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Abstract

The common whelk, Buccinum undatum, is a commercially important gastropod found
throughout the North Atlantic. One method of age and life history analysis for gastropod species
is the use of oxygen isotope ratio (6'80) measurements from their shells, which is a well-
established technique for the reconstruction of historical seawater temperatures at the time of
shell biomineralization. Palaeotemperature calibrations have been developed for different types
of calcium carbonate as well as species-specific equations to produce the most accurate seawater
temperature reconstructions. Here we investigate the four-layer internal structure of B. undatum
shells and confirm an aragonite composition using Micro-Raman Spectroscopy (MRS). We then
calibrate a species-specific palaeotemperature equation for this gastropod species. This was
achieved through the isotopic analysis of shells from laboratory reared specimens of known

provenance reared at specific seawater temperatures to produce the following:
t(°C) = 14.96 (+ 0.15) — 4.94 (£ 0.22) x (6*Osheli— 6*8Owater)

The calibrated equation differs significantly from previously published data derived from both
aragonite and calcite. An offset of 1.04 %o (+ 0.41 %o) was discovered between observed §'0she
values and those expected under equilibrium, suggesting a species-specific vital effect. The
calibrated equation was used to reconstruct accurate, high resolution historical seawater
temperatures from three sites across the U.K. (Shetland, the Menai Strait and Jersey). With this
new accurate calibration, both modern and fossil B. undatum shells now have the potential to be

employed as high-resolution archives of recent and historical seawater temperature.

Keywords: Palaeotemperature; Oxygen Isotopes; Mollusc shells; Micro-Raman spectroscopy; vital

effect
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1. Introduction

There are many ways to reconstruct life and environmental histories using hard parts of
molluscan species such as statoliths (squid—Arkhipkin, 2019; gastropods — Hollyman et al., 2018b),
opercula (gastropods - Vasconlecos et al., 2012; Bokenhans et al., 2016) and beaks (cephalopods
- Schwarz et al., 2019). However, the molluscan shell is the most regularly utilised and most
reliable tool for historical reconstructions using palaeontological and modern specimens (e.g.
Latal et al., 2004; Prendergast et al., 2013; 2015 and Steinheart et al., 2016 for review). Mollusc
shells contain a plethora of information in the form of growth lines (allowing accurate age
determination, Richardson, 2001) and shell chemistry, analysis of which can often result in proxies

for environmental conditions at the time of mineralisation (Gillikin, 2005).

The use of oxygen isotope composition (expressed as §'80) of mollusc shells as a proxy
enabling reconstruction of past temperature (also known as palaeothermometry or stable isotope
thermometry) is a widely used technique in the field of sclerochronology, for both bivalve and
gastropod shells (see review: Leng and Lewis, 2016) and in molluscan palaeontology and
palaeoecology (Latal et al., 2004). The seawater temperature at the time of formation can be
retrospectively calculated using palaeotemperature equations that utilize both the 8§80 values of the
shell calcium carbonate (§'0s) and the 880 values of the seawater (6'80y). Epstein et al. (1953),
calibrated one of the first equations using a mix of aragonitic and calcitic marine shells over a wide
range of temperatures. Since this seminal study, palaeotemperature equations have been
calculated for different minerals (e.g. calcite [Kim and O’Neil, 1997, Leng and Marshall, 2004,
Wanamaker et al., 2006]; aragonite [Grossman and Ku., 1986, Kim et al., 2007]) and types of
organisms (e.g. various marine fish species [Patterson et al., 1993], corraline sponge [Bohm et al.,
2000], bivalves e.g. Mytilus edulis [Wanamaker et al., 2006], gastropods e.g. Conus ermenius
[Gentry et al., 2008]). It is now widely accepted that species-specific palaeotemperature
equations should be calibrated to ensure the most accurate seawater temperature

reconstructions (Bemis et al., 2002; Wejnert et al., 2013), due to perturbation by vital effects.

The term ‘vital effect’ refers to observed discrepancies between the composition of a
biogenic carbonate and inorganic precipitation (Langer et al., 2020), with observed isotopic
values differing from those expected if the carbonate was formed under isotopic equilibrium
with the surrounding seawater. There are two general categories of vital effect; kinetic and

taxonomic (Weiner and Dove, 2003). Kinetic effects appear to be most prevalent when an
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organism is calcifying rapidly, resulting in isotopic disequilibrium from the surrounding water
mass (e.g. McConnaughey 1989a; Weiner and Dove, 2003; Ziveri et al. 2003). Taxonomic effects
are described when organisms exert biological control over the isotopic composition of their
structures (Urey et al., 1951; Craig, 1953), resulting in clear disequilibrium from the surrounding
water mass. However, isotopic records may still reflect environmental conditions (e.g. Flores et
al., 2018). Taxonomic effects can vary between phyla and species and as such, it is often difficult
to both identify any effect and to isolate the underlying physiological control (Weiner and Dove,
2003). As such, a species-specific palaesotemperature equation is likely to produce a more

accurate reconstruction than a generic one.

The whelk, Buccinum undatum, is a marine gastropod species widely distributed throughout
the North Atlantic (FAO, 2017). It is commercially important throughout much of its range (Heude-
Berthelin et al., 2011), with the largest fishery located in UK waters with a total value of £21.9
million in 2018 (MMO, 2019). There are several potential methods for life history reconstructions
in gastropods, including shells, statoliths, and opercula (Hollyman et al. 2018b). Determining age
and growth is often crucially important in developing management strategies for commercially
important species, to ensure their sustainable harvest (e.g. stock assessment; Vitale et al., 2019).
Recent studies of this species have focussed on the development of age determination methods
using the statoliths, to aid fisheries scientists in the monitoring of key populations (Hollyman et
al., 2018a, Emmerson et al., 2019). Whilst rings in the internal statoliths provide a reliable method
for determining individual age (Hollyman et al., 2018c), their use as environmental recorders
appears to be limited as the incorporation of trace elements into the statoliths (such as Mg?* and
Sr?*) is heavily influenced by vital effects (Hollyman et al., 2019). The isotopic composition of B.
undatum shells was first studied by Santarelli and Gros (1985) who demonstrated seasonal cycles
in 880, and compared these to the number of growth rings (annuli) on the organic opercula to
validate the use of these structures in age determination. A similar approach was employed to
validate the annual periodicity in statolith growth ring formation for this species, with their
maximum longevity being ~10 years (Hollyman, 2017; Hollyman et al., 2018c). No previous work
has reconstructed seawater temperatures in B. undatum shells using isotope data despite this
species’ wide distribution and commercial importance. As B. undatum is present in the fossil
record as far back as the Pliocene (3.6 Ma; Behrensmeyer and Turner, 2017) and is occasionally
found in Neolithic, Mesolithic and Palaeolithic shell midden assemblages throughout North

Atlantic Europe (Thomas and Mannino, 1999; Dupont, 2006; Campbell and Russell, 2014), they
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have the potential to be utilized in archaeological studies focussed on marine climate

reconstruction.

