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Local-scale climate reconstruction in arid regions is challenging due to the scarcity of suitably 
preserved archives. While several well-studied climate proxy datasets exist for southeastern Arabia, 
including those preserved in speleothems, sedimentary deposits and paleosoils, and occasionally 
sediment cores collected for pollen analysis, snails have not yet been explored as a potential archive. 
This study investigates the potential of the terrestrial gastropod Zootecus insularis collected from 
geoarchaeological sections as new climate archive for arid environments. Isotope analysis was 
conducted on specimens from Holocene contexts in Oman to reconstruct long-term climate trends. 
Previously published water temperatures calculated from oxygen isotope data of Melanoides 
tuberculata, a freshwater gastropod species found in the same geoarchaeological sections as the 
terrestrial Zootecus shells, were interpolated to the age of the terrestrial snails, allowing for the 
recalculation of an oxygen isotope signal used to identify wet or dry periods. The resulting dataset 
showed a strong correlation with existing paleoclimate datasets from speleothems and paleolakes. 
Additionally, the δ13C values of Z. insularis indicated a significant shift towards more negative values 
over time, which probably suggests a transition from C4 grass-dominated vegetation to mixed C4/
C3 xerophilic vegetation. This integrated approach suggests that snails could provide a valuable new 
archive for paleoclimate studies in arid regions.
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A common challenge for paleoclimate reconstruction in dryland regions is finding suitable climate archives 
that record rainfall variability and the correlative responses of ecosystems more or less continuously. Despite 
the availability of several records of continental archives for reconstructing Quaternary hydro-climatic 
fluctuations in southeastern Arabia, including high-resolution oxygen isotope profiles from speleothems1–6, 
aeolian formations7–10, fluvial formations11–14; paleosoils15–17, lacustrine/sabkha sediments and microfauna18,19, 
phytoliths20,21, and occasionally pollen records15,20–25 most of those archives are site-specific, hence very 
heterogenous in their formation and preservation.
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Quaternary rainfall variability in Arabia is driven by both meridional and zonal displacements of the 
Intertropical Convergence Zone (ITCZ) and shifts in the northward extent of the African and Indian summer 
monsoon. These processes have, in the past, transformed the Arabian Desert into a savannah-like landscape with 
numerous lakes and wetlands4, e.g., during the Holocene Humid Period (ca. 10.1–6.3 ka BP), which alternated 
with dry periods caused by the shift from summer monsoonal to winter-dominated rainfall regimes2,4–6,21.

This study explores the potential of the terrestrial snail Zootecus insularis as a new archive for climate 
reconstructions in arid regions, such as southeastern Arabia, where traditional archives are scarce or poorly 
preserved. The snails are of particular interest as they can offer insights into both long-term climate trends 
(combining all snails) and short-term events (examination of single shells). The 85 specimens used in this study 
were collected from Holocene stratigraphic layers, sampled for high-resolution isotope ratio mass spectrometry 
(IRMS) measurements, and then age-dated as part of the UmWeltWandel project (Fig.  1). These snails are 
widespread, have limited mobility, and are sensitive to environmental fluctuations. Moreover, their shells are 
resilient to degradation over time, making them valuable as both long-term paleoenvironmental indicators and 
records of short-term events such as localized rainstorms26–32. To assess the reliability of this approach, the 
δ18Owater values derived from 85 terrestrial snail specimens were compared with the established speleothem, 
lacustrine and vegetation records from southeastern Arabia. Additionally, their δ13Cshell values indicate a change 
in vegetation over time, possibly representing a decline in overall availability of C4 plants on the landscape. As 
the first study combining aquatic and terrestrial snail data for paleoenvironmental reconstruction, the objective 
of this analysis was to provide insights into vegetation dynamics and climate variability in the southern Al-Hajar 
piedmont and raise important methodological questions requiring further study.

