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Abstract

Combined shell growth pattern and oxygen isoto@dyais has become a powerful approach
in palaeoclimate and archaeological studies foonstucting palaeoclimate conditions and
littoral exploitation patterns, respectively. Retdanvestigations have shown that the
gastropodPhorcus lineatus (da Costa, 1778) forms its shell in conditionseér equilibrium
with the oxygen isotope signature of the seawateirenment, demonstrating the utility of
this species for reconstruction of sea surface ézatpre and determination of the season of
harvest in archaeological studies. In contrast,stinel growth patterns of this species have
received virtually no attention despite providimjormation on the rate and timing of shell
growth that is crucial for correctly interpretingnéronmental proxies derived from shell
geochemistry. In this paper, we compare microgrguétierns and isotopic profiles of four
modern individuals of the gastrop®dlineatus from northern Iberia to determine the timing

and periodicity of subannual growth markers withthe shells. Results of this



sclerochronological study showed the presence oftiges of growth lines/increments: i)
large-scale accretionary units formed with varialperiodicity, and ii) small-scale

accretionary units formed by micro growth lines amcrements determined by semidiurnal
tidal cycles. Results suggest that shells grew tamuptedly during early ontogeny.
However, older specimens exhibited growth cessaiowdown during summer and
winter/spring. Therefore, shell growth rate is notly controlled by environmental

conditions, but also by ontogenetic age and/or gedous rhythms. A high correlation was
found between seawater temperature derived frot skggen isotopes and instrumental
seawater temperaturé & 0.88 - 0.98; p-values < 0.0001). This study shévat establishing

accurate growth patterns of the topslllineatus is essential for correctly reconstructing
past seawater temperature conditions in palaeodinstudies and for determining with
higher precision the season(s) when the subfdssilsswere collected by humans.

Key words: Sclerochronology, Stable oxygen isotopes, Sheliercus lineatus, Growth

patterns, Palaeoenvironmental reconstruction, Azclogy.
1. Introduction

Reconstruction of environmental conditions is calan geoarchaeological studies to
determine the evolution of climate conditions prtorthe instrumental era and to better
understand human behaviour during prehistoric tirbespite the importance of this topic in
current research, it is not a straightforward tésGause accurate and precise climate proxies
are needed. Stable oxygen isotop&Q@) data is one of the most used methods to decipher
palaeotemperatures (Dorf, 1960; Emiliani et alg4,95chdne et al., 2004; Wang et al., 2012)
and determine the season when shells were harvegtéddimans (Burchell et a., 2013a;
Colonese et al., 2017; Deith, 1983a; Hausmann aededith-Williams, 2016). However,
sclerochronological analyses (including geochemigatl growth patterns analyses, see
Oschmann, 2009 for a definition of the term) halso aecently been applied to modern
molluscs in order to determine the timing and maiteseasonal shell growth (Carré et al.,
2005; Hallmann et al., 2008; 2009; 2013; Schoérd.eP005a) and to subfossil specimens to
reconstruct past environmental conditions (Butlerak, 2013; Hallmann et al., 2011;
Lohmann and Schone, 2013; Reynolds et al., 201tyth&more, the number of
archaeological investigations that have appliedrschronological approaches has increased
notably during the last decades (Butler and Schdd&7; Twaddle et al., 2016), since these



studies enable the determination of the seasori(€ppture of the mollusc (Bailey and
Craighead, 2003; Deith, 1983b; Gutiérrez-Zuga€i)® Milner, 2001) and provide increased
accuracy in seasonality estimation by oxygen isegpps a consequence of the possibility of
a) identifying period of growth cessation, and Bjedimining the tide type (spring or neap)
when the mollusc were harvested (Andrus and Cr@a@Q; Burchell et al., 2013b; Hallmann
et al., 2009).

Northern Iberia is one of the key regions for thiedg of hunter-fisher-gatherer
societies from the Upper Palaeolithic and Mesdlitfia. 45 — 7 ka cal BP) (Fano, 2007;
Straus, 2017), thus providing the opportunity fond-term and short-term palaeoclimate
studies. Subsistence strategies of past humantiescfeom these time intervals include the
collection and consumption of marine resourcesh sag molluscs, crabs and sea urchins
(Alvarez-Fernandez, 2011; Gutiérrez-Zugasti, 20G1fiérrez-Zugasti et al., 2013; 2016).
Sclerochronological analyses can potentially béopered on these shells in order to obtain
paleoclimatic and archaeological information. Hoag\before sclerochronology techniques
are applied to ancient shells, the proxy shoulddl#drated using modern representatives of
the selected species. Ideally, modern samples dlomume from the same region where the
archaeological shells were collected. One of thetrabundant species in the archaeological
record of northern Iberia is the topshBHorcus lineatus (da Costa, 1778). This species is
especially abundant in archaeological sites datedhé early Holocene (when climatic
conditions are assumed to be comparable to themresy, see e.g. Iriarte-Chiapuso et al.,
2016; Rofes et al., 2015; Yanes et al.,, 2012). Asaly related species from the
Mediterranean, Phorcus turbinatus, has received attention as an indicator of
palaeotemperatures and to infer the season of&blkdttion (Colonese et al., 2009; Mannino
et al.,, 2008; 2011; Prendergast et al.,, 2016). fits¢ isotopic studies of modern and
archaeological shells d?. lineatus from the European Atlantic facade provided oxygen
isotope records that were related to seasonal tiargain seawater temperature (Deith,
1983a; Deith and Shackleton, 1986; Mannino and Td&n2007; Mannino et al., 2003).
Recently, a systematic calibration of oxygen ise®n their role as a palaeothermometer
using modern specimens @&. lineatus from northern Iberia (Fig. 1) was published
(Gutiérrez-Zugasti et al., 2015). The calibratiooluded closer monitoring of environmental
variables than in previous studies, a larger samsjde, a higher sampling resolution and
seawater monitoring. The study concluded that tpeshell P. lineatus forms its shells in

conditions of near equilibrium with the oxygen ot composition of the surrounding



seawater environment, and demonstrated that trehétlp can be used as reliable recorders

of sea surface temperatures (Gutiérrez-Zugasti,2GL5).

