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ARTICLE INFO ABSTRACT

Editor: A. Prendergast Understanding the environmental conditions faced by past human populations is essential to understand their

behaviour, and the subsistence strategies that they adopted for survival. The study of oxygen isotope ratios in

Keywords: limpet shells (élgosheu) can provide important information on sea surface temperature (SST), shell growth
Oxygen stable isotopes patterns and the season of shell collection by human populations. Following this approach, in this paper, we
1Sv1[10e11111jscs assessed 5'80gey values of three modern limpets Patella ferruginea Gmelin, 1791 collected alive in Ceuta
Oceanography (northern Africa) as proxies for past SST and to determine the season of shell collection at archaeological sites.
Archaeology Studied shells showed fast growth rates without long periods of growth stops. However, results suggested that the

shells did not grow during all tidal immersions. Results also showed higher growth rates between winter and
summer, although each shell exhibited its own distinctive patterns. According to the isotope data, studied limpets
deposited calcium carbonate to form their shells with an average offset of +0.34 %o from expected equilibrium.
This offset was higher in summer (0.56 %o) and lower in winter (0.18 %o). Reconstructed sea surface temperature
(SSTs180) exhibited high correlation with satellite temperature. Considering the variability of the oxygen isotope
composition of the seawater (slsosw), past SSTs180 can be calculated with an uncertainty of +2 °C and —1.4 °C.
Our study demonstrates that 5§'80 values of P. ferruginea can be used to reconstruct SST provided that the §'80g,
is known. Furthermore, the season of shell collection can be estimated from 61805heu curves, which has deep
implications for future archaeological investigations.

et al., 2019) and likewise on past climate conditions (Wang et al., 2013;
Garcia-Escarzaga et al., 2022). Mollusc shells are mainly composed of

1. Introduction

Marine molluscs have been collected by humans since the Pleisto-
cene and their shells are found at archaeological sites worldwide
(Colonese et al., 2011; Gutiérrez-Zugasti et al., 2011; Ramos-Munoz
et al., 2016). Archaeological molluscs can provide significant informa-
tion on past human behaviour (e.g., Zilhao et al., 2010; Cortés-Sanchez
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calcium carbonate (CaCOj3) and are precipitated close to oxygen isotopic
equilibrium with the surrounding environment (Epstein et al., 1951,
1953; Grossman and Ku, 1986). Hence, during growth, environmental
conditions are encoded in the shells, e.g., in the form of stable oxygen
isotope ratios (alsosheu) (Epstein et al., 1951; Dettman et al., 1999).
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The 5'804,e; data record both the sea surface temperature (SST) and
the oxygen isotope composition of the seawater (5'%04w) (e.g., Wana-
maker Jr. et al., 2006). As long as the slsosw signature is known,
slsosheu values of ancient shells can be used for the reconstruction of
past SST with sub-monthly resolution (Prendergast et al., 2017). In
addition, 61805heu profiles can be used in archaeological studies to
determine the seasonality of marine mollusc collection, providing in-
formation on subsistence strategies and settlement patterns of past
human societies (Mannino et al., 2003; Colonese et al., 2009; Burchell
et al., 2013; Garcia-Escarzaga et al., 2019).

To test whether 61805he11 values of a specific taxon can be used as a
reliable environmental proxy, an analysis using modern specimens of
the selected species is required (e.g., Fenger et al., 2007; Hallmann et al.,
2009; Prendergast et al., 2013; Gutiérrez-Zugasti et al., 2017). More-
over, molluscan life cycles are complex and information on shell growth
patterns (rate of seasonal shell formation and growth cessation) is also
crucial for a correct interpretation of isotope data. Shell growth rate may
be modulated by endogenous rhythms, physiology, or environmental
factors (e.g., water temperature, salinity, storms, spawning, etc.) (e.g.,
Schone, 2008). Calibration of modern limpet specimens of Patella spp.
such as P. vulgata (Fenger et al., 2007; Gutiérrez-Zugasti et al., 2017),
P. caerulea, P. rustica (Ferguson et al., 2011; Prendergast and Schone,
2017), P. depressa (Garcia-Escarzaga et al., 2020) and P. candei crenata
(Parker et al., 2017), as well as specimens of Nacella spp. (Nicastro et al.,
2020), have shown the potential of limpets for reconstructing past
environmental conditions. Some of these studies have reported the
occurrence of a systematic offset from isotopic equilibrium (e.g., Fenger
et al., 2007; Ferguson et al., 2011; Nicastro et al., 2020). This offset is
species-specific (different between taxa), but also regional (different
between localities), suggesting that physiological responses of limpets
might be environmentally driven (Gutiérrez-Zugasti et al., 2017).