Results
Shell stable oxygen isotopes
The high-resolution δ18Oshell dataset of Z. insularis ranged from - 11.1 to + 11.5 ‰, covering the time interval 
of 13.5 ka BP to the present. Of the 85 snails, a total of 31 were classified as Types 2 A–C and E, corresponding 
to event signals (Fig. 2, squares), based on Schmitt and Beuzen-Waller et al.31. These event types include (A) 
strongly evaporative patterns, (B) continuous freshwater inputs, (C) meteorological events, and (E) fast wet/

Fig. 1.  Geographical overview of the sampled sites analyzed in this study, most of which were collected in 
the vicinity of the town of Al-Khashbah. Map scale is presented in metres and projected in UTM40N. The 
locations of other published paleoenvironmental studies from the region mentioned in the text are presented 
for comparison. The inset depicts the concentration of sampling in the immediate vicinity of Al-Khashbah.
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dry cycles. A cyclical pattern (alternating evaporative and freshwater input conditions), classified as Type 2 
D, was observed in 32 snails (Fig. 2; triangle). Due to limited data, the remaining snails were not assigned to a 
pattern (Fig. 2; circle). Both event-based signals and cyclical signals are distributed across the entire studied time 
interval. A discernible upward trend is evident, with an increase of + 8.1 ‰ over time (R2 = 0.39; p < 0.001). For 
a more detailed description please refer to “Classification of the high-resolution shell data”.

Shell stable carbon isotopes
The high-resolution δ13Cshell dataset from the analyzed terrestrial snails ranges from - 10.9‰ to + 1.1‰ (Fig. 3). 
A discernible negative trend was evident, with a decrease of the δ13Cshell values over time by - 8.5‰ (R2 = 0.40; 
p < 0.001).

Discussion
Comparison of snail-derived environmental data with established climate archives
Despite Oman having only two primary moisture sources, determining the origin of precipitation from 
terrestrial snail-derived δ18Owater values proves challenging as the snail δ18Owater values span - 2.9‰ to + 7.5‰, 
encompassing both moisture sources (Mediterranean Sea: δ18O = - 4.5 to + 1 vs. Indian Ocean: δ18O =  - 10 to 
- 2‰)4,34,35. This broad range reflects the inclusion of the minimum and maximum δ18Oshell values. To interpret 
the calculated δ18Owater values, the classic assumption of the “amount effect”36 was modified and applied: High 
δ18O values indicate drier conditions with reduced monsoonal (winter-spring) precipitation, while lower δ18O 
values suggest wetter conditions, typical of a monsoonal (summer) rainfall regime2,4,6,33,37,38. While quantitative 
data are lacking, isotopic variations qualitatively reflect past climate shifts between wetter and drier periods (Fig. 
4).

To mitigate the impact of extreme events, a 10-point average was applied to the snail δ18Owater values, revealing 
seven distinct phases (I–VII) (for detailed measurements, please refer to39, and for a complete explanation of the 
methodology, please refer to 4.8–4.10). These phases were compared to established paleoclimate records from 
the Arabian Peninsula to assess the reliability of this new archive. These comparative records include δ18O values 
from speleothems of the Hoti Cave (~ 80 km west of Al-Khashbah)2,6 and the Qunf Cave (~ 900 km south of Al-
Khashbah)1, lacustrine records from the palaeolakes of Awafi and Wahalah (UAE)15,20 and Al-Hawa (Yemen)23, 
as well as vegetation data from Mundafan (Saudi Arabia) and Jabal Qara (Oman)33.

	 (I)	 10.2 to 9.6 ka BP: This time interval is marked by low δ18Owater values (+ 0.4 ± 1.8‰), suggesting a gen-
erally humid phase interrupted by two short arid episodes (~ 10.1 and 9.8 ka BP), indicated by positive 
δ18Owater excursions. Al-Hawa’s lacustrine record points to a dry phase (10.5–10.1 ka BP), followed by 
a wetter phase (10.1–9.1 ka BP)23. Records from Jabal Qara indicate a wet period with a “savannah-like 
environment,” based on the presence of a large concentration of deposited terrestrial gastropods33.

	 (II)	 9.6 to 8.1 ka BP: A significant rise in δ18Owater values (up to + 4.5‰) signals a transition to drier condi-
tions, punctuated by a brief wet period between 9.1 and 8.9 ka BP. Positive peaks at 9.2 ka BP (+ 2.8‰) 
and 8.2 ka BP (+ 4.5‰) align with positive excursions in the Hoti Cave speleothem record2, though such 

Fig. 2.  Summary of all stable oxygen isotope data plotted against their age (ka BP). Please note: the 
radiocarbon ages in the graph are calibrated (see Ref.39; S41) and are presented here as calendar ages in ka 
(1000 years) BP. Triangles represent individuals recording cyclic δ18Oshell patterns, squares events and circles 
were snails where no pattern could be identified. The error bars of each value indicate the age range (2σ, 
horizontal) and the range of δ18Oshell values (vertical).
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peaks are absent in the Qunf Cave1. Several positive excursions between ~ 9.5 to 9.1 ka BP in the Hoti 
Cave suggest a drier environment, followed by wetter conditions after 9.1 ka BP. Lacustrine records from 
Al-Hawa (Yemen) also indicate a dry phase after 9.1 ka BP23.