The aim of the present study was to firstly confirm the structure and calcium carbonate
polymorph of B. undatum shells as this is essential for interpreting isotope data. Secondly, a
species specific palaeotemperature equation for this species was developed using laboratory-
reared whelks to allow for accurate seawater temperature reconstructions. Lastly, shells of field-
collected whelks were analysed and seawater temperatures reconstructed. These temperatures

were then compared to instrumental data over the growth period to test their accuracy.
2 Materials and methods

2.1 Field sites and acquisition procedures for wild-caught shells

Three sample sites were chosen spanning the full latitudinal range of the U.K., the Shetland
Isles (20 m depth, 60.64333° N, 0.9694444° W), the Menai Strait (11.5 m depth, 53.23389° N,
4.143056° W) and Jersey (13 m depth, 49.19333° N, 2.009167° W, Figure 1). Whelks were
collected between the 9t and 27t of February 2015, using baited traps and sacrificed by freezing
at—20°C. When thawed, the bodies were removed from the shells which were cleaned in fresh water

and left to dry at room temperature.
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Figure 1. A map of the UK, highlighting the three sample locations for B. undatum.

2.2 Aquarium and experimental growth procedures

Juvenile B. undatum were hatched from egg masses collected on the 15" of November
2013 from Tal-y-Foel, North Wales, U.K. (53.158512° N, 4.279493° W). Egg cases and subsequent
juvenile whelks were held in a laboratory aquarium for a period of 2 years in multiple 15 L tanks
within a continuous flow system; this system was supplied with ambient seawater from the Menai

Strait. Whelks were under an approximate 10:14 h light:dark cycle and fed pieces of mackerel
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(Scomber scombrus) weekly or as required. Seawater temperatures within the aquarium were
monitored throughout the 2-year growth period at three hourly intervals using a Tinytag™ Aquatic
2 temperature logger. Bi-monthly, three replicate seawater samples were removed from the

centre of the aquarium in 25 ml LDPE bottles.
2.3 Shell microstructure analysis

Representative shells from the three sample sites were selected (3 from the Shetland Isles
and Jersey and 6 from the Menai Strait, n = 12) and 1 x 2 cm shell sections from the shell lip and
halfway up the growth axis were removed from each shell using a Dremel multitool with a cut-off
attachment. The removed shell sections were embedded in Kleerset resin (Metprep) and left to
cure for 72 hours. An Isomet 4000 precision saw (Buehler) was then used to section the resulting
resin blocks to expose the internal layers of the shell. The resulting cut surfaces of the resin-shell
blocks were ground and polished using silicon carbide grinding papers (FEPA P400, P1200 & P2500
grade) on a rotational grinder and a 3 um diamond suspension. The polished surfaces were
attached to microscope slides using superglue and superfluous resin and shell were sliced off the
resin blocks to produce a ~1 mm thick section. These sections were ground and polished again to
a thickness of ~100 um. They were then imaged using a Meiji Techno MT8100 microscope with a

Lumenera Infinity 3 microscope camera at 10x magnification.

Micro Raman Spectroscopy (MRS) was used to identify the calcium carbonate polymorph
present in each structural layer of a representative shell from each sample site. For this technique,
a resin-embedded shell from each site was sectioned across a region of interest (mid-height on
the shell). The exposed cut shell surfaces were then polished as described above. The
instrumental conditions for MRS were as follows: a 473 nm laser at a power of 15 mW was
focussed using a lens with a magnification of 20x to provide excitation; Raman emission was
observed using a grating with 2400 lines mm™ and a pinhole size of 100 um. Spectra between 135
and 750 cm™ are presented as these are the wavelengths used to distinguish between calcium
carbonate polymorphs (Wehrmeister et al., 2010a & b). Three sample spots were taken on each
shell structural layer, these were then averaged to produce a single Raman spectra. Only the
results from the Menai Strait shell are presented as equivalent results were found for the other 2
sites. Synthetic calcite and speleothem aragonite standards (Brinza et al. 2014) were analysed
prior to shell analysis to define key interpretative bands. All Raman spectra were adjusted using

a polynomial background correction.
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2.4 Shell sampling procedures for isotope analysis

Shells of three adult male whelks (>70 mm total length) were selected for analysis from
each of the three sample sites for an inter—site comparison (Figure 1) together with three adult
females from the Menai Strait. The largest shells with low shell damage and fouling were selected
to maximise the number of annual cycles for analysis and avoid confounding data from damaged
shell sections. In February 2016 three of the largest 2-year old laboratory reared whelks (47, 42 &
51 mm measured from the apex to the tip of siphonal canal) were removed from the aquarium

for isotopic analysis,

Shells were scrubbed clean to remove loose fragments of the organic periostracum as well
as any attached debris or epiphytes and left to air dry. To maintain sampling consistency, a track
of 2 mm increments was drawn on to the shell, roughly 5 mm from the shoulder of the shell whorl
(Figure 2a). Although this distance varied depending on the size of each shell the same area and
resolution were sampled each time. A 1 mm diamond burr drill was used to obtain discrete
powder samples, considerable care was taken to only sample the outer shell layer. Powder
samples were collected from ~1 cm long trenches every 2 mm around the entire whorl of the shell
from the lip backwards. Sampling started at the second millimetre to avoid interference from the
shell lip structure (Figure 2a). Sample trenches were made in line with visible striations on the
surface of the shell structure (Figure 2b). Powder was collected on weighing paper and transferred
to Eppendorf™ tubes for storage prior to analysis. As a pilot study, one shell (female, Menai Strait)
was sampled at a consistent 2mm resolution and analysed using the methods described in section
2.5. Within the resulting pilot data 78 samples had been taken from within a single annual cycle
(suggesting ~150mm linear shell growth in a single year), during the period of fastest growth
(between the 2" and 3™ shell whorls, Figure 2a). This was deemed to be excessive for the
purposes of this study and for subsequent field collected shells, the sampling resolution was
reduced to 4 mm over the same area. The shells used in this study were selected for minimal
damage. However, where shell damage was obvious, the sample track was continued into the
repaired area, and additional drilled samples were taken from the undamaged shell at the side of
the repaired section. Using this sampling strategy the maximum amount of growth history was
captured (Figure 2c). For laboratory reared whelks, a 2 mm sampling strategy was employed