The limpet Patella ferruginea is an endemic marine gastropod of the
western Mediterranean Sea that inhabits in the upper intertidal rocky
shore. As other limpet species, P. ferruginea is present in shell assem-
blages from Palaeolithic and Neolithic sites along both sides of the
Gibraltar strait (North Africa and South Europe), which denotes its early
use for human consumption (e.g., Zilhao et al., 2010; Colonese et al.,
2011; Ramos-Munoz et al., 2016; Espinosa et al., 2024). The Gibraltar
region is in a privileged geographic position for long-term cultural in-
teractions between Africa and Europe and it is considered a key region in
the history of human evolution. Nowadays, P. ferruginea is in danger of
extinction and is included in the list of the International Union for
Conservation of Nature (International Union for Conservation of Nature,
2012), the European Council Directive 92/43/EEC on the Conservation
of Natural Habitat of Wild Fauna and Flora (1992) and the Spanish
Catalogue of Threatened Species in danger of extinction that require
strict legal protection (Ley 42/2007, de 13 de diciembre, del Patrimonio
Natural y de la Biodiversidad). The decline of this species has been
attributed to human impact, mainly during the second half of the 20th
century, and it has been related with harvesting, habitat degradation,
development of coastal infrastructures and marine pollution
(Paracuellos et al., 2003; Garcia-Gomez et al., 2023).

In this paper, we aim to test whether modern specimens of
P. ferruginea are reliable climate recorders through the study of oxygen
isotope ratios of shells collected at Ceuta (northern Africa). Results are
used to discuss shell growth patterns, isotopic equilibrium fractionation,
and reconstruction of SST. Calibration of P. ferruginea SlsOsheu values as
a proxy for seawater temperature in northern Africa is crucial to un-
derstand environmental conditions experienced by past human soci-
eties, and for reconstruction of human subsistence strategies and
settlement patterns. Moreover, a more precise knowledge of growth
patterns can be useful to protect this species and recover populations.

2. Study area and environmental setting

The autonomous administrative city of Ceuta is a Spanish territory
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located in North Africa, more specifically, in the Gibraltar Strait. Both
African and European shores of the Strait are currently separated by
~14 km of water that connect the Atlantic Ocean with the Mediterra-
nean Sea (Fig. 1A). The coast of Ceuta, about 20 km long, is composed of
heterogeneous environments due to the configuration of the coast, as
well as by intense port activity. At least 70 % of Ceuta’s coast is hard
bottom. Of this, ca. 45 % is formed by natural rocky shores (sandstone)
and the remaining 25 % are artificial jetties and breakwaters (lime-
stone). These surfaces are inhabited by P. ferruginea with a mean density
of 0.67 individuals per square meter (Guerra-Garcia et al., 2004).

The climate in the area is Mediterranean with dry summers, and mild
and humid winters. Between 2003 and 2010, the mean air temperature
ranged between 13.4 °C (January) and 25 °C (August) and rarely
dropped below 11 °C or rose above 30 °C. Annual rainfall equalled
around 850 mm. Rainfall is markedly seasonal and concentrated from
autumn to spring as opposed to very arid summers (Spanish National
Meteorological Agency, www.aemet.es).

From an oceanographic point of view, two overlapping ocean cur-
rents balance the flows between the Atlantic Ocean and the Mediterra-
nean Sea in the Gibraltar Strait. The current from the Mediterranean Sea
runs along the seabed toward the Atlantic Ocean due to its greater
density, while the Atlantic current enters the Mediterranean Sea on the
surface. Between 2010 and 2014, mean seawater temperature at Ceuta
ranged between 14.5 and 23.3 °C. Salinity was constant at around 36
PSU throughout the year (data taken from Copernicus interpolated
satellite estimates: Mediterranean Sea - High Resolution L4 Sea Surface
Temperature Reprocessed, https://marine.copernicus.eu/).

3. Biology and ecology of Patella ferruginea

At present, P. ferruginea inhabits a few restricted areas of the Western
Mediterranean, including Ceuta and Melilla (Spain), the Chafarinas
Islands (Spain), some areas of Morocco, Algeria and Tunisia, the
southern Iberian Mediterranean coast, some parts of the Italian penin-
sula, Corsica, and Sardinia (Rivera-Ingraham et al., 2011; Espinosa et al.,
2014). This limpet species is absent at the Atlantic coast of North Africa
and the Iberian Peninsula but occurs in the Gibraltar Strait (Fig. 1A).
P. ferruginea inhabits rocky shores and upper intertidal areas, where the
algal coverage is reduced, and a microbial film of diatoms, cyanobac-
teria, and propagules of other algae predominate, on which this limpet
feeds (Guallart and Templado, 2012).

P. ferruginea is a slow-growing limpet with a lifespan between eight
and 35 years (Espinosa et al., 2008). It is a large species that can exceed
100 mm in length, although its usual size ranges between 70 and 80 mm.
The reproductive period takes place in autumn (Frenkiel, 1975). Be-
tween January and July there is complete sexual rest. Gonadal matu-
ration begins at the end of August and the gametes are expelled into the
sea (spawning) coinciding with the storms of November (Espinosa et al.,
2006; Guallart and Templado, 2012). Following previous investigations,
growth has a marked seasonal component, but with differences between
localities. In Ceuta, Espinosa et al. (2008) observed higher growth rates
in spring-summer than in autumn-winter, while Guallart et al. (2012)
reported fastest growth in winter-spring at the Chafarinas Islands. At this
locality, growth slows down during summer and autumn because of the
higher insolation and the breeding season, respectively. At Ceuta, Riv-
era-Ingraham et al. (2011) observed faster growth rates in smaller than
in bigger specimens. While shells with a length of 2 cm showed growth
rates of 1.15-1.68 cm/year, shells with a length of 8 cm exhibited
growth rates of 0.38-0.73 cm/year.