However, shell growth patterns & lineatus have received almost no attention.
Mollusc shells usually slow down or even stop grayvat different times of the year and do
so for various different reasons (e.g. extreme tgatpres, storms, spawning, etc.) (Schone,
2008). During growth cessation environmental sigratle not recorded by the shell, and
therefore actual seawater temperatures can be -uadefor overestimated. For this reason,
understanding shell growth patterns is crucial ooly for an accurate reconstruction of
seawater temperatures, but also for the interpoetadf the season of collection of
archaeological shells. In this paper, we combingger isotope profiles and microgrowth
lines/increment analyses in order to determine tiguatterns of topshells of the species
lineatus from northern Iberia. With this aim, a total olufashell oxygen isotope profiles are
compared with shell microgrowth lines and incrersdontdetermine the seasonal timing and
rate of shell growth. Then, we discuss the possibleses of growth cessations, the accuracy
of seawater temperature reconstruction, and théidatjpns of the results for paleoclimatic

and archaeological studies.

2. Background

2.1 Study area: geographical, environmental andn@aonditions

Coastal areas of northern Iberia, the so-calleddbaian coast (Fig. 1), are defined by
oceanic, humid and temperate climatic conditiombjleting four well differentiated seasons
throughout the year. According to the Képpen clenalassification, these conditions can be
defined as mesothermal, more precisely as a C#p (tgmperate without dry season and with
warm summer). The mean annual land surface tempergt15-16 °C) is higher than
expected for this latitude (ca. 43°N), becausehefihfluence of the North Atlantic Current.
The coldest month is January with an average teayoer of 9-10°C and the warmest month
is August with 20-22°C. Mean annual rainfall durib@81-2010 exceeded 1100 mm. From
October to April the area receives more than 100 pemmonth (with 160 mm November is
the wettest month). Rainfall decreases consideribip May to September (with 50 mm
July is the driest month), coinciding with the wammonths (Source: National Meteorology

Agency, http://lwww.aemet.es). The higher rainfalla result of the Foehn Effect, a well-



defined effect in areas located to the lee side mbuntain range (Usabiaga et al., 2004). The
Cantabrian Sea (southern Bay of Biscay) represart®undary between subtropical and
boreal conditions in the Eastern Atlantic. The gtatka is characterised by semidiurnal tides.
The minimum and maximum tidal amplitude during naad spring tides are ca. 1 m and ca.
5 m, respectively (Source: http://www.puertos.9)e seawater temperature in the central
part of the Cantabrian region (data for Santanft#igws a seasonal warming and cooling

pattern, ranging from ~23 to ~11°C (Source: Spalmstitute of Oceanography).

2.2 Biology and ecology d?horcus lineatus (da Costa, 1778)

The topshellP. lineatus (Fig. 2a) is a marine gastropod that inhabits ithertidal
rocky shores (Crothers, 2001). The mobility of ttagson seems be scarce (generally lower
than 1 metre per tidal cycle) and shows a markedimg behaviour, i.e. a preference for
returning to their habitat zones (Diez-Urrutia, 2P1lts geographical distribution ranges
from southern Morocco to southern Britain and InelgDonald et al., 2012; Kendall, 1987;
Lewis, 1964), although during the last decadespa&draxtension of the northern limit has
been documented as a consequence of global clwataing (Mieszkowska et al., 2007).
The length ofP. lineatus rarely exceeds 35 mm (Regis, 1972) and its longesigenerally
less than ten years (Crothers, 1994). Previousestugsing different techniques, such as
petrographic microscopy, scanning electron micrpgd®EM) and x ray diffraction (XRD),
have identified thaP. lineatus exhibits an outer calcitic shell layer and an inagagonitic
layer (Gutiérrez-Zugasti et al., 2015; Mannino ahdmas, 2007; Mannino et al., 2003) (Fig.
2b). P. lineatus becomes adult and sexually mature when its leisggmeater than 9-10 mm,
i.e., during the second year of life (Bode et &B86; Desai, 1966; Williams, 1965). In
northern Iberia, the spawning or breeding stagaurscérom June-July to September and

gonadal development from November to May-June (Bxide., 1986; Lombas et al., 1984).

3. Materials and methods

3.1 Shell samples

Four specimens oP. lineatus were collected alive from the high shore of a

moderately exposed rocky intertidal zone at Larigeach (Cantabria, Spain) on 22 April
2012 (LANO-65 and LANO-66) and 1 October 2012 (LAM® and LANO-63). The



specimens were sacrificed immediately after calecby immersion in boiling water, thus
avoiding further deposition of calcium carbonateotder to remove organic matter from the
shells they were treated with 30 vol%®4 for 48 h. Subsequently shells were air-dried at
ambient temperature (Colonese et al., 2009; GetieZugasti et al., 2015). The height (or
length) and maximum diameter (or width) of each losad shell were measured using a
digital calliper to the nearest 0.01 mm. The sheltse partially coated with a protective
layer of metal epoxy and sectioned in two halvem@lthe growth axis of the last whorl
(producing one half with the apex and another Withaperture) using a Buehler Isomet low-

speed saw (Fig. 2a).

