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Abstract   

In this study we compare carbon isotope values in modern Helix melanostoma shell carbonate 

(δ13Cshell) from the Gebel al-Akhdar region of Libya with carbon isotope values in H. melanostoma 

body tissue (δ13Cbody), local vegetation (δ13Cplant) and soil (δ13Csoil). All vegetation in the study area 

followed the C3 photosynthetic pathway. However, the d13Cplant values of different species formed 

two distinct isotopic groups. This can be best explained by different water use efficiencies with arid 

adapted species having significantly more positive δ13Cplant values than less water efficient species. 

The ranges and means of δ13Cbody and δ13Cplant were statistically indistinguishable from one another 

suggesting that δ13Cbody was primarily a function of local vegetation composition. H. melanostoma 

δ13Cshell reflected the δ13Cplant of local vegetation with a positive offset between body/diet and shell 

of 14.5 ± 1.4‰. Therefore, in the Gebel al-Akhdar where only C3 plants are present, higher mean 

δ13Cshell values likely reflect greater abundances of water-efficient C3 plants in the snails diet and 

therefore in the landscape, whilst lower mean δ13Cshell values likely reflect the consumption of less 

water-efficient C3 plants. The distribution of these plants is in turn affected by environmental factors 

such as rainfall. These findings can be applied to archaeological and geological shell deposits to 

reconstruct late Pleistocene to Holocene vegetation change in the southeast Mediterranean 

 

1. Introduction 

Terrestrial snail shells are some of the most commonly preserved biological remains in 

archaeological deposits (Evans, 1972; Prendergast and Stevens, 2014) and geological deposits such 

as loess sequences (Rousseau, 1990), paleosols (Marcolini et al., 2003), and tufa (Preece and Day, 

1994). They can provide a record of continental climatic conditions both through their biology and 
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their shell chemistry (Goodfriend, 1999). The application of stable isotopes  from land  snail 

carbonate (δ18Oshell,  δ
13Cshell)  for   palaeoclimate reconstruction has steadily increased over the last 

decade (e.g. Balakrishnan et al., 2005a; Colonese et al., 2007, 2011; Yanes et al., 2011, 2013; Stevens 

et al., 2012). However, the   interpretation of δ13Cshell as a palaeovegetation proxy can be 

complicated by factors such as water stress in plants, the ingestion of foreign carbonates, and 

uptake of atmospheric CO2. These effects differ from species to species. It is therefore important for 

any species of interest in any new region of study, to test the empirical relationships between 

terrestrial shell stable isotopes and environmental parameters with a modern dataset before 

attempting to use δ13Cshell for palaeoenvironmental reconstruction. This study presents a modern 

carbon isotope calibration on a previously unstudied species, Helix melanostoma. This species is one 

of the most   common land snails in the Mediterranean and northern Africa and one of the most 

abundant species in Mediterranean archaeological sites from the Middle Palaeolithic to the Roman 

period (Lubell, 2004; Barker et al., 2010; Lubell and Barton, 2011). Therefore, if this species can be 

validated as a useful palaeoenvironmental proxy, it can provide valuable information on late 

Pleistocene to Holocene past environments, in a region with comparatively little 

palaeoenvironmental data. 

1.1. Carbon isotopes from land snails for palaeoenvironmental reconstruction 

Terrestrial mollusc shell carbon is derived from the bicarbonate in snail body fluids. The CO2 in these 

body fluids has three major carbon sources: metabolic CO2, atmospheric CO2, and CO2 generated via 

the reaction of acid with ingested carbonates including limestone rock and recycled snail shell in the 

snail's stomach (Goodfriend and Ellis, 2002). Therefore, the carbon isotope ratios in land snail shells 

(δ13Cshell) are affected by three main factors: diet; atmospheric carbon; and ingested carbonates 

(Goodfriend and Ellis, 2002). 

Previous studies have found that the primary variable affecting δ13C in terrestrial snail shells is diet. 

Therefore, in herbivorous species, the carbon isotope ratios may provide a proxy for 

palaeovegetation patterns in terms of the distribution of C3 and C4 plants and any changes  due  to 

water  stress  (Yapp, 1979;  Francey, 1983; Goodfriend and Ellis, 2002; Stott, 2002; Metref et al., 

2003; Balakrishnan et al., 2005a, 2005b; Baldini et al., 2007). 

There are three metabolic pathways in plants: C3 (Calvin-Benson), C4 (Hatch-Slack), and CAM 

(Crassulacean Acid Metabolism). These pathways isotopically fractionate atmospheric CO2 

differently due to the presence of different carboxylating enzymes (Farquhar et al., 1989). Such 

differences can be discriminated isotopically. The majority of terrestrial plants including temperate 

grasses, all trees and shrubs  use  the  C3  metabolic pathway and have a δ13C range between -33‰ 

and -21‰ (Cerling and Quade, 1993). The δ13C in C3 plants (d13Cplant) is a result of the δ13C of 

atmospheric CO2 (δ13Catmosphere) and the fractionation processes that occur as CO2 is incorporated 

into the plant. Atmospheric CO2 diffuses into the gas space of the leaf through stomatal openings.  

CO2 is then combined with  the  enzyme ribulose bisphosphate in a reaction called carboxylation 

(Farquhar et al., 1989). 

The fractionation of δ13C  in  C3  plants  can  be affected by processes that alter the rate of 

photosynthesis or limit the CO2 that passes through the stomatal pores. These factors include water 

availability, the canopy effect, air temperature, light availability, salinity, and the concentration of 



atmospheric CO2. The most important factor to consider is water availability. When more soil water 

is available, the plant's stomata open wider, allowing more CO2 into the plant, which causes 13C-

depletion. Conversely, when less water is available,  the  plant's  stomata  close,  causing 13C-

enrichment (Farquhar et al., 1989; Condon et al., 1992). Water availability is a function of rainfall 

amount, relative humidity and aspects of the physiology of the  plant.  Plants that are morewater-

efficient tend to modulate their stomatal conductance, thus have more positive δ13Cplant ratios 

(Farquhar and Sharkey, 1982; O'Leary, 1988). Within the range of C3 variation, there are marked 

inter and intra-specific δ13C ratios which are likely due to physiological factors based on the above 

mentioned mechanisms as well  as  potentially genetic  variation (Handley et al., 1994).  

Modern field studies in various regions of the world have found significant correlations between the 

carbon isotopic composition of local vegetation (δ13Cplant) and modern terrestrial snail δ13Cshell (e.g. 

Francey, 1983; Goodfriend and Ellis, 2002; Baldini et al., 2007; Yanes et al., 2008; Colonese et al., 

2014). Snails in regions of predominantly C3 vegetation have significantly more negative δ13Cshell 

ratios than snails found in regions with predominantly C4 vegetation, whilst snails that eat a mixed 

diet will have intermediate δ13Cshell values. For example, Balakrishnan et al. (2005b) measured 

δ13Cshell ratios from -10.1 to -8.8‰ in areas of C3 vegetation, and δ13Cshell ratios from -4.3 to þ1.9‰ in 

areas of C4 vegetation. Similar field correlations were achieved between the acid insoluble organic 

matrix of terrestrial shell carbonates and local vegetation, although this proxy is less commonly used 

than terrestrial snail carbonate (Goodfriend, 1988, 1990). 