4. Material and methods
4.1. Materials: modern shells

Three specimens of P. ferruginea were collected alive on 23 October
2014 at the intertidal rocky shore of Cala del Desnarigado (Ceuta, Spain)
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Mediterranean Sea

Cala del
Desnarigado

Fig. 1. A: Location of Ceuta and the Strait of Gibraltar region. The red areas indicate the current distribution of P. ferruginea. B: Location of Cala del Desnarigado, the
beach where P. ferruginea specimens were collected in October 2014. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

(Fig. 1B) under authorised research directed by one of us (JCGG).
Limpets were labelled PF.CT.01, PF.CT.02 and PF.CT.10 (Figs. S1, S2,
S3). The soft parts of the limpets were removed with a scalpel imme-
diately after collection to prevent animals from secreting additional
shell carbonate. The shells were cleaned with deionised water for 5 min
and air-dried at ambient temperature. Length, width, and height of each
shell were measured with a digital calliper to the nearest 10 pm. The size
of the limpets equalled around 60 mm in length, so they can be
considered mature (Table S1).

4.2. Shell carbonate sampling procedure

Following the procedure published by Schone et al. (2005), two
thick-sections were obtained from each limpet (Fig. 2A-B; Figs. S1, S2,

S3). The limpet shells were first mounted on metal cubes with Araldite
epoxy resin and then coated with a metal epoxy resin (JB Kwik-Weld)
along the axis of maximum growth to avoid shell fracturing during the
cutting process using a Buehler IsoMet low-speed saw (Buehler IsoMet
1000; operated at 250 rpm) and a 0.5 mm thick diamond-coated saw
blade. The two thick-sections of the shell were glued onto microscope
glass slides with metal epoxy resin and ground on glass surfaces with
F600 and F800 SiC grit powder for 5 and 3 min, respectively. Then, each
section was polished with 1 ym Al,O3 powder on a Buehler 8" micro
cloth until the internal growth lines and increments were visible. After
each grinding and polishing step, specimens were cleaned in an ultra-
sonic bath with de-ionized water.

For growth pattern analysis, one polished section of each specimen
was immersed in Mutvei’s solution at 37-40 °C for 20 min under
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Fig. 2. A) Whole limpet shell of P. ferruginea showing the cutting line along the major growth axis (dashed line). Two sections were obtained (section a and b) for
isotope and growth pattern analysis respectively; B) Inner surface of the limpet shell showing the different layers of the shell (m, m + 2, m + 3) and the cutting axis.

Scale bar = 1 cm.

constant stirring following Schone et al. (2005). The sections were then
gently rinsed in ultra-pure water and air-dried. The use of Mutvei’s so-
lution enhanced the visibility of shell growth structures by staining
sugars and glycoproteins with Alcian blue which are generally more
concentrated at growth lines. Consequently, growth lines appear darker
blue than the growth increments between adjacent growth lines (Schone
et al., 2005) (Fig. 3A-C). This allows growth increments and lines to be
easily distinguished from each other when observed under the micro-
scope. The stained sections were studied with a Leica S8APO stereo-
scopic microscope (8-50 x magnification) using sectoral dark-field
illumination and a Leica DM 2500 M optical microscope (50-100 x
magnification) using reflected light. In both cases, a Leica MC190HD
digital camera (10 MP) was used to take photographs.

The remaining polished section of each limpet was used for oxygen
isotope analysis (Fig. 3B). Carbonate samples were extracted from the
outer concentric cross-foliated (m + 2) and radial crossed foliated (m +

Circalunidian
Increments

3) calcite layers (MacClintock, 1967) (Fig. 2B). These layers were tar-
geted to avoid the mixture between calcite and aragonite layers
following the procedure established by Fenger et al. (2007).

Milling was conducted from the shell aperture toward the apex (i.e.,
from most recently formed shell portions to older shell portions) using a
Micromill (New Wave Research) equipped with a 1 mm conical dental
drill bit (H97 104 010; Komet/Brasseler). Sampling followed the shape
of the growth lines from the outer to the inner surface of the limpet
(Fig. 3D). One hundred carbonate samples were taken from each limpet
shell. Despite the high number of micromilled samples, the apex was not
reached in any case, so the younger portions of the shells remained
unsampled. Each carbonate sample weighed ca. 200 pg. The milled
carbonate powder was loaded into 12 ml Exetainers, and 5'80ghen values
were measured in a Thermo Finnigan MAT 253 dual inlet isotope ratio
mass-spectrometer coupled to a Finnigan Kiel IV carbonate device at the
Geoscience Institute CSIC-UCM (Madrid, Spain). A two-point calibration

Micromilling
paths

Fig. 3. Sampling strategies in P. ferruginea: A) Mutvei-stained shell section used for growth pattern analysis. Scale bar = 1 cm; B) Polished cross-section used for
isotope sampling. Scale bar = 1 cm; C) Portion of stained cross-section displaying lunar daily (circalunidian) growth lines (dashed). Scale bar = 100 pm. DOG:
direction of growth; E) Posterior portion of polished cross-section showing micromilling paths. Scale bar = 1 mm. DOG = direction of growth.
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(NBS-18: 8'80 = —23.2 %o; NBS-19: 8180 = —2.2 %0) was used to
compute 61805},311 values. The analytical precision of the instrument was
better than +0.04 %e..