3.2 Sampling procedures for oxygen isotopes

Carbonate powder samples were taken directly ftoemaragonite layer of one of the
halves (the one with the apex) of each specimemgusidentist’s microdrill with a 0.3 mm
drill bit coupled to a microscope. Sampling spotrevca. 0.3 mm apart from each other. A
total of 39, 30, 36 and 36 powder samples werentaleguentially from the edge throughout
the last whorl of specimens LANO-61, LANO-63, LANE3- and LANO-66, respectively.
Carbonate samples weighing between 100 and 200ndgwere analysed in an IRMS
Thermo Scientific MAT 253 coupled to a Kiel devie¢ the Complutense University of
Madrid (Spain). Each powder sample was dissolvel woncentrated phosphoric acid at 70
°C. Isotopic ratios were calibrated against the NBSstandard %0 = -1.91%.) and the
results are reported 850 (%o) relative to the Vienna Pee Dee Belemnite (BPBtandard.

The analytical error of the instrument was beti@nt+0.03 %o.

3.3 Thick-sections and sclerochronology

A 2 mme-thick section was cut from the second h&leach shell (the one with the
aperture) in order to be used for growth patteyais (Fig. 2b). These data were later used
to temporally align the isotope sample spots. Téwiens were glued onto a glass slide and
the surface was ground on glass plates (600 an&EBD@rit powder) and polished withuIn
diamond suspension. Following Schone et al. (200dbljshed sections were immersed in
Mutvei’s solution for 20 min to increase the vibthiof the growth lines and increments
(Fig. 2c). Finally, the thick-sections were studweith sectoral dark field illumination under a

Leica S8APO stereoscopic microscope (8-50x magtibin) and with reflected light under a



Leica DM 2500M optical microscope (50-100x magrfion) at the IIIPC — University of
Cantabria (Spain), coupled in both cases to a LMICA90HD digital camera (10MP).

To temporally align the isotope sample spots, wievieed the method by Schone et
al. (2007). First, reference marks were made orh#iiesection used for carbonate sampling
and then on the thick-section of each shell withdahm of locating the actual position of each
8" 0sneisample in relation to the different microgrowthelinand increments. Then, assuming
that microgrowth lines and increments recordedhat ghell edge (last portion of growth)
represented the dates of collection (Octobbéfot LANO-61 and LANO-63 and April 22
for LANO-65 and LANO-66), thé'®0geivalues were placed into a precise temporal context
considering that each tidal cycle (12.4 hours) ltedun the formation of one microgrowth
line and one microgrowth increment. Fortnightlyr{isg tide) bundles of growth lines were
also considered for temporal alignment. Finallychea*®Ognei value was assigned to a

variable number of days according to the numbeidaf cycles covered by each sample spot.
3.4 Instrumental data

Daily instrumental seawater temperatufig.shy data was provided by the Spanish
Institute of Oceanography (Santander, Cantabrig). (F), which is located close to Langre
beach (< 10 km), the shell collection area. Thedd@ns of the sea are similar in both areas,
with no influence of continental runoff or sea amts with different salinity. Data on oxygen
isotope composition of seawatérOuwate) Was taken from previous studies in the same area
covering the period between October 2011 and Oct@d&2 (Gutiérrez-Zugasti et al., 2015,
2017). In these studies, a total of 20 seawatepkenwere collected throughout a year at the
harvest site of the mollusc shells studied here, Langre Beach. These investigations
reported a maximum, minimum and mean value of 0.5%%0%. and 0.9%., respectively,
showing a range of 0.64%.. These results suggebt fudrine conditions at the location
where the shell samples were collected, with onlyomchanges linked to the hydrological
balance during the year. The information about tigeles and levels was obtained from the
website of the Santander Port (Source: http://wwermsantander.es) and the WXTide32

computer program (www.wxtide32.com).

3.5 Predicted®Ogneand oxygen isotope-derived temperatufgss6)



5*0gnen Values for each day were predicted from dailgasand 5%0yater in order to
test whether temporal alignment &FOgei profiles was correctly performed. To estimate
8'®0water Values for those days without data, an interpmabietween two known values was
applied. For the period prior to October 2011 ntadan §'%0,aer Were available, so the
average annual value of the period October 201ttels@r 2012 (0.9 %0) was used. Predicted
5*0gneiwas calculated using the water-aragonite fractionafactor obtained by Kim et al.

(2007) for synthetic aragonite (Eg. 1). Likewiseganstructeds;sowas calculatedsing Eq.

(2).
1000l = 17.88 * (16/ T) - 31.14 (1)

where T corresponds to instrumental seawater teatyper [nmead in Kelvin anda is the

fractionation between water and aragonite desciilyeithe equation:
o = 1000 +5'%0gnei(SMOW %) / 1000 4 ¥0yaie (SMOW %) (2)

3.6 Measuring the time &f. lineatus immersion

To measure the time of immersion of the higherezohthe intertidal area (where this
species is found) both during spring and neap tidesexperimental programme was
developed. Firstly, a reference mark was made enock clearly located in the higher zone
and then its time of immersion during a spring agdp tide was manually measured.
4. Results
4.1 Shell size

The average length and diameter of the shells ustds study was 15 mm and 16,2
mm, respectively (Table 1). However, the shelldexdéd in autumn showed smaller sizes

than the shells collected in spring (Table 1).

4.2 Oxygen isotopes



8'80snen Of all specimens showed seasonal variations thouwigthe isotopic profiles,
exhibiting robust and well-defined patterns (Fig. Ihe minimal and maximal values
documented exhibited some differences between mees, which is reflected in the
standard deviation (SD) of +0.19 for maximal and320for minimal values (Table 1). The
specimen collected in October (LANO-61 and LANO-8Bpwed nearly identica*®Oghei
values at the shell edge (0.90%0) (Fig. 3a-b). Tamaes applies to th&*®Ogney values of the
last formed shell material of the specimens cadiécin April (LANO-65 and LAN-66:
1.71%0 and 1.76%o., respectively) (Fig. 3c-d). Thetatises between the shell edge and
contemporaneous extreme values (i.e., minimal aadimal) differed among specimens
(Fig. 3). For example, in the case of the specimaritected in April (Fig. 3a-b), the
minimum value of each shell was located at a dé¢fiedistance. Moreover, LANO-63 did not
show the annual maximum exhibited by LANO-61 beeatlse distance covered by our

sampling strategy was not sufficient.