Laboratory controlled feeding experiments on the land snail Helix  aspersa  showed  that  diet-

derived  metabolic  CO2  was the primary  influence  on  δ13Cshell  (Stott,  2002;  Metref  et  al.,  2003). 

Snails  fed  on  an  entirely  C3  diet  (d13Cdiet = -27‰)  had  significantly higher δ13Cshell  ratios than 

snails fed on entirely C4  diets (d13Cdiet = -11.7‰). Animals fed on mixed diets had intermediate 

values, but they were closer to the C3 range suggesting a preference for C3 diet  in  this  species.  

Likewise, the offsets between δ13Cdiet and δ13Cshell was greater for the C3 diet (D δ13C  = 13.75 ± 

0.52‰) than for the C4 diet (D δ13C  = 4.89 ± 0.87‰), suggesting that the animals may metabolise 

these plants in different ways (Stott, 2002). 

The correlation between δ13Cplant and δ13Cshell has implications for palaeoclimate reconstruction as 

the distribution of vegetation types is related to other environmental variables such as rainfall. For 

example, Goodfriend (1988, 1990) used δ13C from the organic component of land snail shells to map 

the shifting distribution of C3 and C4 vegetation during the Holocene in the Negev Desert and by 

inference the shift in the desert boundary due to changing rainfall patterns. The effects of aridity 

may also be seen within entirely C3 plant  communities  as  water  stress  causes  a  13C-enrichment   

in δ13Cplant ratios. Therefore, areas with high rainfall, tend to have more negative δ13Cplant ratios 

(Goodfriend and Magaritz, 1987; Goodfriend and Ellis, 2000, 2002). Such changes will be recorded in 

land snail δ13Cshell ratios. 

Some studies have suggested that atmospheric CO2 from gas exchange across the snail's body 

surface is an important source of δ13Cshell (Magaritz and Heller, 1980, 1983a, 1983b). The carbon 

isotopic composition of the local atmosphere can vary microgeographically due to the output of 

plant respiration and soil CO2, so more heavily vegetated regions have more 13C-depleted 

δ13Catmosphere values at the ground surface, therefore more 13C-depleted shell ratios (Magaritz et al., 

1981; Magaritz and Heller, 1983b). However, it is likely that the effect of exchange with atmospheric 



CO2
 on δ13Cshell is more important for smaller snail species that have more of their surface area in 

contact with the atmosphere (Goodfriend and Hood, 2006). Regardless of the direct influence of 

atmospheric CO2 on land snail δ13Cshell,  plants  derive  their  CO2  from  the  atmosphere so changing 

concentrations of CO2 in the atmosphere over glacial/ interglacial timescales (e.g. Arens et al., 2000), 

and as a result of the input of depleted CO2 into the atmosphere since the industrial revolution 

(Suess effect, e.g. Stuiver et al., 1984; Friedli et al., 1986) should be accounted for when 

reconstructing palaeoenvironment from land snail carbonates. 

Various studies have shown that δ13Cshell ratios of land snails can be significantly affected by the 

ingestion of carbonates as a result of grazing on limestone rocks and carbonate-rich soils since these 

are usually much more positive in d13C than plants (Goodfriend and Stipp, 1983; Goodfriend, 1999, 

2006; Goodfriend and Ellis, 2002; Yates et al., 2002; Li et al., 2007; Romaniello et al., 2008; Yanes et 

al., 2008). This leads to δ13Cshell ratios that are more positive than expected from diet alone. This 

effect seems to be highly species- specific and varies from location to location (Goodfriend and    

Ellis, 2000). Some species such as H. aspersa showed no detectable influence of foreign carbonate 

ingestion (e.g. Stott, 2002; Chiba and Davison, 2009), whilst others have shown that carbonate 

ingestion can account for up to 40% of the δ13Cshell ratios (Goodfriend and Ellis, 2000; Yanes et al., 

2008). If a significant proportion of δ13Cshell  is derived from carbonate ingestion, Goodfriend (1988, 

1990) suggests analysing the acid insoluble organic matter within the shells for palaeoenvironmental   

reconstruction. 

1.2. H. melanostoma 

H. melanostoma (Draparnaud 1801) is a herbivorous air breathing land snail (terrestrial pulmonate 

gastropod) in the family Helicidae.   This   species   has   been   reported   across the Mediterranean 

in northern Algeria, Tunisia, Greece, Albania, Italy, and on the south coast of France (Baker, 1938; 

Morel, 1973; Lubell et al., 1975; Kerney et al., 1983). This study confirms its existence in Libya. 

Previous surveys of H. melanostoma in Algeria and Tunisia have shown that it inhabits humid shady 

areas in bush and parkland habitats, often favouring calcareous substrates (Baker, 1938; Morel, 

1973; Lubell et al., 1975). During dry periods, the snail digs into the soil and aestivates (Baker, 1938; 

Lubell et al., 1975). In Tunisia, active H. melanostoma were observed from February until June, 

particularly following rainfall events. The snails probably aestivate from November to January as 

they were not seen in the landscape during those months (Morel, 1973). Lubell et al. (1975) noted 

that in the Algerian winter, the snails formed a thick epiphragm suggesting longer periods of 

inactivity whereas in summer they formed several thin epiphragms suggesting shorter  periods  of 

aestivation. 

1.3. Study area 

The Mediterranean is located in a transitional zone where tropical and mid-latitude systems both 

affect climate variability. Therefore, Mediterranean moisture sources are varied. The region is 

characterised by hot dry summers and cool wetter winters. During summer, a high pressure belt 

steers storm tracks away from the region. During winter, the sub-tropical high pressure belt moves 

southwards, bringing cold air with it. The mixing of cold air from the high pressure belt with 

relatively warmer sea water causes increased evaporation and cyclonogenesis (Gat and Carmi, 

1970). Rainfall in the eastern Mediterranean primarily occurs in winter and is of cyclonic origin 

(Wigley and Farmer, 1982; Kostopoulou and Jones, 2007). 



The Gebel al-Akhdar is a limestone massif in the southeastern Mediterranean that rises to a height 

of >850 m above sea level over 10 km (Fig. 1). It forms a condensed climatic gradient with sharp 

differences in temperature and rainfall amount over a short distance.  At sea level,  rainfall  is  

around  250 mm/yr  rising to >700 mm/yr on the upper escarpments. Rainfall falls sharply on the 

southern slopes before dropping to arid levels in the predesert (Libyan National Meteorological 

Center, 2012). McBurney and Hey (1955) note that the Gebel al-Akhdar is “the only area of high 

ground along 2500 km of flat coastline between Homs in Tripolitania and Mount Carmel in 

Palestine”. The high elevation of the Gebel al-Akhdar, which acts as a trap for rainfall from the 

westerlies, ensures that climate and vegetation patterns are distinct from the surrounding regions. 

Today, the area provides a refuge of fertile Mediterranean vegetation bounded by  arid coastal 

corridors and the Sahara Desert. The region has the richest species diversity of any region in Libya 

(Hegazy et al., 2011). The vegetation assemblage is predominantly maquis scrubland dominated by 

Juniperus phoenecia, Quercus coccifera, Pistacia lentiscus, and Ceratonia siliqua with some areas of  

steppic  vegetation  including  Sarcopterium  spinosum  and  Artemisia  (Al-Sodany et al., 2003; El-

Darier and El-Mogaspi, 2009; Simpson and Hunt, 2009). Like the Magreb in northwestern Africa, it 

may have served as a refugium for vegetation, animals and human populations at times of climatic 

extremes during the late Quaternary (McBurney, 1967; Barker et al., 2010). 