4.3. Shell growth patterns

Mutvei-stained sections were analysed to study shell growth pat-
terns, and especially to identify periods of shell growth slowdown or
cessation. The number of lunar days per growing season was calculated
from the number of circalunidian growth lines and increments (Fig. 3C)
previously produced for Patella species to identify the duration of the
period of slow growth or even growth cessation (Gutiérrez-Zugasti et al.,
2017). The Panopea image processing software (© Peinl and Schone)
was used to count circalunidian growth increments and measure their
width to the nearest 1 pm. Age-related growth trends were removed
from the increment chronologies following the procedure reported by
Schone (2003). After measuring each circalunidian increment, a series
of digital filters available in the statistics software PAST 3.21 (Hammer
et al., 2001) was used to explore low, medium, and band-pass signals
within the growth increment time-series (Schone, 2013; Colonese et al.,
2013). We used the number of lunar daily (circalunidian) increments to
estimate the time represented by each isotope sample. Calendar align-
ment of the shell oxygen isotope record was achieved with fortnightly
and circalunidian growth patterns, starting from the collection day as a
reference for anchoring the first slsosheu value.

4.4. Reconstruction of sea surface temperature

The 5'®0gen value reflects both changes of SST and 51804y
Accordingly, to compute SST from 51805},311, the 61805w must be known.
A 1 %o shift in 5'80g, corresponds to a change in temperature of more
than 4 °C (Friedman and O’Neil, 1977). In this paper, we used the
average 580y, value of 1.27 %o (VSMOW) recorded by Ferguson et al.
(2011) in Gibraltar between March 2006 and November 2007. Seawater
temperature was then computed by using the fractionation equation by
Friedman and O’Neil (1977) for low-Mg calcite:

6
1000lna — 2.78 x 10

T T2-289 M

where T is the temperature measured in Kelvin and a is the fractionation
between water and calcite described by the equation:

1000 + 5"®Osper, (VSMOW%%o)

= 2
1000 + 580y, (VSMOW%o) @

SIBOShen (V-PDB %o) values were converted to the V-SMOW %o scale
using the equation by Coplen (1988):

580 VSMOW?%o = 1.03091 x §'30 VPDB%o + 30.91 3)

Satellite seawater temperatures along the coast of Ceuta (02 January
2011 to 23 October 2014 = collection date) were obtained from
COPERNICUS satellite High Resolution L4 Sea Surface Temperature
Reprocessed (https://marine.copernicus.eu/).

5. Results
5.1. Shell growth patterns

Growth pattern analysis was conducted on Mutvei-stained sections of
the limpets. Only circalunidian and fortnightly growth patterns were
observed, but no major (annual) growth lines. Lunar daily growth in-
crements were separated from each other by (circalunidian) growth
lines (Fig. 3C). As in previous sclerochronological studies carried out on
limpets (Garcia-Escarzaga et al., 2020; Gutiérrez-Zugasti et al., 2017;
Fenger et al., 2007), the width of these lunar daily growth patterns
varied periodically and formed bundles containing ca. 14-15 of these
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microgrowth increments and lines. These bundles are referred to as
fortnightly growth patterns and allowed us to place the shell record in a
precise temporal context.

As indicated by growth pattern analysis, most of the isotope samples
provided sub-monthly to sub-weekly resolution. Actually, samples rep-
resented between one and 78 days of growth, with an average between
six and ten days per sample (Supplementary data). The shell portions
studied for growth patterns were laid down during one and a half and
two and a half years. The shells were growing between 67 and 78 % of
their lifetime, while growth was significantly retarded or even stopped
during the remainder. Shells stopped growing intermittently in any
season (Table 1; Table S2), but no long periods of growth cessation
periods were identified. The widths of circalunidian growth increments
(i.e., lunar daily increments width, LDIW) of the limpets ranged between
9 and 55 pm (arithmetic average = 22 pm) for PF.CT.01, between 13 and
70 (arithmetic average = 33 pm) for PF.CT.02 and between 12 pm and
57 pm (arithmetic average = 29 pm) for PF.CT.10. Average LDIW
differed between the studied specimens (20-23 pm in PF.CT.01; 27-30
pm in PF.CT.10; 29-37 pm in PF.CT.02). In all three specimens, broader
circalunidian increments were formed in winter. In PF.CT.01, growth
was fastest in summer followed by spring, while PF.CT.02 grew fastest in
spring, while nearly identical growth rates were recorded in the
remaining seasons. Specimen PF.CT.10 grew fastest in winter and at
similar rate during the other seasons. Absolute growth per year ranged
between 4.6 and 7.5 mm. (Table 1; Table S2).