4.3 Microgrowth increments and temporal alignment

Mutvei-stained cross-sections revealed distinctwginopatterns of different orders
(Fig. 4), i.e. large- and small-scale accretionanis. (1) Large-scale accretionary units (Fig.
4a-d) are prominent lines, which likely corresportd periods of shell growth
cessation/slowdown (Fig. 4a-d). Among these, tvifedint typologies were recognised: very
marked growth lines in which the calcite penetrated the aragonite layer (Fig. 4a-b), and
thinner and brighter lines, which do not show abyupt disruption in the growth patterns
(Fig. 4c-d). (2) Small-scale accretionary unitsg(Fle) are defined by bundles composed of
microgrowth lines (darker surfaces) and increméhghter surface) of micrometric scale.
Bundles with strongly developed lines and narroaréements alternated periodically with
weakly developed lines and broader increments. @maogrowth increment and one
microgrowth line represents a tidal cycle (circatidncrement) and couplets of two
microgrowth increments and two lines representradwday (circalunidian increment) (Fig.
4e). The shells analysed here did not show pronifoemightly lines. However, the calcium
carbonate deposited during spring tides exhibitadronv microgrowth lines and broad
increments, whereas during the neap tides it shdweader microgrowth lines and narrower
increments. Following this approach, the number cotalunidian growth increments
corresponded very closely to the expected numbéunair days per each fortnightly period

(Fig. 5a). Moreover, the temporal alignment &fOgs.e using daily and fortnightly



increments, described in detail for the last tlifdL ANO-63 life span (Fig. 5b), reported a
significant correlation r= 0.84, p-value < 0.0001) with predictéd®Oser The high
correlation has confirmed that temporal alignmemtsvaccurately performed and growth
increment periodicity correctly deciphered.

Subsequently, and after the periodicity of acoredry units was properly decoded, all
isotopic data from shells LANO-61, LANO-63, LANO-Gind LANO-66 were temporally
aligned with shell growth patterns and then comgace predicted*®Ogner The measured
and predicted isotope data were in excellent ageeelfirig. 6a-d) as supported by the high
correlations (> 0.90, p-values < 0.0001). Each isotope samplereava different amount of
time, ranging from one to 20 days. The mean tentpesdlution of each carbonate sample
observed in the smaller specimens (LANO-61 and LA®B)Y was 4 and 2.6 days,
respectively. However, the mean temporal resolufram larger shells (LANO-65 and
LANO-66), was 6.3 and 6.1 days per sample, respayti Larger specimens showed the
lowest resolution (20 days per sample) during wirg@10. The smallest time averaging

occurred in samples from shell portions formedmytate summer and autumn.

Once the temporal alignment was performed, daibyviin increment widths, growth
rates and periods of growth cessation/slowdown wardied. The daily amount of growth
(Fig. 7) for each shell was calculated from theatise between two carbonate samples (600
pm) and the number of days determined through drqeattern analysis (Fig. 6). Growth
rates were found not to be constant throughoutliteetime and they also varied among
specimens. For example, LANO-61 (Fig. 7a) and LABI®O(Fig. 7b) grew uninterruptedly
throughout the last whorl, covering the two extreseasons (summer and winter) in the case
of LANO-61, but only the summer in the case of LAMOG. LANO-61 grew fastest during
summer, whereas LANO-63 grew at the highest ratemutumn. However, LANO-65 (Fig.
7c) and LANO-66 (Fig. 7d) exhibited lower overalogith rates and their growth record
covered a longer time interval, i.e., two wintersl@ne summer. As indicated by growth
pattern analysis, these two shells stopped grodinmgng two months in summer (ca. July 15
to September 15), but also during a shorter pgi2e8 weeks) in winter (January-February)
and spring (April-May). The reported growth cessafslowdown of these shells is well
defined in the shell cross-sections by the abs@icie expected number of fortnightly

increments (considering 6/7 spring tides per séamad by the existence of different types of



growth checks coincident with more extensive groglidwdowns/stoppages in summer (Fig.

4a-c) or winter and spring (Fig. 4b-d).
4.4 Reconstructed seawater temperatures

Ts1s0 closely reflectsTeas (Fig. 8), showing high correlation®r 0.88, p-values <
0.0001). The overlap between the two variablespeeially significant in smaller specimens,
collected in October 2012 (Fig. 8a-b=r0.96 - 0.98, p-values < 0.0001). The slight desee
in the correlation coefficient obtained from thek collected in April 2012 (Fig. 8c-d*
0.88 - 0.90, p-values < 0.0001) is probably duéoteer Tsi50 than Tmeas from September
2010 to November 2010. The difference betwd@giao and Tmeas from each specimen is
always less than +0.8 °C and rarely exceeded +(T&Ble 2). Minimum annual sea water
temperatures are well represented (Table 3), #@g.,reconstructed winter temperatures
matched the instrumental temperature (11°C) velly e exception can be seen in the case
of LANO-63, because the sequence obtained from shidl does not cover the winter
(2011/2012) prior to collection. However, maximUgigo (22.5°C for LANO-61 and 21.6°C
for LANO-63 and 19.5°C for LANO-65 and LANO-66) doaot match the maximufineas
(23.1°C for LANO-61 and LANO-63 and 21.5°C for LANE3 and LANO-66).