around the whole shell (apex to lip margin).
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Figure 2. a) Buccinum undatum shell following drill sampling. Blue arrows represent a 2 mm sampling resolution
whilst the red arrows represent a 4 mm sampling resolution. b) magnified image of the 2 mm resolution sample
tracks (blue arrows) along visible shell striations (purple arrows). c) Sampling strategy across a shell damage
incident (black arrow). Samples were taken along the original sampling path (blue arrows). However, samples
were also taken along the pre-damage shell visible at the side of each damage area (green arrows) in order to
fully reconstruct the growth history.

2.5 Isotope ratio mass spectrometry (IRMS)

An Isoprime dual inlet mass spectrometer and Multiprep device were used at the British
Geological Survey, for all shell isotope analyses. 50-100 ug of the powdered sample was weighed,
added to a glass vial and sealed with a rubber septa and lid. The sample vials were evacuated and
anhydrous phosphoric acid (HsPO4) added to each sample at 90°C. Samples were left to digest for
15 minutes and the expressed gas (mainly comprised of CO;) was collected and cryogenically
cleaned to remove any moisture before mass spectrometry. Instrumental drift in measured ratios
was accounted for by analysing a laboratory standard (Keyworth Carrara Marble (KCM), VPDB
880 = -1.73 %o) before, during and after each run. KCM has been calibrated against NBS-19,
(Friedman et al., 1982; VPDB 680 = -2.20%s). Isotope values (6*80;) are reported against the VPDB
(Vienna Pee Dee Belemnite) standard. The Craig correction (Craig, 1957, Electronic appendix,
equation 1 & 2) was then applied to the data and the resulting isotopic ratios of the samples are
expressed in delta units, 83C and 60 (%o, parts per mille). The calculated total error on all
standards was as follows: §'3C VPDB = +0.03%o, %0 VPDB = +0.05%0 (n = 238, 10). The
fractionation factor for aragonite digested at 90°C was then applied to the data (Sharma and

Clayton, 1965; Kim et al., 2007).

Seawater samples were processed using the CO; equilibration method with an Isoprime 100
mass spectrometer plus Aquaprep device (also at the British Geological Survey) to determine bi-
monthly the 80 of the seawater (6*20y) during growth and development of the whelks. 200 pl
of each seawater sample was pipetted into a Labco Exetainer® vial and heated to 40°C in a sample
tray. Any gas present in the vials was removed, flushed with CO; and left to equilibrate for 12

hours. A cryogenic water trap was then used to remove any moisture from each equilibrated gas

9
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sample. The dry sample gas was analysed using the IRMS. Two laboratory standards (CA-HI (60
SMOW=-7.30%0) and CA-LO (60 SMOW=-39.30%0)) plus two secondary standards were
analysed in each run. Each laboratory standard was calibrated against reference materials
(VSMOW?2, SLAP2 and GISP) so the resulting ¥0/°0 ratios of the samples (§'80y) were calculated

and expressed in delta units, 520 against the VSMOW scale. Errors are typically +/- 0.05 per mil.
2.6 Data analysis
2.6.1 Palaeotemperature equation calculation

A species-specific palaeotemperature equation was calibrated using aquarium 620,
and &0 values from the laboratory reared whelks, with seawater temperature data from the
Tinytag logger. The calculation compares seawater temperature to 6%0, - §'®0,, and uses
regression analysis to calculate a linear relationship. Ranged Major Axis (RMA) regression analysis
was used to account for potential error on both the x and y axes with the Imodel2 package

(Legendre, 2017) in R (version 3.6.2; R core team 2019).
2.6.2 Average isotope profiles of field collected whelks

Available seawater temperature data were obtained for each sample collection location
between October 2011 and January 2015 (CEFAS-the Menai Strait, Marine Scotland-Shetland,
Jersey Department of the Environment-Jersey). Following this, each individual whelk 8805 profile
was aligned to the seasonal cycle of the site-specific seawater temperature by anchoring the dates
of the maxima and minima of the seawater temperature profile to the minima and maxima in the
880 profile (as 8'80; is inverse to seawater temperature). Dates were then interpolated between
the anchored dates. Next, average §'30s profiles were created for each site by compiling all the
isotope profiles from a single site into one average profile in MATLAB (ver. 9.0). Data were
interpolated onto the first day of each calendar week (or each day depending on the resolution
required) using a cubic spline, all the §80s values for the same interpolated date were averaged

to a single value.
2.6.3 Sensitivity analysis

Subsequently, the resulting average &'0s profiles were converted to seawater
temperature values using the newly calibrated palaeotemperature equation and plotted against
the measured sea surface temperature (SST) from each site. In-situ 680, values for each site were

unavailable for the whole time period, to compensate for this a sensitivity analysis was

10
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undertaken to determine the most likely values of 5§20y to use in reconstructions at each site.
580, values ranging from —1 to 1 %o with 0.25 steps were chosen based on 6§80, values from
this study as well as those in the literature (Hermoso et al., 2016; McKenna et al., 2016). For each
0.25 step in 60, palaeotemperature was reconstructed for the average §'0s profiles. The
average deviation of the reconstructed temperature from recorded seawater temperature over

the whole period of growth was calculated using the following equation:

2 reconstructed seawater temperature ( °C)

/n [1]

observed seawater temperature ( °C)

The resulting values were then compared to find the lowest deviation from observed seawater

temperature.