5.2. Measured and predicted 5'804herl

The slsosheu values of the three studied shells showed sinusoidal
patterns reflecting seasonal changes in seawater temperature. The iso-
topic ratios near the shell edge (most recently formed shell portion)
translated into temperatures that prevailed during the season of death
(Fig. 4). Studied shells showed two and three annual isotope cycles.
Highest 6180311911 values ranged between 1.63 and 1.75 %o, and minimum
values between 0.28 and 0.47 %o, with a mean of 0.97 to 1.12 %o
(Table 2). A crossplot of measured and predicted 61805he11 values
revealed a strong correlation in the three shells (R? = 0.87 for PF.CT.01,
R? = 0.90 for PF.CT.02, R? = 0.88 for PF.CT.10; p < 0.001 in all cases). A
mean §'%0 annual offset of 0.34 %o between measured alsosheu and
predicted 5'804hen was identified. Detailed growth pattern data was used

Table 1
Seasonal growth data for the three P. ferruginea shells analysed in this study.
% days Average Average Absolute
growing LDIW (mm) growth (mm) growth (mm)

PF.CT.01
Autumn 69 0.020 1.264 2.875
Summer 87 0.022 1.944 5.833
Spring 85 0.022 1.822 5.467
Winter 73 0.023 1.228 3.325
Mean 78 0.022 1.565 4.375
annual
Total 6.259 17.500

PF.CT.02
Autumn 68 0.029 1.711 2.385
Summer 70 0.028 1.703 3.407
Spring 68 0.036 2.189 4.378
Winter 61 0.037 1.707 3.544
Mean 67 0.032 1.828 3.428
annual
Total 7.310 13.713

PF.CT.10
Autumn 82 0.027 1.847 2.663
Summer 60 0.028 1.686 3.371
Spring 74 0.028 1.859 3.717
Winter 77 0.030 2.157 4.314
Mean 73 0.029 1.887 3.516
annual
Total 7.548 14.064
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Fig. 4. Isotope profiles (8'80gpep) and offset (5'%0oger) of the three studied
shells of P. ferruginea. A) PF.CT.01, B) PF.CT.02 and C) PF.CT.10. Blue hori-
zontal lines: winter; Orange horizontal lines: summer. Observe the inverse
relationship between 5'%0gnen and 8'®0qser.  (For interpretation of the
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references to colour in this figure legend, the reader is referred to the web
version of this article.)

to analyse the variation of the offset during the different seasons of the
year. The average offset was lower during winter (0.18 %o) and higher in
summer (0.56 %o). Spring and autumn showed intermediate offsets of
0.27 and 0.32 %o, respectively (Fig. 5; Table 3). The offset showed a
sinusoidal pattern in the three shells, following a clear inverse trend
with respect to 5'804hen (Fig. 4). Despite this trend, no correlation was
found between 5804 and the 51804 in PF.CT.01 (R% = 0.06, p <
0.001), while moderate correlation was found in PF.CT.02 ®R%= 0.41,p
< 0.001) and PF.CT.10 (R2 =0.32, p < 0.001).

5.3. Reconstructed SST

The average seasonal offset calculated from the three shells together
(Table 3) was subtracted from the measured 6180511911 to calculate sea
surface temperatures (SSTs180). Once corrected for the average isotope
offset, SSTs180 ranged from 22.3 °C to 14.6 °C (annual range = 7.7 °C).
Daily temperatures from the Copernicus satellite (SSTsatelite) during the
time span of limpet growth (23 October 2014 to 7 February 2012)
ranged between 23.2 °C and 14 °C. Therefore, maximum, and minimum
SSTs180 are 0.9 °C lower and 0.6 °C higher than maximum and minimum
SSTsatellite; respectively. However, when SSTgatelite cOrresponding to the
days represented by each shell carbonate sample were averaged,
maximum and minimum SSTsaeeiite are 22.2 °C and 14.4 °C (annual
range = 7.8 °C), respectively, showing an almost perfect match with
maximum and minimum reconstructed SSTs1g0 (Table 4). As in the case
of measured and predicted 5'804henl, reconstructed SSTs150 and SST,.
tellites Showed very strong correlation (R? = 0.90, 0.94 and 0.92,
respectively; p < 0.001) (Fig. 6). A comparison between SSTs130 and
SSTsatellite Showed maximum positive and negative differences of
+2.2 °C and —2.5 °C, respectively, although mean values of the whole
sample set were between 0.1 and 0.4 °C in the three shells (Supple-
mentary data).

6. Discussion
6.1. Shell growth patterns

Like other gastropods, limpets grow periodically slower and faster
resulting in the formation of micrometer-scale growth lines and in-
crements (microgrowth patterns), here circalunidian growth patterns.
When combined with oxygen isotope data of the shells, these growth
patterns helped to constrain the temporal alignment of the shell record
and determine the time represented by each isotope sample. Within any
given season, the number of circalunidian increments remained below
the expected number of lunar daily increments indicating that limpets
stopped growing shell for some time. In fact, there was no particular
season during which the shell ceased growing for an extended period of
time. The absence of long-term growth stops can explain why no major
annual growth lines were developed. Despite growth stops, fortnightly
patterns were observed, allowing the temporal alignment of isotope
samples.

Ekaratne and Crisp (1982) observed that micro-growth bands in
P. vulgata formed at each tidal immersion. However, Cudennec and
Paulet (2021) observed a large variability in the number of circalunidian
increments and lines which led them to suggest that growth may not
have occurred during each tidal immersion. The same conclusion may
explain the findings herein. The reason for this complex growth pattern
is unknown and needs further investigation.