	 (III)	 8.1 to 7.4 ka BP: δ18Owater values decrease from + 4.5‰ to + 2.6‰, reflecting a wetter climate. This shift 
aligns with the Hoti Cave speleothem record, where δ18O values drop after peaking around 8.1 to 8.0 ka 
BP2,6). Similarly, lacustrine phases at Al-Hawa (8.4–8.0 and 7.8–7.5 ka BP) suggest wet conditions, punc-
tuated by a dry phase23. However, short-term aridity events at Awafi (7.9 and 7.6 ka BP)15 and a transition 
to drier conditions at Wahalah (7.7 ka BP)21 contrast the recorded wetter conditions from the speleo-
thems and the snails.

	 (IV)	 7.4 to 7.1 ka BP: An increase in the δ18Owater values to + 3.8‰ points to increasing aridity. This transition 
is mirrored in the Wahalah lake sediments21 and in the Hoti Cave speleothem data, where two positive 
excursions in the δ18O values are recorded2.

	 (V)	 7.1 to 6.4 ka BP: The δ18Owater values (+ 3.6 ± 0.2‰) suggest a relatively stable climate, with drier condi-
tions according to the relatively high δ18Owater values. This is confirmed by the Hoti Cave record, where 
two positive excursions are visible.

	 (VI)	 6.4 to 6.2 ka BP: A sharp drop in the δ18Owater values to + 2.7 ‰ is indicative of a rapid transition to wetter 
conditions. Conversely, the Hoti Cave speleothem record shows a sharp shift to drier conditions (higher 
δ18O values) starting from 6.3 ka BP6.

	(VII)	 6.2  ka BP to present: Although snail data are limited for more recent periods, an upward trend up 
to + 4.8‰ was recorded, suggesting a (steady) transition to a drier climate, which is consistent with other 
data: Speleothem data from Hoti Cave show a positive excursion (~ 5.5 ka BP), and Awafi lake sediments 
record an arid phase (5.9–5.2 ka BP)15.

In conclusion, the snail-derived water isotope dataset aligns very well with the established paleoclimatic record 
from speleothems, lakes, and vegetation. Deviations in the duration of humid/dry periods, such as during phases 
III or IV, may result from differing response times and formation processes among these archives and geographic 
factors. For instance, speleothems are sensitive to microenvironmental variations within caves40 and cease 
growing under unfavorable conditions. Similarly, snails enter aestivation, halting environmental recording, and 
may experience metabolic effects that influence isotopic signals41 while lacustrine deposits consistently provide 
a precipitation-evaporation record caused by environmental changes in that area38.

δ13Cshell pattern and vegetation shift
In addition to providing paleoclimate information, this dataset provides a new record of vegetation change 
over time for the southern Al-Hajar piedmont zone. Owing to a variety of preservation issues caused by aridity, 
aeolian erosion, and/or sparse vegetation cover, long-term Holocene vegetation reconstructions using traditional 
proxies (e.g., sediment cores collected for pollen analysis, archaeobotanical reconstructions) for the study area 
are scarce.

Previous studies of land snail shells have demonstrated that their carbon isotope composition largely reflect the 
relative proportion of C3 and C4 vegetation of the region in which the organism lived, provided several factors are 