2.6.4 Investigations of vital effects

To test for the presence of a kinetic effect, the correlation between §'3Cs and §'80s was
tested for each individual shell, along with a linear regression analysis to estimate R?values. §3Cs
and 6¥0smay both deplete when a kinetic effect is present, leading to a quasi-linear relationship
between the two sets of values (McConnaughey, 1989a & b; Flores et al., 2018). All analyses were

performed in R (version 3.6.2).

With the aim of identifying any offset caused by a species specific or taxonomic vital
effect, expected values for 60, were calculated by re-arranging the palaeotemperature
equation derived from Kim et al., (2007; described in section 2.6.5) and using observed seawater
temperature and estimated §'®0y (outlined earlier). Resulting estimated 60 values (5'0est)
were then compared with corresponding §'80svalues to calculate any offset. The Kim et al., (2007)
equation was chosen as it was calculated using a biogenic aragonite and so the resulting §'80est
values would represent isotopic equilibrium at a chosen temperature whilst discounting vital

effects.
2.6.5 Comparison to existing palaeotemperature equations

To compare differences between the newly calculated equation and previously published
equations, raw data (temperature, §'80,, and 6'80;) were extracted from several key papers which
calibrated their own equations. Studies were chosen based on the type of material analysed to

allow comparisons to be made to the data presented here. Following the necessary conversions

11
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between isotopic scales outlined below, differences between palaeotemperature equation data
were investigated using ANCOVA in R (version 3.6.2; R core team 2019). Differences in both slope
and intercept were analysed using pairwise comparisons. Residuals were checked for a random
distribution around zero, quantile plots were also checked for an approximately symmetrical

normal distribution.

Four established equations were used for comparison in this study, Epstein et al., (1953)
was chosen as an early example which utilized a mix of biogenic calcite and aragonite. Grossman
and Ku, (1986) was chosen as example of biogenic aragonite (both the molluscan only and
combined molluscan and foraminifera data from this study are used). Kim and O’Neil, (1997) was
chosen for their analysis of abiogenic calcite. Kim et al., (2007) was chosen as they analysed
abiogenic (synthetic) aragonite. As the 620, data from both Epstein et al., (1953) and Grossman
and Ku, (1986) were presented against the PDB scale, they had to be converted to VSMOW using

the following equation (Equation 2, Friedman and O’Neil, 1977):
580w (VSMOW) = 1.00022 x 680, (PDB) + 0.22 [2]

Similarly, the §'80s data from Kim and O’Neil, (1997) and Kim et al., (2007) were presented
against the VSMOW scale and so were converted using the following equation (Equation 3, Kim

et al., 2015):
580, (VPDB) = 0.97001 x 620, (SMOW) — 29.99 [3]

The 60, data from Kim and O’Neil, (1997) were also adjusted to account for a different
calcite acid fractionation factor used (1.01050) for better comparison to the other datasets (after
Wanamaker et al., 2006). This equation was also reorganised by Leng and Marshall (2004),
however the difference in acid fractionation factor was not accounted for (as it was not necessary
within the context of their study), therefore the Wanamaker et al. (2006) expression of the data
was used here. Similarly, the §80; data from Kim et al., (2007) were adjusted to account for a
different aragonite acid fractionation factor used (1.01063) for better comparison to the data

from this study.
3. Results

3.1 Shell structure and composition

12
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Four aragonitic shell layers were identified in the cross section of Buccinum undatum shells
(Figure 3) with obvious differences in microstructure and crystal orientation: an outer prismatic
layer, two internal crossed-lamellar layers (1 & 2) and an internal hypostracum (H). The
hypostracum is not present in newly formed shell at the growing edge suggesting it forms after
the outer three layers, potentially as a strengthening mechanism over time. An outer organic
periostracum was observed on all shells although it was thin, and was scrubbed off prior
embedding to ensure resin adherence. All shell layers were devoid of any identifiable annual lines

either externally or internally in cross sections.

To avoid cross contamination with the inner and visibly different layers all isotope drill
sampling was undertaken in the outer prismatic layer (P). No regular (potentially annual) visible
growth lines were found in any of the shells. Whilst there are clear visible differences in the crystal
structures between layers, from the Raman spectra all the layers are composed of aragonite when
compared to aragonite and calcite standards (Figure 4). Clear peaks were seen at characteristic
wavelengths for aragonitic structures (151, 206 and 702-706 cm, Parker et al., 2010). A clear
matching characteristic calcium carbonate peak was also found at 1085 cm™ (Parker et al., 2010).
The same results were found for all analysed shells from all sites. This unanimity of data allowed

a consistent fractionation factor to be applied for all sample data following IRMS.

Prismatic layer

A Crossed-lamellar
Hypostracum layers

Figure 3. Photomicrograph montage of a thin shell section from an adult Buccinum undatum shell collected from
the Menai Strait. The section has been prepared parallel to the growth axis. There are distinctive differences in
crystal structure visible between the four different layers observable in the inset images. DOG = Direction of
Growth. P = prismatic Layer, | = crossed-lamellar layer 1, Il = crossed-lamellar layer 2, H = hypostracum.

13
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Figure 4. Raman spectra between 135 and 750 cm™ for four shell layers, the prismatic layer, 1stand 2nd crossed-
lamellar layers and nacreous layers from a shell section of Buccinum undatum from the Menai Strait.
Characteristic peaks in the spectra are indicated (dotted lines) for both calcite and aragonite. There is clear
agreement between the four shell layers and the aragonite standard. Y axis = arbitrary units.

3.2 Species Specific Paleotemperature Equation

The 80 profiles from each of the three laboratory reared 2 year old B. undatum shells
were assigned dates and matched to 6§80, values with the same dates. 680, — §%0, was then
compared with aquarium seawater temperature over the same time period. Regression analysis
was used to derive the following species specific palaeotemperature equation (Equation 5, r? =

0.94).

t(OC) = 14.96 (:I: 0.15) - 4.94 (:t 022) X (61805he||_ Slgowater) [4]

3.3 Site SST profiles

Seasonal sea surface temperature (SST) profiles from the Menai Strait, Jersey and Shetland
covering a 4.5 year period are shown in Figure 5. The northerly Shetland Isles was the coldest of
the three sites. The Menai Strait and Jersey have similar seasonal seawater temperature cycles,
although the Menai Strait reached lower seawater temperatures in the winter (4 °C) (comparable

to those around Shetland) than Jersey (7 °C). Jersey coastal waters reached slightly higher
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Figure 5. Daily recorded sea surface temperature (SST) records between February 2011 and February 2014 from
the three main study sites. Gaps in the Shetland and Menai Strait data were due to temperature logger failures.
Data were obtained from Marine Scotland (Shetland), Department of the Environment (Jersey) and CEFAS
(Menai Strait).