P. ferruginea grows considerably faster than other limpet species,
with mean lunar daily increment width ranging between 22 and 33 pm.
For comparison, P. vulgata grows only half as fast (10 and 13 pm per day;
Gutiérrez-Zugasti et al., 2017). Also, the number of lunar days counted
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Table 2
Mean, maximum, minimum and range of 5'®Og,e; values from P. ferruginea
shells.

Sample ID 580 %o (VPDB)
n Max Min Mean Range
PF.CT.01 98 1.73 0.30 0.97 1.43
PF.CT.02 99 1.75 0.47 1.12 1.27
PF.CT.10 98 1.63 0.28 1.09 1.34
PF.CT-01 R®= 0.87; p < 0.0001
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Fig. 5. Calendar-aligned shell oxygen isotope ratios (5'80gpen: horizontal black
lines) of specimens PF.CT.01, PF.CT.02 and PF.CT.10. Temporal alignment was
achieved considering fortnightly and circalunidian growth patterns. Predicted
8'804pen values (grey line) were computed from satellite temperature (SSTs,.
tellite) USing the mean annual 5'%0,,, value and Egs. (1) and (2). Observe the
offset between measured and predicted 5804

Table 3

Seasonal and annual offset (measured 8'8Oge); - predicted 5'804pe) obtained as
a function of the sampling sequential methodology in P. ferruginea. Data given in
%o vs VPDB.

Sample ID Spring Summer Autumn Winter Mean annual
PF.CT.01 0.28 0.47 0.35 0.22 0.36
PF.CT.02 0.33 0.70 0.42 0.23 0.45
PF.CT.10 0.20 0.51 0.20 0.08 0.22
Average 0.27 0.56 0.32 0.18 0.34
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in each time interval is larger in P. ferruginea than other species. Based
on the findings herein, P. ferruginea forms shell during 66-91 % of lunar
days per year (Table S2). In P. vulgata, this number remains below ca. 60
%. Moreover, P. ferruginea grows much faster and thus reaches larger
sizes (ca. 60 mm) than P. vulgata (ca. 35-38 mm) in a similar time span.

Our data also show some variability in seasonal growth rate between
specimens. Average seasonal growth rates varied between the three
shells, with higher growth rates in winter, spring or summer, depending
on specimen and year (Table S2). These seasons coincide with the pe-
riods of sexual rest for this species, suggesting that more energy is
available for faster growth during sexual rest and less during the
reproduction period (Espinosa et al., 2006; Guallart and Templado,
2012). At Ceuta, Espinosa et al. (2008) reported higher growth rates in
this species in spring-summer, while at the Chafarinas Islands faster
growth rates occur in winter-spring (Guallart et al., 2012). While in both
studies faster growth rates were detected in smaller specimens, no clear
ontogenetic trend has been observed in the present study. Very likely
this is due to the fact that information on annual growth during 2012
and 2014 is incomplete in our dataset preventing the recognition of
ontogenetic trends. Isotope sequences of 2012 and 2014 are likewise
incomplete because the specimens were collected before the end of 2014
and younger portions of the shell remained unsampled. This also means
that it is not possible to determine the exact age of the specimens.
However, given that higher growth rate has been reported for younger
individuals, the unsampled portions should represent year one and two
at most, suggesting an age of 2.5 to 4.5 years for the specimens analysed
in this study. The only complete year of growth was 2013. The width of
the respective annual increment differed considerably between speci-
mens (PF.CTO0.1: ca. 6.2 mm; PF.CT.02 and PF.CT.10: ca. 7.5 mm).
Despite the limitations of the dataset, our results show that the analysed
limpets grew fast during their first years of life, at least in comparison
with other Patella species.

6.2. Oxygen isotope equilibrium

The high correlation between measured and predicted 61805he11
values suggests that P. ferruginea deposited calcium carbonate close to
oxygen isotope equilibrium with the surrounding environment. Despite
this, the studied shells showed a predictable offset from expected equi-
librium, on average, 0.34 %o (0.22, 0.36 and 0.45 %o, respectively, in the
three specimens) (Table 3; Supplementary data). Previous investigations
of limpets have also reported positive offsets. For example, a 0.36 and
1.01 %o offset was reported from P. vulgata live-collected from the
northern Iberian Peninsula and Great Britain, respectively (Fenger et al.,
2007; Gutiérrez-Zugasti et al.,, 2017). The sclerochronological study of
P. depressa from northern Iberia also revealed a high positive offset of
1.08 %o (Garcia-Escarzaga et al., 2020). Furthermore, a 0.72 %o offset
was found in P. caerulea and P. rustica limpets from Gibraltar (Ferguson
et al., 2011). Similar offsets have been observed elsewhere: 0.72 %o in
P. caerulea from different Mediterranean locations (Prendergast and
Schone, 2017), 0.70 %o in Patella tabularis from South Africa (Cohen and
Tyson, 1995; Shackleton, 1973) and 1.30 %o in P. candei crenata from the
Canary Islands (Parker et al., 2017). Schifano and Censi (1983) also
recorded a positive offset in P. caerulea from Sicily (Italy).