4.5 Time ofP. lineatus immersion

The results obtained showed that the reference madie was submerged during 5
hours during a tidal cycle (period between a lodetand the next low tide = ~12.4 h)
occurring during a spring tide dated on Jun8 2817 (high tide at 6:27 pm, with a maximum
height of 5.03 m). On the other hand, the samearfe mark was submerged during a total
time of 3 hours throughout a tidal cycle duringeap tide dated on July®2017 (high tide at
12:34 pm, with a maximum height of 3.75 m). Therefahe species studied here were
submerged for longer (40%) periods during spridgdithan during neap tides.

5. Discussion

5.1 Shell oxygen isotopes



Oxygen isotope profiles exhibited a strong sinuabigattern (Fig. 3). These
variations are mainly related to seasonal changeseawater temperature, since seawater
oxygen isotope data showed fully marine condition#h only minor changes in the
hydrological balance throughout the year. This terafjure dependence was previously
demonstrated foP. lineatus in previous isotopic studies on this species (&taz-Zugasti et
al., 2015; Mannino et al., 2003). In fact, the ager and extreme isotope values reported here
(Table 1) are similar to those of other shellsexikd at the same location (Gutiérrez-Zugasti
et al., 2015) and also to those reported by otbkolars for the Cantabrian region (Deith,
1983a; Deith and Shackleton, 1986; Mannino et24lQ3). Even though the maximal and
minimal §*%0sney Values are similar to those previously publishathddifferences between
specimens have been observed. In particular, specidANO-63 showed a much lower
maximuma*®Osney value than other specimens. The minima documeed LANO-65 and
LANO-66 are higher than those obtained from theepttwo shells (Table 1). The high
correlation observed between measured and prediti®d..; was similar to that reported in
previous studies oP. lineatus (Gutiérrez-Zugasti et al., 2015) and suggests iahis
species, shell calcium carbonate was depositedruratelitions of (or close to) isotopic

equilibrium with the ambient water.
5.2 Subdaily, daily and fortnightly increments

Mutvei-stained cross-sections enabled the peritydmf the different accretionary
units deposited b¥. lineatus over their life span to be deciphered. Large-sealgetionary
units (Fig. 4a-b) coincided with more extensivevgito slowdowns/stoppages in summer and
winter/spring. Small-scale accretionary units ekhib circatidal periodicity, depositing a
microgrowth increment during mollusc submersion anchicrogrowth line when molluscs
were air exposed. This tide-controlled shell grovsthypically observed in the intertidal and
subtidal species (Gutiérrez-Zugasti et al., 201iland et al., 2017; Reza Mirzae et al., 2014;
Schone, 2008). Bundles with strongly developedsliaad narrow increments alternated
periodically with weakly developed lines and braaderements in a fortnightly growth
pattern, which is explained by the habitat of #pgcies. The topshdi lineatus inhabits the
medium-high intertidal zone, where theoreticallg 8hells are submerged (and growing) for
a longer time during spring tides than during nedgs. In order to verify this hypothesis an
experimental programme was developed and the sesbliained have suggested that the

shells studied here were submerged (and growirrga fonger time during the spring tides



than during neap tides, confirming thus, that thealer increments and narrower

microgrowth lines correspond to spring tides.

5.3 Annual growth patterns and ontogeny

Molluscs usually slow down or even stop the preatpn of shell calcium carbonate
for different reasons (Schone, 2008), e.g., thetalaltance (Salas et al., 2014; Surge et al.,
2013), reproductive cycle (Sato, 1995), ontogengniRn-Gonzalez et al., 2017) or food
supply (Joubert et al., 2014). Considering thatvsgar temperatures are not recorded during
growth interruptions, understanding the season@titans of shell growth rates is crucial to
properly comprehend environmental and archaeolbgMarmation retrieved from ancient
mollusc shells. In the case Bf lineatus, the growth interruptions observed in winter dé no
seem to be caused by thermal stress because thstlamnual temperatures were recorded in
two shells (Fig. 8a and 8c-d). However, they cobéd linked to the reproductive cycle.
According to previous studies conducted by othdrkrs on the biology oP. lineatus
(Bode et al., 1986; Lombas et al., 1984), the bioimelata of all specimens analysed here
indicated that they were sexually mature. Two npaocesses are related to the reproductive
cycle, gametogenesis, which occursPinlineatus from northern Iberia between November
and May-June (Bode et al., 1986; Lombas et al.4188d spawning, which occurs from
June-July to September (Bode et al., 1986; Lombak,e1984). Data presented here suggest
that gametogenesis might be responsible for grmsdsation in winter and spring. Growth
cessation provoked by gonadal development hasbaleon documented in other species such
as Spisula solidissima (Jones, 1980) anilacoma balthica (Cardoso et al., 2013), although
not in P. turbinatus from the Mediterranean, whose maximum growth ve&s documented
precisely during gametogenesis (Mannino et al.32@80endergast et al., 2013). On the other
hand, a growth cessation was observed in LANO-Gb laiNO-66 during two months in
summer (ca. July 15 t8eptember 15). Although the timing of the stoppafgrowth in
summer coincided with spawning, it may be relatethermal stress because the release of
gametes into seawater requires less energy thaadgbdevelopment (Mannino et al., 2008).
The summer growth cessation caused by thermabkdtiges been reported fBr turbinatus in
southern Italy (Colonese et al., 2009; Manninol e2808), although not in other areas of the
Mediterranean such as Malta (Prendergast et d3)28hd Libya (Prendergast et al., 2016).