3.4 Sensitivity analysis

Table 1 presents the results of the sensitivity analysis. An average 60, value for Menai
Strait water of 0.01 %o was also used in the sensitivity analysis (average value of all of the 680y
samples analysed in this study). The values with the smallest deviation were used in the
palaeotemperature reconstruction on a site-by-site basis (Jersey 0.75; Menai Strait 0.01; Shetland
0.25).

Table 1. Results of a sensitivity analysis to determine the most likely §*¥0,, values to use in the seawater
temperature reconstructions from Jersey, the Menai Strait and Shetland. The values with the lowest deviation

are highlighted in bold. The 0.01 value (in italics) was calculated from 60, values from Menai Strait derived
seawater samples.

88 0water (%o)
-1 -0.75 -05 -0.25 0 001 0.25 0.5 0.75 1 SD SE
Shetland 5.81 458 3.34 2.11 082 087 -0.09 -1.60 -2.84 0.38 2.51 0.06
Menai Strait  5.10 3.87 263 140 0.16 0.11 -1.08 -231 -3.55 -478 1.93 0.05
Jersey 8.52 7.29 6.05 4.82 3.52 3.58 234 111 -0.13 -136 1.46 0.04

15



385

386
387
388
389
390
391
392
393

3.5 Seawater temperature reconstructions from field collected Buccinum undatum

The age of the sampled whelks (calculated from the number of clear §'80s cycles) ranged
between 3 (Menai Strait) and 7 (Shetland) years old. The seawater temperature reconstructions
for the three sites are shown in Figure 6. The black bars below each plot represent the number of
shells included in the average profile at any one point, portions of the average profile which only
represent a single shell are not presented. It is clear from the plots that the reconstructions from
Jersey and the Menai Strait have roughly the same temperature range as their observed SST
counterparts (88.3 % and 78.8 % of the same range respectively). However, the reconstruction

for Shetland has a temperature range that only covers 62.5 % of the SST range (Figure 6).
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Figure 6. Daily observed seawater temperature from the Shetland Isles (top), Menai Strait (middle) and Jersey
(bottom) overlaid with the reconstructed temperature from the average isotope profile from each respective
area (grey line). Shaded grey areas indicate +/— 1SE. The sample depth (number of shells contributing to the
average value at any point) is shown at the bottom of each plot.
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3.6 Vital effects

No kinetic effects were evident in the comparison of §'3Cs and 5'80s. Whilst some shells did
display a significant correlation indicating the possibility of kinetic disequilibrium, none were
more than moderate in strength (maximum 0.48; Electronic Appendix: Table A, Figure A). Of the

relationships that were significant, some displayed a positive relationship and some a negative.

A positive offset between expected (calculated using Kim et al., 2007) and observed §30;
values was found (60est - 680s). There was a similar average offset at each site (1.01 — 1.06%o)
with an overall offset of 1.04 %o (+ 0.41 %o). Whilst the average offset at each site was similar,
there was a high degree of variability within these estimates. Importantly, this suggests that the
offset is not constant throughout the year. To investigate this further, the offsets (680est and
5'80s) were compared to observed SST values. All comparisons resulted in significant positive
correlations (Table 2, Electronic Appendix, Figure B), with larger differences between observed
and expected 60 values occurring at the lower extremes of the temperature range, this is also
seen in Figure 6.

Table 2. Offset values (50es - 680s) for each individual shell along with combined values for each site. The
relationship between seawater temperature and the offset for each individual shell can be seen on the right of

the table, raw data from these comparisons can be seen in Electronic Appendix, Figure B. Bold values indicate a
significant result.

Temperature vs. Offset

Location Sample Offset n corval r2 Intercept Slope
1 0.96 (+0.37) 93 -0.88 0.77 15.77 -6.61
2 1.1 (+0.35) 96 -0.74 0.55 15.67 -5.48
Shetland

3 1.07 (+0.38) 100 -0.73 0.53 15.25 -5.30

Combined 1.04 (x0.37) 289
1 1.29 (+0.47) 145 -0.68  0.46 18.31 -5.52
2 1.13 (+0.51) 98 -0.57 0.33 15.50 -4.29
. 3 1.01 (x0.39) 93 -0.72 0.53 18.62 -7.48
'\S/'t‘i;'iat' 4 0.98 (+0.45) 93 -0.52 027 15.98 -4.55
5 0.76 (+0.31) 99 -0.71 0.50 17.92 -8.61
6 1.06 (+0.4) 106 -0.60 0.36 16.96 -5.66

Combined 1.06 (+0.46) 634
1 0.88 (+0.39) 92 -0.50 0.25 17.30 -4.72
Jersey 2 1.15 (+0.26) 90 -0.60 0.36 22.87 -8.46
3 1.02 (+0.37) 99 -0.60 0.36 18.92 -5.89

Combined 1.01(+0.36) 281
1 0.98 (+0.21) 64 -0.58 0.34 21.85 -9.59
Tank 2 1.08 (+0.32) 63 -0.45 0.20 17.60 -4.85
3 1.06 (+0.29) 58 -0.26 0.07 15.51 -3.04
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Combined 1.04 (+0.28) 185

417

418 With the knowledge of the offset, it is possible to amend the §'80s data to compensate for
419  this. The species specific equation still produces a more accurate reconstruction using the original
420  &6%0s data than the Kim using offset corrected 8'80s values (Table 3).

421 Table 3. Average deviation of reconstructed from observed seawater temperatures for the equations derived
422 from this study and Kim et al., (2007) using the calculated vital offset.

