con-
sider not only regional climate but also local conditions
and the potential mechanisms that drive them.

To date, Eastern Australia has approximately 800 known
species of land snail (Stanisic et al., 2010) that span a sub-
stantial climatic and ecologic gradient susceptible to aridifi-
cation, as seen by the fragmentation and isolation of
vegetation communities in the region over the Quaternary
(e.g. refugia such as the CLNP). The Figuladra genus
(Biggenden Banded Snail, one species in this genus) occu-
pies this area within southeastern to mid-eastern Queensland.
Although this species, as well as its greater genus, has not
been explicitly reported in archeological or geological stud-
ies, it is reasonable to assume its presence within sediment
deposits due to its abundance and preservation potential.
The logical next step is to identify such archives and con-
duct a study using several specimens within a stratigraphic
sequence to generate a multi-shell composite record of
paleoclimatic conditions and/or paleo synoptic events (e.g.
Wang et al., 2024a). Our work highlights the use of a single
intra-shell case study, but species within the same genus and
region should have comparable isotopic responses to envi-
ronmental factors (Yanes and Fernandez-Lopez-de-Pablo,
2017), thereby generating a novel indicator of past environ-
ments, in a region with comparatively sparse terrestrial
paleoenvironmental records.
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