Fig. 3.  Summary of all stable carbon isotope data plotted against time (ka BP). Please note: the radiocarbon 
ages in the graph are calibrated (see Ref.39; S41) and are presented here as calendar ages in ka (1000 years) BP. 
The error bars of each value indicate the dating uncertainty (2σ, horizontal) and the range of the δ13Cshell values 
(vertical).
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considered42–46. The carbon isotope signal of terrestrial gastropod shells is derived mainly from dietary sources. 
Snails feed on plant matter and surface detritus resulting from local vegetation communities. Several factors have 
been suggested to cause variability in δ13Cshell values. Following consumption, metabolic processes result in a 
systematic δ13Cshell increase of over 8 ‰ compared to the dietary carbon sources, provided the shell was formed 
in isotopic equilibrium43. Further alteration of the original carbon signal may occur through local variations in 
CO2 concentrations and the consumption of soil carbonates by individual snails. While organic carbonates are 
thought to reflect a time-averaged signal of local vegetation composition, inorganic soil carbonates tend to be 
more enriched in 13C than C3 vegetation46, potentially leading to an increased offset in δ13Cshell.

The data in this study show a steady decrease in the δ13Cshell values over time (Fig. 5). At first glance, these 
results suggest a progressive decline in the proportion of C4 plants, which runs counter to current available 
regional reconstructions from across southeastern Arabia. At Awafi (UAE), for example, an overall positive 
shift (ca. 2–3‰) of δ13C data from sedimentary carbon was reported for over the course of the middle and Late 
Holocene20. According to these authors, this observation, combined with corresponding data from pollen and 
phytolith results, was indicative of a transition from mixed C3–C4 grassland to C4-dominated vegetation in the 
region. Today, the modern vegetation at Awafi is broadly similar in composition to the Al-Khashbah area. Qunf 
Cave1, located far to the south in the Dhofar Mountains, recorded a relatively stable δ13C in speleothems until 
ca. 3 ka BP, though interpreting single speleothem records is complex as they can be moderated by a range of 
variables including type/density of vegetation, water source, and cave atmosphere42.

One possible explanation is that the trend towards lower δ13Cshell values reflects a decline in the proportion of 
available biomass from seasonal C4 xeromorphic grasslands associated with hot, humid summer precipitation47 
as the ITCZ shifts southward at the end of the Holocene Humid Period. As summer rainfall decreased, these 

Fig. 4.  A 10-point average δ18Owater curve was calculated from the individual δ18Oshell values (crosses) of 
the terrestrial snail and was divided into seven sections (I–VII). The shaded area in the figure represents the 
calculated minimum and maximum values of the individual snails. Data from Hoti Cave were derived from 
Fleitmann et al.2,3 and Neff et al.6, while those from Qunf Cave were taken from Tian et al.1. Lacustrine records 
originated from Awafi15 and Wahalah21 lake records in the United Arab Emirates as well as Al-Hawa Lake in 
Yemen23. Vegetation data are from Jabal Qara (Oman)33, Awafi15,20 and from Al-Hawa and Mundafan in Saudi 
Arabia24. Archaeological periods were adapted and simplified from Beuzen-Waller et al.12.
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rapid-growing grasses would appear on the landscape for fewer days per year and therefore contribute less to 
the overall snail diet. Meanwhile, C3 perennials and xerophilous C4 plants (e.g., Chloridoid, eudicots including 
Amaranthaceae, etc.), would have remained throughout the year. Such a pattern would reflect the same transition 
observed in the pollen and phytolith data from Awafi20, albeit beginning several thousand years earlier.

An alternative hypothesis for the δ13C results is that the negative shift in δ13Cshell, particularly at the Neolithic-
Bronze Age transition, represents the emerging impact of human activity through the cultivation of C3 crops. 
The nature and timing of the development of proto-oasis cultivation in this region remains under debate48, 
and evidence for agricultural production at the beginning of the Bronze Age, particularly in the vicinity of Al-
Khashbah49,50, is limited. Furthermore, this interpretation fails to account for the decline in δ13Cshell during the 
Neolithic, from 7000 BP onwards. While human activity is attested in the study area during this period51, this 
appears to have been limited to relatively low-impact hunter-pastoral mobile campsites, unlikely to significantly 
alter vegetation.

In summary, δ13Cshell data indicate a transition of local vegetation composition in the southern Al-Hajar 
piedmont beginning ca. 7000 BP. While carbon isotope data from shells represent an overall signal of local 
vegetation, untangling the complexities of C3/C4 plant communities from such data is challenging without the 
addition of palaeobotanical datasets. Limited archaeobotanical studies from this region provide limited data in 
support the retention of open woodlands following the onset of aridity. Charcoal data from Bat and Al-Khashbah 
suggest little change in the overall composition of woody vegetation between the Neolithic and Bronze Age49,50. 
However, further research on long-term vegetation succession of the southern Al-Hajar piedmont is essential to 
refining interpretations of this dataset.