Therefore, two different timings of shell growthtferns were observed i lineatus:
(1) LANO-61 and LANO-63 grew uninterruptedly yeaund exhibiting higher growth rates
during the summer, and probably autumn (this pathe year is barely represented in the
studied shell portion) (Fig. 7a-b). This findingmsagreement with previously published data
(Gutiérrez-Zugasti et al., 2015). (2) LANO-65 andNO-66 also showed higher growth
rates in autumn, although growth ceased for twothmsom summer and for shorter periods in
winter and spring (Fig. 7c-d). The observed diffees are likely linked to shell size (Table
1). Previous studies on the biologyRflineatus from southern Britain reported a correlation
between shell size and ontogenetic age (Croth8&%4;1Kendall, 1987). The different shell
sizes recorded here indicate that all shells weteahthe same stage of life. LANO-65 and
LANO-66 were probably ontogenetically older thanNi®-61 and LANO-63 (Table 1), and
so they experienced periods of growth cessationtBdawn during the time periods of
maximum stress. The absence of annual growth checksngs) in the Cantabrian latitude
(Williamson and Kendall, 1981) and the difficult{/taking calcium carbonate samples from
shell edges to shell apex (generally very erodedk precluded the accurate determination
of the ontogenetic age of the specimens used & study. However, the biological data
available for this species suggest a significamtetation between shell size and ontogenetic
age. Moreover, the data obtained in this study akem to confirm this idea, since the
growth rates of older/larger shells (LANO-65 andN®@-66) during summer/autumn 2010
(i.e., ca. 18 months before their collection) isyvsimilar to that reported for the younger
specimens during those months previous to thelectdn (Fig. 7). This comparison between
growth rates of smaller and larger shells showed $pecimens were at a different stage of
life when they were collected and also, a cleaucddn of the growth rates as a consequence
of the ontogeny. This reduction in the growth radesa consequence of ontogeny, has been
documented by other scholars for shorter-lived igge@annino et al., 2008; Schéne et al.,
2003; Schoéne, 2008).

5.4 Implication for palaeoclimatological and arcblagical studies

Ts1s0 reconstructedrom §'%0gne data followedTmeas Very closely (Fig. 8), with the
exception of values from September to November 2018e case of LANO-65 and LANO-
66 (Fig. 8c-d). This discrepancy may be explaingdhe decline in the mean salinity value
from September to November 2010. A decrease of itO#te seawater salinity with respect

to the annual average (35 PSU) was recorded ire thesths (Source: Spanish Institute of



Oceanography). This change could have influencedsthtopic composition of the seawater,
provoking thus a reduction 05*°Ouaer vValues (and temperature). Despite the offsets
documented in these two shellg;so exhibited a strong correlation withyeasin the four
shells (Fig. 8;7= 0.88 - 0.98, p-values < 0.0001), in agreement witrrelations previously
published for this species (Gutiérrez-Zugasti et2015). LikewiseTs150 covered theleas
range during shell growth very well, with a mearisef of less than 0.8 °C (Table 2).
Therefore, the data presented here confirm thattépshell P. lineatus is an adequate
palaeothermometer in northern Iberia. However, shells do not record theemperature
throughout the entire year (Table 3) because girelvth ceases in ontogenetically older

specimens during the warm season.

In archaeology, deciphering the season of shelecwdn is not only crucial to
understanding subsistence strategies, but it is kéy for the interpretation of human
settlement patterns and site use. Moreover, thebtwd analysis of shell oxygen isotopes
and growth patterns can provide important insightbetter understand human behaviour.
Identifying whether the collection was performedidg spring or neap tides is important for
the interpretation of shell collection strategiewl aesource management (Hallmann et al.,
2009). Shell collection during spring tides canicate knowledge of tidal cycles. During
spring tides, low intertidal areas are easily asibds providing a broad range of resources.
Given that collection in these areas is usuallyengangerous than in higher zones of the
intertidal area, this behaviour has usually beeterpreted as an indicator of intense
exploitation of shellfish (Gutiérrez-Zugasti, 201Gutiérrez-Zugasti et al., 2013). At this
study location (with its characteristic tidal pattg), broad microgrowth increments close to
the shell edge oP. lineatus suggest that collection would have taken placenduspring
tides (Fig. 5a), while the presence of narrow ngooath increments would indicate harvest
during neap tides. Considering that the morpholofg§he coastline in the Cantabrian region,
during the Prehistoric time was very similar to dgdrocky exposed shores) (Gutiérrez-
Zugasti, 2009; Gutiérrez-Zugasti et al., 2013)esmhronological analyses dh lineatus
sections can be easily applied to subfossil shetisvered from archaeological sites, in order

to identify the tide features when molluscs werkected.

6. Conclusions



Understanding the timing and rate of shell growshcrucial for the accurate
interpretation of environmental and cultural infaton recorded in geochemical data of the
shells. Following previous sclerochronological stsd we have shown that the growth
patterns of the gastropdel lineatus are tidal related, showing circatidal and circadian
increments, and narrower and broader incremeniaglaeap and spring tides, respectively.
This study showed that two smaller shells grew t@nroptedly year-round, but growth
cessation was observed in two shells larger thami/z Accordingly, ontogenetically older
specimens are less tolerant to environmental angsiglogical stress (temperature,
gametogenesis). The ontogenetic reduction in graatin implies that younger shells better
represent the annual range of seawater temperat@mestherefore smaller/younger shells

should be used for paleoclimate reconstructions.

However, mature specimens can still be used tonatti the season of collection,
which is relevant to better understanding humarabielnr in coastal areas during prehistoric
times. The data presented here suggest that eese $pecimens are able to record the
coldest temperature during winter and at least 85%e thermal variability during summer.
Moreover, the results obtained here also have oafiins for the interpretation of coastal
resource management strategies, because the ddémsenstrates that sclerochronology is
able to provide information about the type of tite twhen the shells were collected (spring
or neap tide).
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Caption list

Figure 1: Location of the study area in Cantabm@ihern Spain).