The Gebel al-Akhdar contains many important archaeological sites spanning from the last interglacial 

(c. 130,000 years ago) to present. Many of these sites, particularly the multi-period cave site of Haua 

Fteah, contain abundant land snail remains (McBurney, 1967; Barker et al., 2007, 2008, 2009; 2010, 

2012). These sites therefore offer enormous potential for palaeoenvironmental reconstruction from 

land snail stable isotopes. 

2. Methodology 

Live, aestivating and recently dead (with remnant organic body matter in the  shell  and  excellent  

shell colour preservation) H. melanostoma snails were collected from their natural habitats in April 

2010 and May 2012 from a north-south transect across the Gebel al-Akhdar (Fig. 1). Active terrestrial 

gastropods can be difficult to find, particularly during spring when the climate is drier. Collection was 

primarily achieved by digging under vegetation to find buried aestivating snails. This was 

supplemented by collection during periods immediately following rainfall events when active snails 

emerged in the landscape. At each collection site, vegetation assemblages, geological substrate and 

altitude were noted. Samples of the most common plant species associated with H. melanostoma in 

the Gebel al-Akhdar and samples of the sediments surrounding the aestivating snails were collected 

during the land snail survey in 2010. 

Modern aestivating H. melanostoma were transported back to the laboratory in Cambridge in the 

soil in which they were found. Adhering particles were cleaned from the shells using a brush and 

distilled water. The epiphragms were removed from the shell aperture and retained for future 

analysis. Snail bodies were removed from their shells  with  a  dissecting  needle  and  were placed in 

a sealed Exetainer®  (Labco, High Wycombe, UK). Snail body fluid was removed by cryogenic vacuum 

distillation. Stable isotope analyses of these body fluids are reported in another paper on the oxygen 

isotope composition of H.  melanostoma (Prendergast et al., under review). The remaining snail 

bodies were transferred to micro-centrifuge tubes and oven dried for 12 h at 50 ⁰C. Snail bodies 

were homogenised using a ball mill. Approximately 100 mg was subsampled from each individual 



and transferred into a tin capsule. Vegetation and soil samples were dehydrated and then crushed 

using an agate mortar and pestle.  The samples were pretreated with 4% hydrochloric acid to 

remove contaminants. Soil samples were heated on a hotplate at 60 ⁰C for 20 min.  After this all  

samples  were  washed  repeatedly with deionized water until neutral, then dried and transferred 

into a  tin capsule. 

After cleaning with distilled water, whole shells were pretreated in a bath of 5% aqueous reagent-

grade sodium hypochlorite at room temperature for 48 h to remove organic matter. After 

pretreatment, shells were rinsed in an ultrasonic bath for five minutes in  distilled water three times 

before being oven-dried at 50 ⁰C for 12 h. Pretreated whole shells were crushed into a fine powder 

(<90 μm) using an agate mortar and pestle. A sub-sample of approximately 100 mg was used for 

stable isotope analysis. 

Isotopic analyses of all samples were carried out using continuous flow isotope ratio mass 

spectrometry. Powdered shell samples were transferred to Exetainer vials and sealed with silicone 

rubber septa using a screw cap, then flushed with CP grade helium, acidified with H3PO4, left to react 

for 1 h at 70 ⁰C and then analysed using a Thermo Gasbench preparation system attached to a 

Thermo MAT 253 mass spectrometer in continuous flow mode. Each snail body sample was analysed 

in duplicate using a Costech elemental analyser coupled in continuous-flow mode to a Thermo MAT 

253 mass spectrometer. Soil and vegetation were measured in duplicate using a Costech elemental 

analyser coupled in continuous-flow mode to a Thermo Delta V Advantage. Carbon isotopic ratios 

are given in parts per mil (‰) relative to VPDB. Repeated measurements on international and in-

house standards showed that the analytical error was <0.1‰ for shells, <0.2‰ for snail bodies, and 

<0.2‰ for plants and soil. 

Statistical analyses were undertaken using SPSS version 19. Statistical significance was set at 0.05. 

After testing for normal distribution, parametric data were investigated using Student's t- tests for 

two groups and independent one-way ANOVA with Tukey post-hoc tests for three or more groups. 

Simple and multiple linear regression were performed to investigate the relationships be- tween the 

variables. 

3. Results 

3.1. Land snail distribution in the modern landscape 

In the Gebel al-Akhdar, H. melanostoma were found in loose, carbonate-rich soils on the well 

watered northern slopes of the Gebel al-Akhdar (Table 1). The maximum basal diameter (MBD) of 

adult specimens ranged from 12 to 35 mm (Appendix 1). Aestivating specimens of H. melanostoma 

were frequently found under C. siliqua (carob), P. lentiscus (pistachio) and Rhus tripartita (sumac) 

bushes at elevations below 200 m and under C. siliqua (carob), P. lentiscus (pistachio), Juniperus 

phonenicea (juniper) and Ziziphus sp. (buckthorn) bushes above 500 m. The snails had a relatively 

broad ecological range but were particularly abundant around C. siliqua trees near the Haua Fteah 

and in shaded, well watered slopes above 400 m. No live snails were recovered between 200 and 

400 m where slopes were steeper and soils were shallower and better drained. The animals usually 

occurred in clusters of two to six snails buried 10-20 cm deep in loose soil underlying the above 

mentioned shrubs. H. melanostoma routinely occupied areas of soil towards the centre or the 



eastern edges of shrubs. These areas were noticeably cooler than the surrounding soils as they were 

sheltered from the harsh afternoon sun. 

All aestivating H. melanostoma had well formed calcareous epiphragms several mm thick (Fig. 2) 

that completely sealed the shell aperture suggesting that in spring when they were collected, they 

were in long-term aestivation. Several juvenile H. melanostoma were found on the upper and lower 

slopes of the Gebel al-Akhdar.   The juvenile shells (<10 mm maximum basal diameter) had thin, 

delicate shells, and thin epiphragms that could be easily crushed between two fingers.  

3.2. Carbon isotopes in vegetation and sediments 

The  δ13Cplant   ranged  from  -30‰  to  -22.6‰  with  a  mean of  -25.7‰  (Table  2).  All  δ13Cplant  

values  were  within  the  range expected for the C3 photosynthetic pathway but they plotted in two 

distinct clusters based on species (Fig. 3): oak and carob (n = 4, mean = -28.7 ± 1.4‰), and juniper (n 

= 6, mean = -23.7 ± 1.4‰). An independent samples t-test revealed that there was a statistically 

significant difference between the δ13Cplant  ratios of the two groups (t(8) = 7.578, p < 0.001). 

The d13C signatures of soil samples collected adjacent to aestivating  H. melanostoma  (δ13Csoi l) had     

a narrow range between -24.9‰ and -25.0‰ (n = 4, mean = -24.9‰) (Table 3). An independent 

samples t-test showed that d13Csoil was not significantly different from mean δ13Cplant (t(12) = -5.35, p 

> 0.05). 