The offsets from isotopic equilibrium between measured and pre-
dicted 61805},311 are usually explained by the so-called “vital effects” (i.e.,
metabolic or biochemical processes). However, their origin is still un-
known. Following previous studies (Fenger et al., 2007; Parker et al.,
2017), metabolic rather than kinetic fractionation caused the vital ef-
fects. These studies explored aspects such as the use of respired CO,, the
changes in the pH of the seawater, the occurrence of evaporative con-
ditions, and the transport of 80 out of the shell during biomineraliza-
tion. However, they were not able to provide a fully-fledged explanation
for the occurrence of the offset. Parker et al. (2017) concluded that the
offset is due to internal processes, while Fenger et al. (2007) and
Gutiérrez-Zugasti et al. (2017) noted that the influence of external
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Table 4
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Mean, maximum, minimum and range of reconstructed (SSTs150) and satellite (SSTsatenite) temperatures (°C) during shell growth of the three analysed limpets and

mean total values.

Sample ID SSTs180 SSTsatelite
Mean Max Min Range Mean Max Min Range
PFE.CT.01 18.6 22.5 14.5 8.1 18.6 22.0 14.7 7.4
PF.CT.02 17.9 21.7 14.4 7.3 18.3 22.3 14.2 8.1
PF.CT.10 17.8 22.6 14.9 7.7 17.4 22.3 14.4 7.9
Mean 18.1 22.3 14.6 7.7 18.1 22.2 14.4 7.8
contributing to modulate the observed seasonal pattern of the offset. In
PF.CT-01 R’=0.90; p < 0.0001 fact, shells of P. vulgata from northern Iberia (Gutiérrez-Zugasti et al.,
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Fig. 6. Reconstructed (seasonal offset corrected) seawater temperatures
(SSTs180: horizontal black lines) against satellite temperature values (SSTsatelite:
grey line) in A) PF.CT.01 (R? = 0.90; p < 0.001), B) PF.CT.02 (R* = 0.94; p <
0.001) and B) PF.CT.10 (R% = 0.92; p < 0.001).

processes, such as 5'80g,, should also be considered.

The offset found in our study (0.34 %o, corresponding to ca. 1.4 °C) is
considerably lower than most reported previously. Seasonal variations
of the offset were observed in all shells, with larger offsets during pe-
riods of higher SST and vice versa, suggesting that environmental con-
ditions were playing a role in the offset from isotopic equilibrium.
Despite that seasonal records of 61805W were not available for Ceuta, a
seasonal trend was observed in precipitation during the study period
(Fig. S4), with greater rainfall from autumn to spring (with a peak in
winter) and evaporation during the drier season (i.e. summer, when
precipitation was not recorded at all). Thus, in the absence of major
freshwater discharge sources near Cala del Desnarigado (the beach
where the P. ferruginea shells were collected), seasonal precipitation
patterns might be responsible for seasonal changes in 61805w in the area,

2017) showed a similar pattern of seasonal offsets when predicted
81805heu was calculated using the mean annual 61805w but a constant
offset throughout the year emerged when seasonal 5'%0g, was used.
Other studies using seasonal Slsosw, as in the cases of P. depressa from
northern Iberia (Garcia-Escarzaga et al., 2022) and P. candei crenata
from the Canary Islands (Parker et al., 2017), also reported constant
offsets throughout the year, with negligible seasonal differences be-
tween measured and predicted values. Therefore, seasonal offsets in
limpet shells are caused by changes in §'®0y, although they can be
corrected by using highly resolved 8'%0y,, datasets. However, despite
this correction, there is still an offset, so other factors are acting in the
deviation of 61805heu from isotopic equilibrium, as stated by previous
studies. In any case, as the offsets are predictable, SST can be calculated
by subtracting the offset from Slsosheu. In terms of reconstruction of past
SST, average seasonal offsets should be used when only mean annual
81805w is available, as they help to correct the lack of seasonal slsosw,
providing more accurate results than the mean annual offset.

6.3. Reconstructed seawater temperatures (SSTs1g0)

SSTs180 correlated very well with SSTgyteniite COrresponding to the
days represented by each isotope sample. In fact, they agreed very well
with remotely sensed SST, with a maximum mean difference of 0.4 °C
when the whole sample set was considered. Although maximum dif-
ferences of +2.2 and —2.5 °C have been recorded in two samples, most
of the samples showed differences of less than 1 °C (Supplementary
data). However, when SSTsi30 were compared with SSTgateliite
throughout the sequence, some differences were observed in summer
and winter temperature. Most of the differences were negligible and
could be explained by time-averaging issues. However, summer SSTs180
recorded by PF.CT.01 and especially PF.CT.02 in 2013 showed offsets of
1-2 °C with respect to daily SSTsateriite- The use of the mean seasonal
offset to convert shell oxygen isotope data into seawater temperature
likely accounts for some of the differences, but not all. Thus, the cause
could be related to short growth stops during which the shell did not
record environmental variables. This could be the case for specimen PF.
CT.02, that only grew shell during 68 % of the summer. However,
specimen PF.CT.01 grew uninterruptedly during the whole season
(Table S2) and other environmental factors, such as the absence of
seasonal 580y, data and/or preferential growth during periods of
optimal conditions (Goodwin et al., 2001), may explain the differences.