Figure 2: a) Modern specimens Bfiorcus lineatus. Dashed lines indicate the cutting axis
from which two halves were obtained for scleroclotogical studies. Calcium carbonate
samples were taken on the half with the apex. @t patterns studies were performed on
a 2 mm-thick section, which was cut from the secball of each shell (the one with shell
aperture). c¢) Thick section showing the internalellshstructure. The main layers
(periostracum, calcite and aragonite) and microgjndimes and increments were identified in
the cross-sections. d) Thick-section after immersio Mutvei’s solution. The arrow shows

the direction of shell growth.

Figure 3: Stable oxygen isotope curves of a) LAND-6) LANO-63, c) LANO-65 and d)
LANO-66. The last portions of shell growth are lxhin the left part of the chart. DOG:

direction of growth.

Figure 4: Cross-sections Bhorcus lineatus showing large-scale accretionary units (a-d) and
small-scale accretionary units (e). Large-scalerediomary units correspond to annual

slowdown of growth. Calcite penetrates into thegardte layer (a-b). Thinner and brighter



lines (c-d). For small-scale accretionary units tlifferent patterns of microgrowth lines and
increments were identified (e): one microgrowthrament and one microgrowth line
represented a tidal cycle (circatidal increments) &wo microgrowth increments and two
microgrowth lines represented a lunar day (circdlian increments).

Figure 5: Sclerochronology and temporal alignmeihthe last whorl of LANO-63. The
portion of shell growth represented in the figuraswvdeposited during August and September
2012. a) During that time, the shell underwent fsgring tides (open circles: full moon;
filled circles: new moon) and four neap tides (eiscopen to the left or right: first and last
guarter moon, respectively). The black lines/curstiesw the location of largest spring tides
every fourteen days. The maximum and minimum haighotrted for the tide cycle was 5 m
during high tide and 0.7 m during low tide. The maxm and minimum difference between
high tide and subsequent low tide was 4.3 m andni,.Zespectively. The thick-section
exhibited a series of microgrowth lines and incretedormed with different periodicity. The
blue line on the tidal cycle shows the tidal heighta where inhabited Y. lineatus. b)
8'%0qnenvalues were temporally aligned with daily predicttDsne;, assigning each*Oghen
value to a variable number of days according tonilm@ber of tidal cycles covered by each
sample spot. Therefore, a variable number of daigdicteds e were assigned to each
8'80helr 5'%0snenvalues and predictedf ®Osnen sShowed high correlation¥(# 0.84, p-value <
0.0001).

Figure 6: Temporal alignment 6f%0gne1values in the shells a) LANO-61, b) LANO-63, c)
LANO-65 and d) LANO-66. The calendar alignment wasmpleted by using fortnightly and
daily increments observed in cross-section.sAlDseiseries showed a high correlation with

predicteds e from daily TrmeasaNdd ®Owater

Figure 7: Growth increment (um) per day for a) LA, b) LANO-63, ¢c) LANO-65 and d)
LANO-66. Growth rates were calculated from the ahse between carbonate samples (600
pim) and taking into account the number of daysgassi to each shell portion between two
sampling spots. The colour labels on the X-axisasgnt winter (blue), spring (green),
summer (red) and autumn (brown). The grey labelgresent cessation/slowdown,
determined by sclerochronological analysis. Thevaesrshow the direction of shell growth.
Growth rates during the most recently deposited gimetion (and hence during the end of

their life span) are located in right part of theuds.



Figure 8: Temporal alignment d§;30from a) LANO-61, b) LANO-63, c) LANO-65 and d)

LANO-66. Tsigowas calculated fromi'®Ogneiand averagé'®Oyae: The grey labels represent
growth cessation/slowdown, determined by scleraublagical analysis. Error bars were
calculated frond*20,xervariability that occurred during the day(s) in white sampled shell

portion was formed plus the analytical precisiorttef mass spectrometer for ea¢fiOsher

value. In general term3;;50followed the instrumental temperatures very well.

Table 1: Collection dates and measurements ofttitkesiP. lineatus specimens, and oxygen

isotope maxima/minima values.

Table 2: Differences betwedi;goand averag&meaduring the day(s) assigned to each

§*0sneiby the temporal alignment.

Table 3: Differences between maximum and miningo from the four shells and

maximum and minimum dail¥imeas



Table 1

. . Size (mm) Maximum Minimum
gD | dCotllect|on Collection Location 5'°0 (VPDB 5'°0 (VPDB I?/a;gg y
ample ate season Length Diameter %0) %0) ( bo)

LANO-61  10/1/2012  Autumn Langre 14.2 15.8 2.08 -0.02 2.10
LANO-63  10/1/2012  Autumn Langre 13.6 14.4 1.46 0.16 1.30
LANO-65  4/22/2012  Spring Langre 16.1 17.2 2.22 0.42 1.80
LANO-66  4/22/2012  Spring Langre 16.2 17.4 2.25 0.42 1.83
Mean 15.0 16.2 2.00 0.25 1.76
Standard Deviation (1

o) 1.15 1.21 0.32 0.19 0.29




Table 2

(;rél)so ,_?_\verage Difference (;rél)so ?verage Difference (;rél)so ,_?_\verage Difference (1_81)80 ,_?verage Difference

Numer of Jneas between Jheas between Jheas between Jneas between

sample from (°C) Ts180 and rég (°C) Ts180 and from (°C) Ts180 and from (°C) Ts180 and
LANO- days of Trens (°C) LANO- days of Trens (°C) LANO- days of Trens (°C) LANO- days of Trens (°C)
61 growth 63 growth 65 growth 66 growth