3.3. Carbon isotope composition of body tissue 

Carbon isotope values of H. melanostoma body tissue (δ13Cbody) ranged from -29.5‰ to -20.7‰ 

(Table 4). The mean of juvenile δ13Cbody (n  =  4) was slightly more negative than adult δ13Cbody (n  = 

25)  (-26.1‰ compared  to  -25.0‰,  Appendix  1)  but  these differences were not significant (t(31) = 

1.3, p = 0.2) so adults and juveniles were treated together in the following analysis and discussion. A 

one-way ANOVA with a Tukey post-hoc test revealed that there were no statistically significant 

differences between δ13Cbody, δ
13Csoil, and δ13Cplant (F(2, 38) = 0.262, p > 0.05). 

3.4. Carbon isotope composition of H. melanostoma shell and comparison with body tissue 

The  δ13C of modern  H.  melanostoma shell (δ13Cshell) from the Gebel al-Akhdar ranged from -12.3‰ 

to -7.8‰ (Table 4, Appendix 1). There was no significant difference between adult and juvenile 

δ13Cshell  (means = -10.4‰, and -11.2‰, t(57) ¼ 1.595, p > 0.05) therefore adults and   juveniles were 

treated together   in   the following analysis and discussion. These values were in the lower range of 

δ13Cshell reported from   previous studies worldwide (-13.5‰ to þ1.7‰, Balakrishnan et al., 2005a, 

2005b; Baldini et al., 2007). Shell carbon isotope composition was always more positive than body. 

The offset between δ13Cbody and δ13Cshell ranged between 12.1 and 17.2‰, with a mean offset of 14.5 

± 1.4‰. 

4. Discussion 

4.1. Vegetation in the Gebel al-Akhdar 

The δ13Cplant results confirmed that all measured vegetation in the study area use the C3 

photosynthetic pathway. However, the significant δ13Cplant differences between species suggest that 

it may be possible to distinguish some genera based on their δ13Cplant signatures.  Differences in the 



δ13C ratios of different species   are probably due to water use efficiency. Plants exposed to water 

stress from phenomena such as sun or dry soils protect themselves from evapotranspiration by 

closing their stomatal pores, which prevents the diffusion of CO2 to the leaf. Species that are more 

water-efficient tend to modulate their  stomatal  conductance  thus  have more positive δ13Cplant  

ratios and can thus live in slightly drier environments (O'Leary, 1988; Farquhar et al., 1989). Juniper 

consistently had the most positive δ13Cplant values of the plants measured in this study. This genus 

prefers dry, sunny environments in open forest and it tends to grow in sunnier locations in the study 

area. Similar results of more positive δ13Cplant ratios have been found in other studies of juniper 

stable isotopes (e.g. Schubert and Jahren, 2012). Therefore, it is likely that juniper had the most 

positive δ13Cplant ratios as it was the most water-efficient of the three analysed species whereas oak 

and carob have more negative δ13Cplant ratios as they are less water-efficient. If climates became 

drier, they would favour a greater abundance of juniper over oak and carob, which tend to need 

wetter, more shaded environments for growth. 

4.2. From vegetation to snail bodies 

The range and mean of H. melanostoma δ 13Cbody values (-29.5‰ to  -20.7‰,  mean  =  25.3‰)  are  

remarkably  similar  to  Gebel  al-Akhdar  δ13Cplant  values  (-30.0‰  to  -22.6‰,  mean  =  -25.7‰). 

This suggests that δ13Cbody is a reflection of snail diet, therefore of the local vegetation. This 

observation is in line with other studies of land snails, which have shown that  δ13Cbody reflects diet 

with  a possible offset of up to þ1‰ (DeNiro and Epstein, 1978; Stott, 2002; Metref et al., 2003). The 

similar values and ranges of δ13Cbody and δ13Cplant show that H.  melanostoma consume a variety of 

the C3 vegetation in the Gebel al-Akhdar. More positive δ 13Cbody values (e.g. 22‰) may reflect 

ingestion of a greater proportion of water-efficient species such as juniper, whilst more negative 

values (e.g. -29‰) may reflect ingestion of more shade-adapted species such as oak and carob whilst 

intermediate values (e.g.  -25‰) may reflect a mixed diet.  The majority of δ d13Cbody values were 

between -24 and -25‰ (Fig. 4), indicating that most snails probably consumed a mixed diet of the 

available vegetation within their home range. 

4.3. From snail bodies to shell 

Several studies have shown that for many herbivorous species, snail diet has a significant control on 

δ13Cshell (Stott, 2002; Metref et al., 2003; Yanes et al., 2008; Chiba and Davison, 2009). In this study, 

individual snail δ13Cbody was significantly correlated with δ13Cshell (Fig. 5A, R = 0.28, p < 0.05). When 

averaged by collection site, the correlation became stronger (Fig. 5B, R2 = 0.48, p < 0.05).  However, 

this correlation was only moderate, so the possibility that other factors may also influence δ13Cshell in 

H. melanostoma was explored. 

One factor that may influence land snail δ13Cshell is the incorporation of δ13C from carbonate-rich 

rocks and sediments. Limestone and carbonate-rich sediments generally have more positive δ13C 

values than plants. If carbonate ingestion affected shell isotope ratios, it would cause an 13C-

enrichment in snail shell that could be estimated using a simple isotope mass balance equation (e.g. 

Yanes et al., 2008). Stott (2002) found a strong significant linear relationship between δ 13Cshell  and  

δ13Cbody in laboratory-reared H. aspersa (δ13Cshell = 0.9485(δ13Cbody) þ 12.278, R2 = 0.98). The diets of 

some of these snails included carbonate powder, yet their δ13Cshell values were statistically 

indistinguishable from those fed on pure C3 and pure C4 plants. This was interpreted as evidence 



that δ13Cplant was the primary determinant of δ13Cshell without any influence from foreign carbonate 

ingestion. 

To test whether δ13Cshell in this study was influenced by foreign carbonate ingestion, we applied 

Stott's  equation  to predict H. melanostoma d13Cbody from measured δ13Cshell (Table 4). Predicted 

mean δ13Cbody was lower in δ13C by 0.9‰ compared to measured mean δ13Cbody. This difference, 

whilst small, was significant (t(52) = 2.716, p < 0.05). The difference between calculated δ13Cbody and 

measured δ13Cbody was not constant. Around 43% of measured shells were enriched in δ13C by >1‰, 

~7% were depleted in δ13C by >1‰, whilst ~50% were within 1‰ of predicted values. All samples 

were collected from areas with abundant Tertiary limestone outcrops. The fact that not all shells 

exhibit 13C-enrichment suggests that like H. aspersa, H. melanostoma d13Cshell is not affected by 

foreign carbonate ingestion. Furthermore, the differences between measured δ13Cplant, δ
13Csoil, and 

δ13Cbody were statistically insignificant which suggests that δ13Cbody is a reflection of diet with little to 

no offset. 

Stott's (2002) equation was determined by analysing δ13C from shells that had grown over a four 

month period. In this study δ13Cshell was analysed from whole shells that had grown over several 

years. Snail body tissue has a high turnover rate so measurements of δ13Cbody reflect snail diet from 

the most recent days to weeks of activity  (Goodfriend  and  Hood,  1983).  There was a disparity in 

the time-spans reflected in δ13Cshell and δ13Cbody in this study, which may account for the imperfect 

correlations between measured δ13Cshell and δ13Cbody and the inconsistent offsets between measured 

and calculated δ13Cbody. For example, if the animals ate a mixed diet of higher 13C and lower 13C C3 

plants throughout their lifetime, yet ate only higher 13C C3 plants during their last activity period, 

their δ13Cbody would be more enriched than expected from their δ13Cshell values. 