Site This Study Kim et al., (2007)

with offset
Average deviation (°C) -0.37 -2.37
Shetland StDev 2.51 2.51
StErr 0.06 0.06
Average deviation (°C) -0.13 0.37
Jersey StDev 1.46 1.46
StErr 0.04 0.04
Average deviation (°C) 0.20 0.55
Menai StDev 1.92 1.92
StErr 0.05 0.05
423
424 4 Discussion
425 4.1 Palaeotemperature equation calibration
426 The newly calibrated B. undatum equation [4] differs from key palaeotemperature

427  equations derived from the published literature (Figure 7). Comparisons between published
428  palaeotemperature calibrations and the B. undatum data show that the calibrated equation of
429  this study has a significantly different intercept to all other equations (Electronic Appendix Table
430  B). The only significantly different slopes (at the 95 % confidence interval) to the B. undatum
431  calibration were that of Grossman and Ku (1986, combined molluscan aragonite and foraminiferal

432  material) and Epstein et al., (1953, mix of biogenic aragonite and calcite).
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Figure 7. Linear relationship between seawater temperature and & *¥Oghel— 6 80water for the data obtained from
Buccinum undatum shells (black dots/line) as well as the literature. Shaded areas represent 95 % confidence

intervals.

A three-year period of §80s from the wild caught Menai Strait samples was used to assess
the accuracy of the new equation. This time period and sample site were chosen as the juvenile
whelks used for the calibration were grown in an aquarium fed with water from the Menai Strait.
With only 0.11°C average deviation from observed seawater temperature, the new calibration
displays the best fit (Electronic appendix, Table C). The temperature range of the reconstructed
profiles was also the best using the newly calibrated equation (78.79 %). A commonly used
palaeotemperature equation for aragonite shell (both bivalves and gastropods) is the Grossman
and Ku (1986) calibration, which was originally calculated using biogenic aragonite and has been
used in a number of studies e.g. Sosdian et al., (2006); Schéne et al., (2007); Reynolds et al.,
(2013). When this equation was used to calculate the seawater temperatures for the aragonitic
B. undatum shells in this study, seawater temperature was significantly overestimated (Electronic
appendix, Table C). The most similar reconstruction was produced by the Epstein et al., (1953)
equation, which is based on a mix of biogenic calcite and aragonite. However, we have definitively

confirmed using Raman spectroscopy that B. undatum shells are wholly aragonite.
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4.2 Reconstruction of palaeotemperature from field collected shells

The species specific B. undatum temperature equation produced the closest match to the
observed seawater temperatures for the selected three-year period of data from the Menai Strait;
an 0.2°C average deviation and a profile which covered 78.8 % of the observed seawater
temperature range. This new equation was then applied to the average 60s profiles from Jersey
and Shetland and the reconstructions covered 88.3 % and 62.5 % of the observed seawater

temperature ranges respectively.

The Shetland reconstruction was the least accurate and there are several possible
explanations for this. Firstly, the 880, calculated during the sensitivity analysis was inaccurate.
This is unlikely as the calculated value for Shetland (0.25) fell within the range of isotope values
in seawater samples from the Faroe—Shetland channel during the period between 2009 and 2013
(0.04-0.6, McKenna et al., 2016; B. Berx, Marine Scotland, Pers. Comm.). The channel is roughly
160 km away from the study site but may well have an influence there due to strong current flows.
It is therefore likely that the 8§80, values at this site vary annually by analogy with other sites. It
is common practice to use a single 620y, value during a palaeotemperature reconstruction when
higher resolution 880, data are unavailable (e.g. Hermoso et al., 2016). The measured 5*0,
values from the Menai Strait used in the palaeotemperature calibration of whelk shells from this
location did not exhibit a clear annual cyclicity. This is similar to the findings of Owen et al.,

(2002b) who found no annual cycle in the §'80,, profile of Menai Strait seawater.

A second possible explanation for the poor accuracy of the Shetland reconstruction is that
the temperature range experienced by the whelks from Shetland was less than that recorded in
surface waters by the SST logger. Significantly, the whelks from Shetland were obtained from a
site deeper than either the Menai Strait or Jersey and so may have been buffered from the
temperature extremes recorded in the surface waters by the logger, resulting in an isotopic profile

with a lower amplitude than the observed SST profile.

The final possible explanation for the poorer seawater temperature reconstruction
observed in the Shetland whelks may be because there was a cessation of growth during the
winter seawater temperature minima. It is likely that the growth of B. undatum slows or even
ceases during the cold winter season as their metabolism drops below a critical level. This has
been observed in many mollusc species (Lutz and Rhoades, 1977; Schone et al., 2005) and often

results in the formation of a growth line or annulus in the shell (Richardson, 2001). We have
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observed that the growth rates of laboratory reared B. undatum slow in seasonally colder
seawater temperatures (Hollyman et al., 2018c), although it is not yet known whether there is
complete cessation of growth during these cold periods or just a decrease in growth rate. In the
Menai Strait, the observed seawater temperatures were as cold as those in the Shetlands, yet the
seawater temperature reconstructions in the Menai Strait whelks more closely matched the
measured seawater temperature, so it is less likely an explanation as this phenomenon was not
apparent at this site. To investigate this disagreement further, in future studies 60, and
seawater temperature data from the Shetland site could be obtained regularly over an annual

cycle and compared to §'80svalues from whelks collected over the same time period.

Whilst better than the reconstruction in Shetland, the imperfect reconstructions seen in the
Menai Strait and Jersey also raise the same questions about the source of inaccuracy. In both
these cases, seawater temperature data were obtained from a comparable location; and for the
Menai Strait, 680, was available for some of the growth period. In these cases the inaccuracy
may be a result of population level differences in environmental tolerance. As whelks do not
migrate over large distances and display low dispersal between populations they can form
isolated stocks (Fahy et al., 2000; Weetman et al., 2006; Magnusdottir et al., 2019). Therefore,
local adaptations may be present in their biological tolerances and subsequent growth rates
under certain temperatures. The methods used to anchor dates to the §0s profiles and the
subsequent interpolation and averaging may have had a smoothing effect on the resulting data.
With no visible annual lines to use as markers in the shell, this was the only obvious way to achieve
the desired average temperature profiles. Future studies could investigate similar methods of

achieving the same effect whilst preserving more of the variability in the data.
4.4 Disequilibrium of observed 8®0shen

No obvious or reliable kinetic disequilibrium was observed in the data, with both weak —
medium positive and negative correlations seen between 8§%3Cs and 6%0s. When kinetic
disequilibrium is evident, heavier isotopes (*¥0 & !3C) may deplete as they are preferentially
incorporated during periods of fast growth, leading to a quasi-linear relationship between &3Cs
and 8'0s (McConnaughey, 1989a & b). 6'3Cs is often thought to be representative of dissolved
inorganic carbon in the water column and as such, may be a proxy for ocean productivity (Spero
et al., 1997; Goodwin et al., 2013). There may also be vital effects influencing §*3Cs with carbon

from metabolic sources such as respiration and digestion often contributing to 63Cs in marine
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molluscs (e.g. Owen et al., 2002a & b). As B. undatum is a scavenging predatory gastropod, able
to feed on a wide variety of prey species (Hancock, 1960; Scolding et al., 2007), carbon sourced
from digestion may be highly variable between individuals, which may explain the high variability
in the relationship between 83Cs and 60s amongst specimens (Electronic appendix, Table A,
Figure A). Metabolically sourced carbon may also be potentially masking a kinetic disequilibrium
effect and therefore future controlled laboratory feeding experiments could address this

question.