The potential impact of the annual §'®0g, range observed at
Gibraltar (0.68 %o) on the temperature reconstruction was tested by
calculating SSTs180 using the maximum and minimum 51804, values.
Results showed an absolute mean difference of ca. 3 °C (Table 5) and a
mean deviation of +1.8 and —1.2 °C, respectively, from the tempera-
tures reconstructed with the mean 61805w (Table S3). When the
analytical precision of the IRMS (& 0.2 °C) is considered, results suggest
that past SSTs;80 can be calculated with a maximum uncertainty of +2.0
and —1.4 °C when the extreme 5'80,, values are used. This uncertainty
is slightly lower than those reported for other species such as Phorcus
lineatus, P. vulgata (Gutiérrez-Zugasti et al., 2015; Gutiérrez-Zugasti
et al., 2017) and Phorcus turbinatus (Prendergast et al., 2013).
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Table 5
Mean, maximum, minimum and range of SSTs; g0 using maximum and minimum
880, values.

Mean Max Min Range
Reconstructed SST (°C) (Max 6'%0g, = 1.67 %o)
PF.CT.01 20.4 24.4 16.2 8.2
PF.CT.02 19.7 23.6 16.4 7.2
PF.CT.10 19.6 24.5 16.6 7.9
Mean 19.9 24.1 16.4 7.7

Reconstructed SST (°C) (Min %0y, = 0.99 %o)

PF.CT.01 17.4 21.2 13.3 8.0
PF.CT.02 16.7 20.4 13.2 7.2
PE.CT.10 16.6 21.3 13.7 7.6
Mean 16.9 21.0 13.4 7.6

Despite not all days are represented in the three shells and the po-
tential uncertainties introduced by the 51804y, the temperature recon-
struction showed that the §'%0 values of P. ferruginea reliably reflect
satellite SST when using the mean annual 51804 signature and seasonal
offsets. Therefore, as in the case of other limpet species, P. ferruginea can
be used to reconstruct past seawater temperature provided that the past
ﬁlsosw is known. Moreover, results accurately reflect the season of death
of the limpets, which means that 6180511811 and reconstructed SST can be
used to infer the season of collection of limpets collected from archae-
ological sites. This kind of information can provide crucial information
on subsistence strategies and settlement patterns of past human
societies.

7. Conclusions

The limpet Patella ferruginea is a Mediterranean gastropod in danger
of extinction, which has limited the number of replicates of this study to
a minimum. Using highly resolved sclerochronological and oxygen sta-
ble isotope data, we unlocked relevant biological and environmental
information from modern shells from Ceuta (northern Africa). The
studied limpet shells showed an almost continuous fast growth during
their first years of life. Significant growth cessations were not observed.
However, the absence of a strong correlation between the number of
days during shell growth and the number of calendar days suggests that
the shells did not grow during all tidal immersions. Presumably, this is
the result of vital effects or environmental constraints. Results also
showed higher growth rates between winter and summer, although each
shell exhibited its own distinctive pattern.

Shell oxygen isotope ratios were calibrated against satellite sea sur-
face temperature to establish their reliability as a temperature proxy.
Results showed that limpets precipitated carbonate close to expected
oxygen isotope equilibrium, with a mean offset of merely 0.34 %o
(equivalent to ca. 1.4 °C). The seasonal isotope offset was larger in
summer (0.56 %o) than in winter (0.18 %o), following an inverse seasonal
trend with respect to 6180511311, suggesting that environmental conditions
were playing a role in the occurrence of the offset. However, previous
studies showed that seasonal offsets are caused by seasonal changes in
81804, and that they can be corrected by using high resolution 580,
data. In the absence of seasonal §'80y, the use of seasonal offsets for
calculating SST provides more accurate results. In the case of
P. ferruginea, reconstructed seawater temperatures using the mean sea-
sonal offsets and the mean annual 61805w reported for the Gibraltar
Strait exhibited high correlation with satellite temperature. When
maximum and minimum §'80q, were used, results suggest that past
SSTs180 can be calculated with a maximum uncertainty of +2.0 and
—1.4 °C. Our results also showed that fast-growing species such as
P. ferruginea can provide higher-resolution SST records than slow-
growing species.

Therefore, the isotope information recorded in the shells can be used
to infer environmental (and paleoenvironmental) conditions and obtain
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biological information including ontogenetic age of the specimens
(when sampling from the edge to the apex) and seasonal growth rates.
Concluding from results herein, slsosheu values of P. ferruginea serve as a
very accurate proxy for SST estimates and to reconstruct the seasonality
of shell collection, exhibiting great potential for the study of ancient
shells from archaeological sites. However, when using this species for
the reconstruction of past SST, the influence of environmental factors,
such as the past 5'804,,, must be considered.

The results also emphasise the importance of the combined use of
isotope geochemical and sclerochronological methodologies. This
approach can contribute to a better understanding and interpretation of
the different species of molluscs and especially those taxa that require of
greater knowledge, protection and monitoring due to their delicate risk
of survival.
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