The δ13Cshell values were consistently 13C-enriched relative to δ13Cbody with a fairly constant offset of 

14.5 ± 1.4‰ (Table 4, Fig. 6).  This offset was similar to the offset between soft tissue and carbonate 

found for other land snail species (DeNiro and Epstein, 1978; Stott, 2002; Metref et al., 2003) which 

is another indication that δ13Cshell is primarily a function of δ13Cbody. 

4.4. Carbon isotope composition of H. melanostoma shell correlation with climate 

Weak but significant correlations were found between individual d13Cbody and elevation, and 

instrumental climate data (mean annual temperature, mean annual relative humidity and mean 

annual precipitation) from the  Libyan  National  Meteorological agency (Appendix 2: R2 = 0.008, p < 

0.05). These correlations were not significant when δ13Cbody and δ13Cshell were averaged by collection 

site. This suggests that at the local scale, a climatic control on δ13Cshell was not evident in the Gebel 

al-Akhdar. A one-way ANOVA showed that there were significant differences in δ13Cshell between 

some collection sites (F(10, 42) = 4.464, p < 0.01) but a Tukey post-hoc test revealed that for the 

majority of sites mean δ13Cshell ratios were not significantly different (p > 0.05). This suggests that the   

vegetation source of carbon was similar across the sites and did not differ in any regular way with 

elevation or climatic parameters. This finding is not unexpected as the transect was fairly small (~10 

km). Other studies have found stronger corrections between δ13Cshell and environmental predictors 

but they surveyed a much broader geographic region (e.g. Goodfriend and Ellis, 2002; Yanes et al., 

2008). 

5. Conclusion 



The evidence presented in this study shows that H. melanostoma carbon isotopes reflect the δ13Cplant 

of local vegetation with a mean positive offset between diet/body and shell of 14.5 ± 1.4‰. In the 

Gebel al-Akhdar, higher mean δ13Cshell values likely reflect the consumption, and therefore greater 

availability of water-efficient C3 plants whilst lower mean δ13Cshell values likely reflect the 

consumption of less water-efficient C3 plants. The distribution of these plants is in turn affected by 

environmental factors such as rainfall. At the scale of this study, δ13Cshell was not strongly controlled 

by temperature or rainfall amount, however, correlations may be found with additional data at a 

more regional scale. The findings from this study can be applied to H. melanostoma shells from 

archaeological and geological sites and hold promise for reconstructing past vegetation parameters 

in the eastern Mediterranean. If the records are derived from archaeological land snail shells, the 

palaeoenvironmental reconstructions can be used to study late Pleistocene to Holocene human-

environment interactions. 

Acknowledgements 

The authors wish to thank James Rolfe, Louise Butterworth, and Catherine Kneale at the University 

of Cambridge for assistance with stable isotope analyses; and Abdulla al-Mabrock and Moatz al-Zwei 

for assistance with sample collection. This research was supported by grants from the Conchological 

Society of Great Britain and Ireland, the Rae and Edith Bennett Foundation, the Association for 

Women Geoscientists, the Cambridge Philosophical Society, and the Alexander von Humboldt 

Foundation (to AP), and the European Research Council (to GB, ERC Advanced Investigator Grant 

230421), and the Royal Society (to RS). 

References 

Al-Sodany, Y.M., Shehata, M.N., Shaltout, K.H., 2003. Vegetation along an elevation gradient in Al-

Jabal Al-Akhdar, Libya. Ecologia mediterranea 29, 125-138. 

Arens, N.C., Jahren, A.H., Amundson, R., 2000. Can C3 plants faithfully record the carbon isotopic 

composition of atmospheric carbon dioxide? Paleobiology 26, 137-164. 

Baker, F.C., 1938. The Molluscs of the shell heaps or escargotieres of northern Algeria. Prehistoric 

Habitation Sites in the Sahara and North Africa. Logan Museum Bulletin, Beloit.  

Balakrishnan, M., Yapp, C., Meltzer, D., 2005a. Paleoenvironment of the Folsom archaeological site, 

New Mexico, USA, approximately 10,500 C yr BP as inferred from the stable isotope composition of 

land snail shells from the southern great plains of North America. Quaternary Research 63, 31-44. 

Balakrishnan, M., Yapp, C., Theler, J., 2005b. Environmental significance of C/C and O/O ratios of 

modern land-snail shells from the southern great plains of North America.   Quaternary   Research   

63, 15-30. 

Baldini, L.M., Walker, S.E., Railsback, L.B., Baldini, J.U.L., Crowe, D.E., 2007. Isotopic ecology of the 

modern land snail Cerion, San Salvador, Bahamas: preliminary advances toward establishing a low-

latitude island paleoenvironmental proxy. Palaios  22, 174-187. 



Barker, G., Bennett, P., Farr, L., Hill, E., Hunt, C.O., Lucarini, G., Morales, J., Mutri, G., Prendergast, 

A.L., Pryor, A., Rabett, R., Reynolds, T., Spry-Marques, P., Twati, M., 2012. The Cyrenaican Prehistory 

Project 2012: the fifth season of investigation of the Haua Fteah cave. Libyan Studies 43,   1-22. 

Barker, G., Antoniadou, A., Armitage, S.J., Brooks, I., Candy, I., Connell, K., Douka, K., Farr, L., Hill, E., 

Hunt, C.O., Inglis, R., Jones, S., Lane, C., Lucarini, G., Meneely, J., Morales, J.,  Mutri,  G.,  Prendergast,  

A.L.,  Rabett,  R.,  Reade,  H.,  Reynolds, T., Russell, N., Simpson, D., Smith, B., Stimpson, C., Twati, M., 

White, K., 2010. The Cyrenaican Prehistory Project 2010: the fourth season of investigations of the 

Haua Fteah cave and its landscape, and further results from the 2007-2009 fieldwork. Libyan Studies 

41, 63-88. 

Barker, G., Antoniadou, A., Barton, H., Brooks, I., Candy, I., Drake, N., Farr, L., Hunt, C.O., Ibrahim, A., 

Inglis, R., Jones, S., Morales, J., Morley, I., Mutri, G., Rabett, R., Reynolds, T., Simpson, D., Twati, M., 

White, K., 2009. The Cyrenaican Prehistory Project 2009: the third season of investigations of the 

Haua Fteah cave and its landscape, and further results  from  the  2007-2008  fieldwork. Libyan 

Studies  40, 1-42. 

Barker, G., Basell, L., Brooks, I., Burn, L., Cartwright, C., Cole, F., Davison, J., Farr, L., Grun, R., 

Hamilton, R., Hunt, C., Inglis, R., Jacobs, Z., Leitch, V., Morales, J., Morley, I., Morley, M., Pawley, S., 

Stimpson, C., Twati, M., van der Veen, M., 2008. The Cyrenaican Prehistory Project 2008: the second 

season of investigations of the Haua Fteah cave and its landscape, and further results from  the 

initial (2007)  fieldwork.  Libyan  Studies  39, 175-221. 

Barker, G., Hunt, C.O., Reynolds, T., 2007. The Haua Fteah, Cyrenaica (Northeast Libya): renewed 

investigations of the cave and its landscape, 2007. Libyan Studies 38, 1-22. 