1 17.9 17.6 +0.3 17.9 19.5 -1.6 12.4 12.9 -0.5 13.2 13.9 -0.6

2 18.1 18.9 -0.7 16.4 17.3 -0.8 12.6 13.7 -1.1 13.2 134 -0.2

3 20.7 20.9 -0.3 16.3 16.4 -0.1 13.0 12.8 +0.3 13.3 13.1 +0.3

4 20.0 20.5 -0.5 17.5 19.5 -2.0 12.6 12.5 +0.1 12.2 12.0 +0.2

5 20.7 21.2 -0.6 18.9 19.4 -0.5 13.4 11.7 +1.7 115 11.8 -0.3

6 20.8 21.7 -1.0 19.9 20.7 -0.8 11.7 115 +0.2 14.0 14.5 -0.5

7 22.0 21.1 +0.8 19.4 20.1 -0.7 13.0 135 -0.5 16.6 15.2 1.4

8 22.3 22.0 +0.2 20.2 21.2 -1.0 14.9 14.8 +0.1 15.4 15.3 +0.2

9 22.5 22.3 +0.2 20.8 21.3 -0.5 16.2 15.9 +0.3 15.8 16.1 -0.3

10 21.1 20.8 +0.2 21.6 229 -1.4 16.1 16.5 -0.3 154 16.5 -1.1

11 20.6 20.9 -0.3 21.3 21.7 -0.4 17.0 17.0 0.0 16.8 16.8 0.0

12 20.4 20.7 -0.2 21.2 20.8 +0.3 17.9 16.9 +1.0 17.7 17.1 +0.7

13 20.2 19.2 +1.0 20.4 21.0 -0.6 17.4 16.8 +0.7 195 19.7 -0.2

14 19.5 194 +0.0 20.1 20.3 -0.2 18.7 18.1 +0.6 19.1 194 -0.3

15 18.2 18.1 +0.1 20.7 19.7 +1.0 195 19.9 -0.4 18.7 195 -0.8

16 17.2 17.3 -0.1 19.6 19.8 -0.2 195 19.6 -0.1 19.0 18.3 +0.7

17 16.9 16.7 +0.2 17.8 18.2 -0.3 18.4 18.2 +0.2 18.0 18.4 -0.4

18 15.1 154 -0.3 17.9 18.1 -0.3 16.5 16.8 -0.3 15.6 155 +0.1

19 135 13.8 -0.3 17.3 17.3 0.0 155 15.4 0.0 14.9 15.2 -0.3

20 12.5 13.6 -1.1 17.1 17.3 -0.2 135 13.8 -0.3 134 13.6 -0.2

21 12.8 13.1 -0.3 16.8 16.9 -0.1 12.1 12.8 -0.8 13.2 13.0 +0.2

22 13.0 13.6 -0.5 16.4 16.1 +0.3 11.1 11.7 -0.6 11.3 125 -1.3

23 13.4 13.9 -0.5 15.9 15.5 +0.4 11.7 12.9 -1.2 11.0 11.6 -0.7

24 13.8 13.2 +0.6 15.5 15.4 +0.2 11.6 12.5 -0.9 11.9 12.4 -0.5




25 13.2 12.9 +0.3 14.8 145 +0.3 12.0 125 0.5 15.4 14.8 +0.6
26 13.3 13.1 +0.2 14.7 14.7 +0.0 14.2 13.7 +0.5 15.3 15.4 0.1
27 12.8 12.6 +0.2 13.1 13.3 0.1 15.5 15.5 0.0 15.4 15.5 0.1
28 12.4 12.3 +0.1 135 13.3 +0.2 15.7 16.1 0.4 14.5 16.1 -1.5
29 12.0 11.8 +0.2 13.1 13.0 +0.1 15.7 16.8 -1.0 14.8 17.0 2.2
30 11.6 11.8 0.1 13.3 13.2 +0.2 14.7 16.4 1.7 14.0 16.4 2.5
31 12.3 12.4 +0.0 14.4 16.3 -1.9 14.1 16.9 2.8
32 13.2 13.1 +0.1 15.0 17.5 2.5 16.2 17.1 0.9
33 13.5 13.7 0.2 16.5 18.3 1.7 16.7 18.0 -1.3
34 13.4 13.5 0.1 14.6 17.2 2.6 16.3 18.3 2.0
35 14.0 13.8 +0.2 16.8 17.9 -1.0 15.9 16.8 -0.9
36 14.4 14.5 0.1 16.5 17.8 1.3 16.8 17.6 0.8
37 15.4 15.0 +0.4

38 14.5 14.6 0.2

39 15.1 15.0 +0.1

Mean 16.3 16.3 0.3 17.7 17.9 0.5 14.9 15.4 0.7 15.2 15.7 0.8
Maximum | 22.5 22.3 1.0 21.6 22.9 1.0 19.5 19.9 1.7 19.5 19.7 1.4
Minimum | 11.6 11.8 1.1 13.1 13.0 2.0 11.1 11.5 1.7 11.0 11.6 2.5
Range 10.9 10.6 2.1 8.4 9.9 3.0 8.4 8.4 3.4 8.5 8.1 3.9




Table 3

Difference with

Difference with

ID anirElléqT Maximijm AN Minimlim Minimlim Minimum
Sample 50 Tmeas ( C) Tmeas (°C) T6180 ( C) Tmeas ( C) Tmeas (oc)
LANO-61 22.5 23.1 -0.6 11.6 11.1 +0.5
LANO-63 21.6 23.1 -1.5 13.1 11.1 +2.0
LANO-65 19.5 21.5 -2.0 11.1 11.1 +0.0
LANO-66 19.5 21.5 -2.0 11.0 11.1 +0.1
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