An offset of 1.04 %o (+ 0.4 %o) between 8§80, and 6805 appears to be present in the data
due to a vital effect, although it is unclear specifically what this may be. This offset is the likely
cause of the difference between the species-specific equation and previous aragonite based
equations (Figure 7). The magnitude of this offset is similar to previous offsets reported for several
other gastropod species, specifically limpets which are often used in archaeological studies (e.g.
Fissurella maxima —1 %e. [Flores et al., 2018]; Patella caerulea —0.72 %o [Prendergast and Schone,
2017]; Patella vulgata —1.01 %o [Fenger et al., 2007]). However, the offset in B. undatum is a
positive difference between 80, and 6805 (i.e. observed 880 values are more negative than
expected) in contrast to the negative offsets reported for limpets. The limpet shell material used
in these studies was calcite, not aragonite, which may explain the large difference between the

absolute offset values.

Several studies have also identified positive offsets in bivalve shells with a calcite
composition, such as Mytilus californianus (0.2 — 0.5%o, Ford et al., 2010), Comptopallium radula
(~0.7%o0, Thébault et al., 2007) and Pecten maxiumus (0.4 — 0.6%., Owen et al., 2002a & b).
Multiple explanations have been suggested for the observed positive offsets in these species.
Firstly, the metabolic control of pH within the extra-pallial fluid (EPF — the medium from which
calcium carbonate is precipitated during shell formation [Wilbur and Saleuddin, 1983]). Differing
pH has been shown to result in fractionation between 8®0carbonate and 880water in both scallops
and foraminifera (Spero et al., 1997; Zeebe, 1999; Owen et al., 2002b; Thébault et al., 2007). It is
unknown whether the pH of the EPF within B. undatum differs from seawater, but if so, this could
be a viable explanation for the offset observed in this study. However, Kim et al. (2006) concluded
that isotopic fractionation in aragonite is independent of pH, making this theory unlikely. A second
proposed explanation is that of Rayleigh fractionation, which can occur in a closed system with a
finite reservoir (i.e. the EPF)(Thébault et al., 2007). This theory assumes the reaction removing

material from the reservoir (i.e. calcification) is causing fractionation, and any reaction is not
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reversed (e.g. the carbonate does not dissolve/recrystallize after the initial formation)(Thébault
et al., 2007). The continual removal of material from the reservoir then results in a shift in the
580 of the reservoir and carbonate. This effect has been demonstrated during the evaporation
of water (Kendall and Caldwell, 1998) and has been proposed as a reason for 620 offsets in
speleothems (Mickler et al., 2004). This explanation assumes the EFP of B. undatum is largely
isolated from surrounding seawater, something which has not been confirmed. Lastly, the offset
between 8'®0ex, and 8805 could simply be due to differing 680 values of the EPF and seawater
caused by a physiological control of the EPF composition (Thébault et al., 2007), which again
assumes that the EPF is B. undatum is isolated from seawater. It is difficult to conclude which
mechanism (if any outlined here) may be controlling the offset observed in B. undatum. This is
due to a lack of knowledge around the specific process of calcification in this species and whether
it is similar to the model proposed by Wilbur and Saleuddin (1983) for bivalves. Further detailed
studies on the process of calcification in B. undatum, alongside concurrent measurement of EPF,

5'®0sand 680, composition would clarify this.

The cause of the offset is unclear but appears to be a taxonomic (i.e. species specific) vital
effect linked to growth rate. The positive offset observed in Pecten maximus was also shown to
vary depending on growth rate (Owen et al., 2002a & b). Although growth rates in B. undatum
are not constant throughout ontogeny (Hollyman et al., 2018a) they do vary seasonally. This
annual variation in growth rate may be the cause of the largest offsets during temperature
minima i.e. the period of slowest growth (Supplementary material Figure B) as growth rate varies

with ambient seawater temperature.

4.5 Potential applications of newly calibrated equation

In practice, the methods outlined here could be applied to the management of this species
through accurate age determination and reconstruction of historical seasonal growth rates.
Whilst 6805 has been used in previous studies to validate other age determination methods
(opercula — Santarelli and Gros, 1986; statoliths — Hollyman et al., 2018c), it could be used in its
own right as an ageing tool in the absence of opercula and statoliths (e.g. using discarded dead
collected shells). Isotopic ageing methods have clear benefits over standard growth line counting
techniques, although they are considerably more expensive. Not only can they be used to infer

changes in sub-annual growth rate over time, but they can now be used to investigate the
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environmental conditions (i.e. seawater temperature) present during periods of fast growth in
this species. With increasing interest in the management of whelks and how biological parameters
in B. undatum are influenced by seawater temperature (Emmerson et al., 2020), the methods

outlined here could prove useful in informing the future management of this species.