Cerling, T.E., Quade, J., 1993. Stable carbon and oxygen isotopes in soil carbonates. In: Climate 

Change  in  Continental  Isotopic  Records  Geophysical  Monograph Series.  American  Geophysical  

Union,  Washington,  D.  C,  pp.    217-231. 

Chiba, S., Davison, A., 2009. Associations between stable carbon isotope ratio and vegetation in 

modern and fossil land snails Mandarina chichijimanaon Chichijima of the Ogasawara Islands. 

Paleontological Research 13, 151-157. 

Colonese, A.C., Zanchetta, G., Fallick, A.E., Manganelli, G., Lo Cascio, P., Hausmann, N., Bansechi, I., 

Regattieri, E., 2014. Oxygen and carbon isotopic composition of modern terrestrial gastropod shells 

from Lipari Island, Aeolian Archipelago (Sicily).  Palaeogeography  Palaeoclimatology  Palaeoecology  

394, 119-127. 

Colonese, A.C., Zanchetta, G., Drysdale, R.N., Fallick, A.E., Manganelli, G., Lo Vetro, D., Martini, F., Di 

Giuseppe, Z., 2011. Stable isotope composition of Late Pleistocene- Holocene Eobania vermiculata 

(Muller, 1774) shells from the Central Mediterranean basin: data from Grotta della Oriente 

(Favignana, Sicily). Quaternary International  244,  76-87. 

Colonese, A., Zanchetta, G., Fallick, A., Martini, F., Manganelli, G., Lo Vetro, D., 2007. Stable isotope 

composition of Late Glacial land snail shells from Grotta del Romito (Southern Italy): palaeoclimatic 

implications. Palaeogeography Palae- oclimatology   Palaeoecology   254,  550-560. 



Condon, M.A., Sasek, T.W., Strain, B.R., 1992. Allocation patterns in two tropical vines in response to 

increased atmospheric CO2. Functional Ecology 6,  680-685. 

DeNiro, M., Epstein, S., 1978. Influence of diet on the distribution of carbon isotopes in animals. 

Geochimica et Cosmochimica Acta 42, 495-506. 

El-Darier, S.M., El-Mogaspi, F.M., 2009. Ethnobotany and relative importance of some endemic plant 

species at El-Jabal El-Akhdar Region (Libya). World Journal of Agricultural Sciences 5, 353-360. 

Evans, J.G., 1972. Land Snails in Archaeology. Seminar Press, London. 

Farquhar, G.D., Ehleringer, J.R., Hubick, K.T., 1989. Carbon isotope discrimination and 

photosynthesis.  Annual  Review  of  Plant  Biology  40, 503-537. 

Farquhar, G.D., Sharkey, T.D., 1982. Stomatal conductance and photosynthesis. Annual Review of 

Plant Physiology 33, 317-345. 

Francey, R.J., 1983. A comment on 13C/12C in land snail shells. Earth and Planetary Science  Letters  

63, 142-143. 

Friedli,  H.,  Lo€tscher,  H.,  Oeschger,  H.,  Siegenthaler,  U.,  Stauffer,  B., 1986.  Ice  core record of 

the 13C/12C ratio of atmospheric CO2 in the past two centuries. Nature 324, 237-238. 

Gat, J.R., Carmi, I., 1970. Evolution of the isotopic composition of atmospheric waters in the 

Mediterranean Sea area. Journal of Geophysical Research 75, 3039-3048.  

Goodfriend, G., 1999. Terrestrial stable isotope records of Late Quaternary paleo- climates in  the 

eastern Mediterranean  region. Quaternary  Science  Reviews  18, 501-513. 

Goodfriend, G., 1990. Rainfall in the Negev Desert during the Middle Holocene, based on 13C of 

organic matter in land snail shells. Quaternary Research 34, 186-197. 

Goodfriend, G.A., 1988. Mid-Holocene rainfall in the Negev Desert from 13C of land snail shell 

organic matter. Nature 333, 757-760. 

Goodfriend, G.A., Hood, D.G., 2006. Carbon isotope analysis of land snail shells; implications for 

carbon sources and radiocarbon dating. Radiocarbon 25, 810-830. 

Goodfriend, G.A., Hood, D.G., 1983. Carbon isotope analysis of land snail shells: implications for 

carbon sources and radiocarbon dating. Radiocarbon 25, 810-830. 

Goodfriend, G., Ellis, G., 2002. Stable carbon and oxygen isotopic variations in modern Rabdotus land 

snail shells in the southern Great Plains, USA, and their relation to environment. Geochimica Et 

Cosmochimica Acta 66, 1987-2002. 

Goodfriend, G., Ellis, G., 2000. Stable carbon isotope record of middle to late Ho- locene climate 

changes from land snail shells at Hinds Cave, Texas. Quaternary International  67, 47-60. 

Goodfriend, G., Magaritz, M., 1987. Carbon and oxygen isotope composition of shell carbonate of 

desert land snails. Earth and Planetary Science Letters 86, 377-388. 



Goodfriend, G.A., Stipp, J.J., 1983. Limestone and the problem of radiocarbon dating of land-snail 

shell carbonate. Geology 11,  575. 

Handley,  L.L.,  Odee,  D.,  Scrimgeour,  C.M., 1994. δ15N and  δ13C patterns in Savanna vegetation:  

dependence  on  water  availability  and  disturbance.  Functional Ecology 8, 306-314. 

Hegazy, A.K., Boulos, L., Kabiel, H.F., Sharashy, O.S., 2011. Vegetation and species altitudinal 

distribution in Al-Jabal Al-Akhdar landscape, Libya. Pakistan Journal of  Botany  43,  1885-1898. 

Kerney, M.P., Cameron, R.A., Jungbluth, J.H., 1983. Die Landschnecken Nord-Und Mitteleuropas.  

Wiley-Blackwell,  New Jersey. 

Kostopoulou, E., Jones, P.D., 2007. Comprehensive analysis of the climate variability in the eastern 

Mediterranean. Part II: relationships between atmospheric cir- culation patterns and surface climatic 

elements. International Journal of Climatology   27, 1351-1371. 

Li, X., Liu, W., Zhang, P., An, Z., Zhang, L., 2007. Species, valve size, and pretreatment effects on delta 

18O and delta 13C values of ostracod valves from Lake Qinghai, Qinghai-Tibet.  Chemical  Geology  

246, 124-134. 

Lubell, D., Barton, N. (Eds.), 2011. Gastropods and Humans in the Late Palaeolithic and Mesolithic of 

the Western Mediterranean Basin. Quaternary International, 244,  pp. 1e4. 

Lubell, D., 2004. Prehistoric edible land snails in the circum-Mediterranean: the archaeological  

evidence.  In:  Brugal,  J.-J.,  Desse,  J.  (Eds.),  Petits  Animaux et Societes Humaines. Du Complement 

Alimentaire Aux Ressources Utilitaires. XXIVe rencontres internationales d'archeologie  et d'histoire 

d'Antibes.     Editions APDCA, Antibes, pp. 77-98. 

Lubell, D., Ballais, J.L., Gautier, A., Hassan, F.A., Elmendore, T., Aumassip, G., 1975. The prehistoric   

cultural  ecology  of  Capsian   escargotieres.   Libyca   23, 43-122. 

Magaritz, M., Heller, J., 1983a. A comment on 13C/12C in land snail shells-reply. Earth and Planetary 

Science Letters 63,   144-145. 

Magaritz, M., Heller, J., 1983b. Annual cycle of 18O/16O and 13C/12C isotope ratios in landsnail  shells.  