Limitations and areas of future research
As demonstrated in Fig. 4, calculating the isotopic composition of water consumed by snails offers valuable 
insights, making them a potential archive for long-term climate reconstruction. However, several factors need to 
be investigated further before fully utilizing snails as a new climate proxy: Life span and modern-process studies: 
The rate of shell formation and, consequently, the animal’s life span are not known due to the indistinctness of 
the growth lines. However, it can be hypothesised that a correlation exists between size of shell and longevity. 
Moreover, the absence of any living snail in this project precluded the utilization of uniformitarianism. For 
a detailed discussion of this topic please refer to Schmitt & Beuzen-Waller31. Transport: Snail shells can be 
relocated both vertically and horizontally by natural forces like rainfall and rivers52. However, this post-mortem 
transport is usually over short distances, as long-distance movement due to strong flash floods would likely 
destroy the shell31. Since this study focuses on long-term climate trends rather than specific stratigraphic 
contexts, the transport issue is considered less critical for the dataset used here. Age dating: Determining the 
precise age of snail shells is challenging, particularly when affected by a possible “hardwater effect”53,54. This 
effect can result in significant dating errors, ranging between 1000 to 3000  years53. Consequently, potential 

Fig. 5.  10-point average of δ13Cshell plotted alongside published regional paleo-vegetation records derived from 
Jabal Qara33, Awafi20, and at Al-Hawa and Mundafan24. Speleothem δ13C data from Qunf Cave1 are provided as 
a reference. Archaeological periods are adapted and simplified from Beuzen-Waller et al.12.
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time discrepancies concerning climate conditions may occur, and further research on this topic is required. 
Diagenetic alteration: Diagenetic alteration, especially in aragonitic shells, is a concern for isotopic studies. 
However, Raman spectroscopy analysis showed that the snail shells analyzed here are unlikely to have undergone 
significant alteration, implying good preservation31. Limitations of modeling: Two key parameters govern the 
δ18Owater values, namely δ18Ogroundwater and temperature. In Oman, δ18Ogroundwater varies considerably, from 
- 3.7‰ to + 0.5‰55, largely due to differing recharge altitudes35 and the two distinct moisture sources. Despite 
these variations, the groundwater isotope composition in arid regions has been shown to remain stable over long 
intervals of time34,35. A mean δ1⁸Owater value based on collected field data (2022/2023) was used but this value 
may fluctuate depending on which aquifer is used. As this study represents the first attempt to apply snail shells 
as long-term climate archives, this parameter may be adjusted in future studies. Furthermore, the calculated 
temperatures derived from the aquatic M. tuberculata snails and interpolating them to the ages of the terrestrial 
snails may introduce discrepancies in the δ18Owater signal. While we can reasonably assert that the aquatic snails 
classified as Type 1 A and B likely inhabited groundwater31 and recorded therefore the ambient air temperatures, 
this approach presents another potential source of error. Nevertheless, modifying these two parameters will not 
alter the overall pattern; while the values may fluctuate, the pattern itself will remain consistent.

Material and methods
Project description and study area
The modern village of Al-Khashbah (Oman) is located in the southern piedmont of the Al-Hajar Mountains, 
at the western border of the Ash-Sharqiyah North governorate. This study draws upon material collected from 
both archaeological excavations and geomorphological soundings conducted in its vicinity, between 2016 and 
2023 as part of the UmWeltWandel joint research project31,56 and the University of Tübingen excavations at Al-
Khashbah57,58.

Al-Khashbah features a rich archaeological landscape with hundreds of identified features across the region, 
demonstrating near continuous visitation and/or inhabitation from the Neolithic (ca. 8000 BP) onwards51,59,60. A 
substantial Early Bronze Age occupation developed in Al-Khashbah during the Hafit and Umm an-Nar periods 
(ca. 5250–3950 BP). Survey and excavations at the site have identified at least nine monumental buildings, 
numerous tombs, the earliest evidence for copper production in Oman57–59, scattered Middle–Late Bronze Age 
and Iron Age remains59,60, and several abandoned oasis settlements from the last 500 years61.