These findings greatly increase the potential for reconstructing past environmental
conditions from archaeological B. undatum shells. This species has been found in several shell
Mesolithic and Neolithic shell-middens (Dupont 2006; Thomas and Mannino 1999). Specific
examples of these findings include a midden on the Isle of White (UK) where their presence and
condition have been used to infer the use of bottom fishing techniques in archaeological samples
(i.e. dredging; Campbell and Russel, 2014) and also in St Andrews (Scotland) where they were
used to suggest coastal foraging by historical inhabitants (Pearson, 1970). The use of §'0;in
sclerochronology of dead collected and archaeological shells often relies on the ability to cross
match and absolutely date long-lived animals to infer long term trends in environmental
conditions (Andrus, 2011; Reynolds et al., 2016). Whilst this is not possible for short-lived (<10
years) B. undatum, they do provide an excellent opportunity for reconstructing high resolution
(daily and weekly) ‘windows’ of seawater temperature data due to their fast growth rates. 120
mm+ linear growth was often observed during 6-month fast growth periods (spring/summer);
with a higher sampling resolution than the one used in this study, sub-weekly samples could easily
be attained. Previous studies have also used short-lived mollusc species for reconstructions of
palaeotemperatures and comparisons between modern and fossil specimens (e.g. Aequipecten
opercularis [Jlohnson et al., 2009]; Osilinus turbinatus [Colonese et al., 2009]; Saxodomus
gigantean [Hallman et al., 2009]). There is no reason, therefore, why similar studies could not be
undertaken using B. undatum collected from shell middens as it would be possible to infer the
season of collection from the 8§'80; values of the most recently deposited shell material, providing
information about ancient foraging trends (e.g. Mannino et al., 2003; Burchell et al., 2013). B.
undatum shells have also been found during archaeological excavations in a gully near Rotterdam
Harbour (Netherlands) with co-occurring material dated to either ~8000 or ~48,000 yr BP (Mol et
al., 2006). Specimens such as these could now be used to reconstruct high-resolution windows of
seawater temperature from before the last Glacial Maximum (~48,000 yr BP) and the early

Holocene Boreal Period (~8000 yr BP).

5 Conclusions
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This paper reports for the first time on the 4-layer structure and aragonite composition of
B. undatum shells, assessed with micro-Raman spectroscopy. A species-specific
palaeotemperature equation has been calculated from laboratory reared juvenile specimens,
which enabled accurate high-resolution reconstructions of seawater temperature from the shells
of wild caught specimens, something never before undertaken for this species. A clear offset
between the equation presented here and previous equations is present and variable throughout
the year. This annual variability in the offset suggests that a physiological process which changes
on an annual time scale (such as growth rate) may be responsible. We have shown the accuracy
of the 680, values in reconstructing seawater temperature using the newly calibrated equation.
This highlights the potential of B. undatum shells as recorders of annual seawater temperature
for both modern and historical specimens with potential applications in fisheries management
and archaeology. The vital offset between the calibration presented here and previously
published calibrations using molluscan aragonite remains an interesting area for future research.
An investigation to see whether this is common to other (potentially fast-growing) gastropods or
unique to B. undatum could be highly significant in understanding gastropod physiology and their
evolutionary pathway, as well as being practically important for palaesotemperature

reconstructions in other gastropod species of interest.
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Data statement

All newly analysed isotopic data presented in this paper can be found in the associated excel
file. The data used for comparison to previously published studies can be found within the
associated references. Site water temperature data can be obtained from the following agencies,

Shetland — Marine Scotland (oceanography@marlab.ac.uk), Jersey — Department of the

Environment Jersey (environmentenquiries@gov.je). Water temperature data from the Menai

Strait can be found within the associated excel file.
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Electronic Appendix

Table A. Results of correlation analyses between 8'3C and 60 for individual shells. Significant
results are displayed in bold.

Shell Sex Correlation p t df R? Adjusted R?
Jersey -1 M 0.123 0.236 1.194 93 0.015 0.004
Jersey - 2 M 0.125 0.227 1.217 93 0.016 0.005
Jersey -3 M 0.101 0.32 1 97 0.01 0
Menai Strait - 1 F -0.337 0 -4.276 143 0.113 0.107
Menai Strait - 2 M -0.003 0.975 -0.031 100 0 -0.01
Menai Strait - 3 F 0.063 0.544 0.609 93 0.004 -0.007
Menai Strait - 4 M -0.04 0.707 -0.377 91 0.002 -0.009
Menai Strait - 5 F -0.033 0.74 -0.333 102 0.001 -0.009
Menai Strait - 6 M 0.393 0 4.38 105 0.154 0.146
Shetland - 1 M 0.23 0.024 2.3 95 0.053 0.043
Shetland - 2 M 0.395 0 4.428 106 0.156 0.148
Shetland - 3 M 0.32 0.001 3.542 110 0.102 0.094
Tank Grown - 1 M 0.5 0 4.588 63 0.25 0.239
Tank Grown - 2 M 0.288 0.021 2.366 62 0.083 0.068
Tank Grown - 3 M 0.484 0 4.138 56 0.234 0.221




Table B, Outputs (p & F values) from ANCOVA analyses following regression of chosen published
palaeotemperature equations against the calibrated B. undatum data.

Slope Intercept
Study f-ratio p value f-ratio p value
Grossman & Ku, 1986 (mollusc aragonite) 1.18 0.283  474.97 <0.0001
Grossman & Ku, 1986 (total, mollusc & foram aragonite) 431 0.040 193.48 <0.0001
Kim et al., 2007 (abiogenic aragonite) 0.12 0.729  492.87 <0.0001

Epstein et al., 1953 (mix of biogenic aragonite & calcite) 8.12 0.006 8.33 0.005
Kim & O'Neil, 1997 (abiogenic calcite) 1.57 0.216 86.99 <0.0001




Table C. A comparison of the average reconstructed seawater temperature deviation from the recorded
seawater temperature over the period of growth during the Buccinum undatum calibration with relevant
equations taken from the literature (+ 1SE). The % of the observed SST range reconstructed by each equation is

also shown.
% of
Average
. . . observed
. Calibration deviation from
Equation . SD SE temperature
material temperature
°C) range
reconstructed
1. Grossman & Ku, 1986 mollusc aragonite -6.22 1.99 0.05 36.37
2. Grossman & Ku, 1086 MoHlusc & foram 3.46 205 0.05 53.18
aragonite
3. Kim et al., 2007 abiogenic -4.90 1.94 0.5 47.28
aragonite
4. Epstein et al., 1953 mix of biogenic -1.46 203 005 69.35
aragonite & calcite
5. Kim & O'Neil, 1997 abiogenic calcite -1.53 1.94 0.05 69.94
6. This Study mollusc aragonite 0.11 1.93 0.05 78.79
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Figure A. §13C plotted against 680 for all measured shells. Linear fits have been plotted, shaded
areas represent 95% Cl.