Chemical  Geology  41, 243-255. 

Magaritz, M., Heller, J., Volokita, M., 1981. Land-air boundary environment as recorded by 

the18O/16O and 13C/12C isotope ratios in the shells of land snails. Earth and Planetary  Science  Letters 

52, 101-106. 

Magaritz, M., Heller, J., 1980. A desert migration indicator d oxygen isotopic composition of land 

snail shells. Palaeogeography Palaeoclimatology Palae- oecology 32, 153-162. 

Marcolini, F., Bigazzi, G., Bonadonna, F.P., Centamore, E., Cioni, R., Zanchetta, G., 2003. 

Tephrochronology and tephrostratigraphy of two Pleistocene continental fossiliferous successions 

from central Italy. Journal of Quaternary Science 18, 545-556. 



McBurney, C., Hey, R.W., 1955. Prehistory and Pleistocene Geology in Cyrenaican Libya: a Record of 

Two Seasons' Geological and Archaelogical Fieldwork in the Gebel Akhdar Hills. Cambridge University 

Press, Cambridge. 

McBurney, C.B.M., 1967. The Haua Fteah (Cyrenaica) and the Stone Age of the South- east 

Mediterranean. Cambridge University Press,  Cambridge. 

Metref, S., Rousseau, D., Bentaleb, I., Labonne, M., Vianey-Liaud, M., 2003. Study of the diet effect 

on 𝛿13C of shell carbonate of the land snail Helix aspersa in experimental conditions. Earth and 

Planetary Science Letters 211,  381-393. 

Morel, J., 1973. Le Capsien de Khanguet-el-Mouuhaad. Libyca 1, 103-119.  

O'Leary, M.H., 1988. Carbon isotopes in photosynthesis. BioScience  38, 328-336. 

Preece, R.C., Day, S.P., 1994. Special Paper: comparison of Post-Glacial molluscan and vegetational 

successions from a radiocarbon-dated tufa Sequence in Oxfordshire. Journal of Biogeography 21, 

463-478. 

Prendergast, A.L., Stevens, R.E., Barker, G., O'Connell, T.C.,  2014. Oxygen isotope signatures (δ18O) 

from land snail (Helix melanostoma) shells and body fluid:  a proxy for reconstructing eastern 

Mediterranean  rainfall. Chemical  Geology (under review). 

Prendergast, A.L., Stevens, R.E., 2014. Molluscs (isotopes): analyses in environmental archaeology. 

The Encyclopaedia of Global Archaeology. Springer, Berlin, pp.  5010-5019. 

Romaniello, L., Quarta, G., Mastronuzzi, G., D'Elia, M., Calcagnile, L., 2008.  14C age anomalies in 

modern land snails shell carbonate from Southern Italy. Quaternary  Geochronology  3,   68-75. 

Rousseau, D.D., 1990. Statistical analyses of loess molluscs for paleoecological reconstructions. 

Quaternary International 7-8, 81-89. 

Schubert, B.A., Jahren, A.H., 2012. The effect of atmospheric CO2 concentration on carbon isotope 

fractionation in C3 land plants. Geochimica et Cosmochimica Acta 96, 29-43. 

Simpson, D., Hunt, C.O., 2009. Scoping the past human environment: a case study of pollen 

taphonomy at the Haua Fteah, Cyrenaica, Libya. Archaeological Review from  Cambridge  24, 27-46. 

Stevens, R.E., Metcalfe, S.E., Leng, M.J., Lamb, A.L., Sloane, H.J., Naranjo, E., Gonzalez, S., 2012. 

Reconstruction of late Pleistocene climate in the Valsequillo Basin (Central Mexico) through isotopic 

analysis of terrestrial and freshwater snails. Palaeogeography Palaeoclimatology Palaeoecology 319-

320, 16-27. 

Stott, L., 2002. The influence of diet on the [delta] 13C of shell carbon in the pulmonate snail Helix 

aspersa. Earth and Planetary Science Letters 195, 249-259. 

Stuiver, M., Burk, R.L., Quay, P.D., 1984. 13C/12C ratios in tree rings and the transfer of biospheric 

carbon to the atmosphere. Journal of Geophysical Research 89, 117-131. 



Wigley, T., Farmer, G., 1982. Climate of the Eastern Mediterranean and Near East. Paleoclimate 

Paleoenvironment and Human Communication in the Eastern Mediterranean Region in Later 

Prehistory. British Archaeological Reports International Series, London. 

Yanes, Y.,  Romanek,  C.S.,  Molina,  F.,  Camara,  J.A.,  Delgado,  A.,  2011.  Holocene 

Paleoenvironment (~7200-4000 cal BP) of the Los Castillejos archaeological site (SE Spain) inferred 

from the stable isotopes of land snail shells. Quaternary International 244, 67-75. 

Yanes, Y., Delgado, A., Castillo, C., Alonso, M., Ibanez, M., de la Nuez, J., Kowalewski, M., 2008. 

Stable isotope δ18O, δ13C, and δD signatures of recent terrestrial communities from a low-latitude, 

oceanic setting: endemic land snails, plants, rain, and carbonate sediments from the eastern Canary 

Islands. Chemical Geology 249, 377-392. 

Yapp, C.J., 1979. Oxygen and carbon isotope measurements of land snail shell carbonate. 

Geochimica et Cosmochimica Acta 43, 629-635. 

Yates, T.J.S., Spiro, B.F., Vita-Finzi, C., 2002. Stable isotope variability and the selection of terrestrial 

mollusc shell samples for 14C dating. Quaternary International  87,  87-100. 

Figures 

Fig. 1. A: Location of the Gebel al-Akhdar (rectangle) in the eastern Mediterranean. B: The Gebel al-

Akhdar showing the closest major cities. Dark grey shading corresponds to higher elevation. 

Numbers are land snail collection sites outlined in Table  1. 

 

 



Fig. 2. Land snails in the Gebel al-Akhdar: A: Aestivating H. melanostoma, note the thick opaque 

epiphragm, B: Active H. melanostoma. 

 

 

Fig. 3. Stable isotopes from vegetation in the Gebel al-Akhdar (oak and carob n = 4, juniper n = 6). 

The SD is 0.1‰. 

 

 

Fig. 4.  Frequency distribution of snail δ13Cbody values in the Gebel al-Akhdar. 



 

 

Fig.    5.  Correlations between δ13Cbody and δ13Cshell.   A:   Correlation between H. melanostoma 

δ13Cbody and δ13Cshell from this study in comparison to the empirical correlation found  by Stott  (2002)  

for laboratory-raised  H.  aspersa. B:  Correlation between site mean δ13Cshell and  δ13Cbody. Error bars 

are one SD. 



 

 

Fig. 6. H. melanostoma δ13Cshell (triangles) and  δ13Cbody (circles) plotted against elevation. 