The UmWeltWandel Project was established in 2020 to conduct interdisciplinary paleoenvironmental 
analysis in the region as a means of contextualizing local human-environmental relationships, with a particular 
emphasis on the Early Bronze Age occupations at Al-Khashbah. Soundings were made throughout the area 
(Fig. 1) to reconstruct the evolution of the local wadi system through the Holocene31.

Today, the region is characterized by a hot, arid climate, with a mean annual temperature of 27.6 °C and 
mean annual precipitation of 54.1 mm/year (Ash Sharqiyah: 1991–2020)62. The area lies outside the orographic 
influence of the Al-Hajar Mountains and is characterized by both active and relict wadi systems, gravel plains, 
and low-elevation hills.

The local vegetation belongs to the drought-deciduous Euphorbia larica-Acacia (Vachellia) tortilis open 
woodland63,64 found throughout the southern foothills of the Al-Hajar Mountains. It is characterized by 
mixed C3/C4 scrubland and low-density woodlands growing near wadi beds and recent relict wadi terraces. 
The woodland component consists of trees belonging to Sahelian vegetation communities, including acacias 
(Vachellia tortilis (Forssk.), Galasso & Banfi and Vachellia flava (Forssk.), Kyal. & Boatwr., Prosopis cineraria (L.) 
Druce, and Maerua crassifolia Forssk., while Ziziphus spp. and Tamarix spp. can be found growing along active 
wadi channels and in moist depressions. Low lying shrubby and herbaceous plants include a mix of C3 and C4 
plants including various chenopodiaceous shrubs, Tetraena qatarensis (Hadidi) Beier & Thulin, Rhazya stricta 
Decne., Fagonia indica Burm.f., Lycium shawii Roem. & Schult., Euphorbia larica Boiss., Leptadenia pyrotechnica 
(Forssk.) Decne, and others. Grasses and other annuals are uncommon throughout most of the year but include 
a relatively high proportion of C4 types49, including Panicum, Cynadon, Sporobolus, and Stipagrostis. However, 
after large rainfall events, widespread stands of quickly-maturing grass can appear. Finally, local oases have a mix 
of C3 crops and field weeds (including wheat, barley, fruit trees, various leafy vegetables, and legumes), and C4 
crops (sorghum and maize).

Fieldwork
Snails were collected over the course of three field seasons, during which geoarchaeological sections were 
opened for the purpose of investigating and dating the various phases of alluvial accumulation and erosion that 
occurred within local wadi systems throughout the Holocene. Snails from these sections were collected by hand 
or from flotation samples taken from recorded stratigraphic contexts. A detailed description of the stratigraphy, 
the position of the snails in the profiles, and their ages have been previously published in an open access data 
repository39.

Zootecus insularis
Terrestrial snails like Zootecus insularis typically secrete their aragonitic shell for only a few hours per night65, 
when the humidity (between 75 and 95%) and the temperature (between 7 to 27 °C) are in an optimal range49.

Z. insularis has been found in a variety of environments, including agricultural fields, shady trees, small 
thick bushes, banks of shady canals, sewage ponds66, mountain gravel plains (up to 1900 m above sea level), 
premontane environments67, narrow coastal plains, silty soils between rocks, and vegetation on mountain 
slopes52. It is typically found among the shallow roots of mountain plants, suburban lawns and gardens, parks, 
and agricultural fields, including Vachellia spp., Prosopis cineraria, Ziziphus spina-christi, Tamarix, Euphorbia 
larica, Helianthemum lippii, and Cymbopogon52,67–70. They prefer moist soil with a moderate amount of humus67 
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and can dig to a depth of 25 cm70. These snails are restricted to semi-arid habitats and have not been recorded in 
humid mountains or deserts71. Z. insularis enters aestivation during prolonged periods of aridity, yet becomes 
active rapidly following precipitation events52.

Sample preparation
A total of 85 specimens of the terrestrial snail Z. insularis were collected from 27 geoarchaeological soundings 
throughout north central Oman, largely in the vicinity of Al-Khashbah. The selected shells were freed from dirt 
and debris by mechanical cleaning. Each shell was placed in an Eppendorf cylinder with deionized water and 
shaken for 24 h on a shaking table. Specimens were then repeatedly washed in an ultrasonic bath and dried in 
the oven at 30 °C overnight. Following cleaning, shells were macroscopically checked for the absence of abrasion, 
fractures, and other conspicuous features that may indicate diagenetic overprinting.

Raman spectroscopy
The shells were analyzed for diagenetic alteration using Raman spectrometry. Six measurements were taken 
per snail at randomly selected locations to cover a large area39. Raman measurements were performed at 
room temperature using a Horiba Jobin Yvon LabRam spectrometer equipped with an Olympus BX41 optical 
microscope at the Institute of Geosciences, University of Mainz. A Nd:YAG laser with a wavelength of 532.21 nm, 
400 μm confocal hole, 1800 grooves/mm grating, 100 μm entrance slit width and 50 × objective was used. Data 
were recorded with a 5 s temporal and analyzed using LabSpec 6 Spectroscopy Suite software.

Isotope sampling
Carbonate powders (50–120 µg) for δ13Cshell and δ18Oshell were taken by manual surface micromilling (Fig. 6) 
using a Rexim Minimo drill with a 300 μm diameter conical SiC drill bit (Gebr. Brasseler GmbH & Co. KG, 
model number H52 104 003). Samples were drilled parallel to the growth lines from the aperture to the apex 
(3rd–4th whorl) and taken sequentially at mostly equidistant intervals of approximately 0.5–1.5 mm (Fig. 6). In 
general, as many samples as possible were taken from each shell (min. 2; max. 100 samples per shell)39.

Isotope analysis
Stable isotope measurements were carried out at the Institute of Geosciences, University of Mainz. Carbonate 
powders were dissolved in phosphoric acid at 72 °C in He-flushed exetainers. CO2 measurements were made 
using a Thermo Fisher Scientific MAT 253 isotope ratio mass spectrometer operated in continuous flow mode 
and coupled to a Gas Bench II. Data were calibrated against a Carrara marble supplied by IVA Analysensysteme 
GmbH (δ18O = -  1.91‰, δ13C =  + 2.01‰) and NBS-18 (δ18O = -  23.20‰, δ13C = -    5.014‰). The reference 
material IAEA-603 (δ18O = - 2.37 ‰, δ13C =  + 2.46‰) was used as a quality control standard. The values were 
reported relative to the VPDB (Vienna-Pee Dee Formation Belemnite) international standard, in per mil (‰). 
The analytical errors of the instrument (based on 8 injections per sample) were within 0.03 ‰ for δ13C and 
0.06% for δ18O.

Dating
For radiocarbon dating, the shells were treated with diluted hydrochloric acid (1%) to remove contamination 
attached to the shell. After drying, the CO2 was extracted in an autosampler using 85% phosphoric acid and the 
evolving gas transferred to a graphitization system (AGE3, Ionplus). Here, the elemental carbon was reduced 
with hydrogen gas and iron powder as catalyst. The carbon was then pressed into an aluminum target and 
measured in a MICADAS type AMS system at Curt Engelhorn Center Archaeometry (CEZA), Mannheim53. The 
samples were calibrated in OxCal 4.4 using the IntCal20 dataset72,73 without taking a possible hardwater effect 
into account53,74,75. In the figures, ages are presented as the mean value of the two-standard deviation (2σ) date 
range. The error bars indicate the two absolute 2σ values (minimum and maximum) of the shell. All ages are 
summarized in the open access data publication, section S4139.

Fig. 6.  Z. insularis snail (U921) before (left) and after sampling (right) modified after Schmitt and Beuzen-
Waller et al.31.
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Classification of the high-resolution shell data
The high-resolution patterns were classified into six categories31: (1) Type 2 A: Six snails showed steadily 
increasing δ18Oshell values. The individual isotope ranges were highly variable, fluctuating between - 2.2‰ and 
- 0.7‰ (U17) and - 6.4‰ to + 5.0‰ (U2277; Fig. 7A). (2) Type 2 B: Five shells exhibited a steady signal similar 
to those from (1), but with a decrease in the δ18Oshell values. The individual isotope ranges obtained were highly 
variable, dropping e.g., from + 1.3‰ to - 11.1‰ (U2337-Z; Fig. 7B). (3) Type 2 C: Eighteen shells showed a 
sharp drop of up to - 10.4 ‰ in the δ18Oshell values (U503; Fig. 7C). Subsequently, the data slowly increased to 
reach the previously obtained level. (4) Type 2 D: In thirty-two snails the δ18Oshell values increased continuously 
before reaching the peak and then continuously decreased (U29; Fig. 7D). This cyclic pattern was observed at 
least twice during the high-resolution data set, but the width and height of the curve varied greatly, not only 
between different shells but also within an individual snail. (5) Type 2 E: Two snails showed a rapid change 