 

 

Tables 

Table 1:  Summary of the land snail collection survey in the Gebel al-Akhdar   

Site       Site code      Location Elevation       Substrate      Vegetation 

1 AP12-1 32⁰ 54.176, 5 LO LS 



21⁰ 58.524 

2 MHWHG 32⁰ 53.951, 
22⁰ 2.646 

50 CS PL, JO, CS 

3 ECOHF 32⁰ 54.017, 
22⁰ 3.011 

70 CS, LL PL, JO, CS 

4 T01-2 32⁰ 54.015, 

22⁰ 3.0035 

74 LO PL, JO, CS 

5  T01-10 32⁰ 53.981, 
22⁰ 2.034 

80  LO  PL, JO 

6 T01-6 32⁰ 53.978, 

22⁰ 3.074 

89 LO PL, JO 

7 ML12-1 32⁰ 52.748, 
22⁰ 10.617 

100 CS PL, JO 

8 ML12-2 32⁰ 51.676, 
22⁰ 10.648 

348 CS PL, JO 

9 AS1-2 32⁰ 52.285, 

22⁰ 5.091 

390 CS PL, JO 

10 AS1-A 32⁰ 51.947, 
22⁰ 5.085 

435 CS PL, JO 

11 ML12-6 32⁰ 50.779, 

22⁰ 09.619 

508 CS PL, JO 

12 ML12-5 32⁰ 50.915, 
22⁰ 09.589 

514 CS PL 

13 RH12-1a  32⁰ 49.579, 
21⁰ 51.730 

590 CS CS 

20 ML12-9 32⁰ 40.038, 

21⁰ 51.789 

798 CS SS, LS 

21 ML12-10 32⁰ 39.647, 
21⁰ 51.308 

853 CS SS, LS 

Vegetation key: PL = Pistacia lentiscus, CS = Ceratonia siliqua, JO = Juniperus oxycedrus, SS = 

Sarcopterium spinosum, AS = Asteraceae sp., LS = Lamiaceae sp. 

Substrate key: LO = limestone outcrop, CS = carbonate soils, LL = leaf   litter. 

a   Collected whilst active. All other snails collected whilst aestivated. 

Table 2: Carbon stable isotope composition of vegetation in the Gebel al-Akhdar. 

Genus Sample number Sample type δ13C ‰ VPDB 

Ceratonia C1 Bulk vegetation -29.9 

Ceratonia C2 Bulk vegetation -30.0 

Quercus Q1 Bulk vegetation -27.6 

Quercus Q2 Bulk vegetation -27.6 

Juniperus J1 Bulk vegetation -22.6 

Juniperus J2 Bulk vegetation -22.7 

Juniperus J3 Bulk vegetation -24.4 

Juniperus J4 Bulk vegetation -24.4 

Juniperus J5 Bulk vegetation -23.9 

Juniperus J6 Bulk vegetation -23.9 

Mean   -25.7   

      



 

Table 3: Isotopic compositions of sediment surrounding aestivated H. melanostoma  samples. 

Sample Sample code δ13C ‰ VPDB 

Soil CP10 HF EC002 02-01-S1 -24.9 

Soil CP10 HF EC002 02-01-S1 -25.0 

Soil CP10 HF EC006 06-01-S1 -24.9 

Soil CP10 HF EC006 06-01-S1 -24.9 

Mean  -24.9 

       

Table 4: Carbon isotopes in H. melanostoma shell and body tissue, offsets between δ13Cshell and 

δ13Cbody, and comparison between measured and predicted δ13Cshell and δ13Cbody calculated using the 

Stott (2002) equation. Predicted values are shown in bold typeface.     

Elevation 
(m) 

Sample 
code 

Measured 
δ13Cbody 

Measured 
δ13Cshell 

δ13Cshell - 
δ13Cbody 

Predicted 
δ13Cbody 

Predicted 
δ13Cshell 

5 APH121A -27.6 -11.2 16.4 -24.8 -13.9 

70 ECO0201 -23.4 -10.3 13.1 -23.8 -9.9 

70 ECO0202 -24.1 -10.4 13.6 -24.0 -10.6 

70 ECO0203 -24.4 -10.3 14.1 -23.8 -10.8 

70 ECO0204 -23.9 -10.8 13.0 -24.4 -10.4 

70 ECO0205 -23.6 -10.2 13.4 -23.7 -10.1 

70 ECO0301 -23.8 -10.5 13.2 -24.0 -10.3 

70 ECO0302 -23.7 -10.0 13.6 -23.5 -10.2 

70 ECO0602 -25.2 -11.6 13.6 -25.2 -11.6 

70 ECO0603 -25.6 -11.8 13.8 -25.4 -12.0 

70 ECO0604 -23.3 -11.2 12.1 -24.7 -9.8 

70 ECO0605 -23.9 -11.5 12.4 -25.0 -10.4 

70 ECO0606 -24.9 -11.9 13.0 -25.4 -11.3 

70 ECO0607 -24.8 -11.0 13.8 -24.5 -11.2 

70 ECO0608 -24.4 -10.7 13.8 -24.2 -10.9 

100 MLH121A -27.3 -11.8 15.5 -25.4 -13.6 

508 MLH12-6C -29.5 -12.3 17.2 -25.9 -15.7 

508 MLH12-6D -28.3 -11.9 16.4 -25.5 -14.6 

508 MLH12-6E -25.4 -9.6 15.8 -23.0 -11.8 

590 RHH12-2A -24.9 -9.9 15.0 -23.4 -11.4 

590 RHH12-2C -27.5 -10.8 16.6 -24.4 -13.8 

590 RHH12-2D -26.0 -10.7 15.3 -24.3 -12.4 

798 MLH12-9A -24.2 -10.3 14.0 -23.8 -10.7 

798 MLH12-9B -25.4 -9.6 15.8 -23.1 -11.8 

853 MLH1210A -25.7 -10.5 15.2 -24.0 -12.1 

853 MLH1210B -25.9 -10.9 15.0 -24.4 -12.3 

853 MLH1210D -27.0 -11.1 15.9 -24.7 -13.4 

Mean  -25.3 -10.8 -14.5 -24.4 -11.7 

SD  1.6 0.7 1.4 0.8 1.5 

 

Appendices 



Appendix 1: Stable isotope results from H. melanostoma bodies and shells. Highlighted cells are 

juvenile samples (<10 mm maximum basal diameter). 

 

 
 

 

 

 

 

 
 

 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

  
 

 

 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

 
 

 
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

  
 

 



 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

  
 

 

 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

  
 

 

 

 
 

   
 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

   
 

 
 

 
 

 
 

 

 

 
 

  
 

 

 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 

 

 
 

 
 

  
 

 
 

 
 

 
 

 

 

 

 

Appendix 2: Results of simple linear regression on individual and site mean δ13Cshell. The coefficient 

of determination is shown in bold typeface. 

Predictors F t Constant B p SE mod R R2 

Individual shells         

Elevation 4.971  2.230  −68.999  −10.74  <0.05  0.85  0.29  0.08  

Mean relative humidity  69.762  8.352  −28.452  0.409  <0.05  0.85  0.29  0.08  

Mean annual temperature  4.977  −2.231  −6.231  −0.147  <0.05  0.85  0.29  0.08  

Mean annual precipitation  4.972  2.230  −11.189  0.002  <0.05  0.85  0.29  0.08  

Site average          

Mean relative humidity  1.369  −1.170  3.416  −0.197  ns  0.71  0.32  0.10  

Mean annual temperature  1.369  −1.170  −8.130  −0.125  ns  0.71  0.32  0.10  

Mean annual precipitation  1.360  1.170  −11.074  0.002  ns  0.71  0.32  0.10 

Dependent variable = δ13Cshell. 

B = unstandardised beta coefficient, SE B = standard error. SE mod = Standard error of the model. 

t = t-test statistic, p = significance. ns = not significant. 