Fig. 7.  Examples of the five δ18Oshell patterns classified by Schmitt & Beuzen-Waller et al.31. Type 2 A: 
continuously increasing δ18O values; Type 2 B: continuously decreasing δ18O values; Type 2 C: sharp dropping 
δ18O values followed by slowly increasing values; Type 2 D: cyclic repetition of alternating minima and 
maxima and Type 2 E: rapid and sharp change between two adjacent δ18O values. The pie chart illustrates the 
occurrence of this pattern in all shells, excluding 23 shells with insufficient measurements to identify a pattern.
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between two adjacent δ18O values, which vary by up to 1‰. However, this pattern only occurs in certain areas 
(U921; Fig. 7 E). (6) No signal: Twenty-three snails were sampled with five or fewer data points and therefore not 
classified in the aforementioned categories because it was not possible to discern a pattern. Further information 
regarding the isotopic data of the snail shells, their position in the stratigraphic profiles, and their ages can be 
found in the open access data publication39.

Integration of shell data
Paleotemperatures recorded by Melanoides tuberculata39 were calculated using the palaeothermometry equation 
of Grossman and Ku76, with the VPDB-VSMOW scale correction of - 0.27‰77,78 and a δ18Owater value of - 1.17‰ 
(see39, S42).

	 Tδ18O [◦C] = 20.60 − 4.34 × (δ18Oshell −
(
δ18Owater − 0.27

)
)� (1)

A detailed description of the methodology can be found in Schmitt and Beuzen-Waller et al.31,39.
A plot of all the aquatic data with their minimum and maximum values (shaded area) reveals that some 

snails exhibited values outside their temperature tolerance range between 16 and 37 °C (Fig.  8A)79. As it is 
implausible that the snails calcified outside their temperature tolerance range, all the snails identified by Schmitt 
and Beuzen-Waller et al.31 as Type 1 C were excluded as they are linked to an open aquatic environment. Instead, 
only those shells classified as recording a groundwater signal (Type 1 A and B) were included in the subsequent 
analysis (Fig. 8B). Subsequently, their temperatures were interpolated to align with the ages of the terrestrial 
snails (Fig.  8C). Due to the lack of available data from sources prior to 10,291–10,194 year cal BP, the data 
from the seven older snails (10,485–10,247 to 13,599–13,478 year cal BP) were not considered in the δ18Owater 
reconstruction.

Fig. 8.  (A) Calculated temperatures range from all aquatic M. tuberculata snails (diamonds). (B) Calculated 
temperatures range from the aquatic M. tuberculata snails were classified as Type 1 A and B31. (C) Interpolated 
temperatures for the Z. insularis specimens (triangles) examined in this study. Shaded areas show the 
minimum and maximum values of the individual snails.
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To reconstruct the stable oxygen isotope signature of the water used for the terrestrial shell formation (Fig. 
4, δ18Owater; ×), which is assumed to be derived from precipitation-induced moisture, the Grossman and Ku 
formula was solved for δ18Owater

80 using the interpolated temperatures described above (Fig. 8C).

	
δ18Owater = 19.43 − 4.34 × δ18Oshell − T [◦C]

−4.34
� (2)

The δ18Oshell data were presented in δ-notation relative to the Vienna Pee Dee Belemnite (VPDB), while δ18Owater 
data were presented in δ-notation relative to the Vienna Standard Mean Ocean Water (VSMOW).

Data availability
All data pertaining to the project are stored in an open access WebGIS ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​u​m​w​e​l​t​w​a​n​d​e​l​.​o​n​l​i​n​e​/​w​e​b​g​
i​s​/​​​​​)​. Further information regarding the isotopic data of the snail shells, their position in the stratigraphic profiles, 
and further information has previously been uploaded to Zenodo ​(​​​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​5​2​8​1​/​z​e​n​o​d​o​.​1​3​3​4​1​9​4​9​​​​​)​.​​
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