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Scientific Significance Statement

Given the abundance of brachiopods in the fossil record, their low-magnesium calcite shells that allow higher diagenetic pres-
ervation potential, and the possibility to study biomineralization in extant representatives, they have been used to reconstruct
ancient ocean conditions. However, limited studies have dealt with sclerochronology because growth lines and increments are
not always visible and their periodicity is poorly known. We propose a novel approach applying the Brody–Bertalanffy equa-
tion to transform shell length to age, where isotope and elemental data are plotted against the reconstructed ages. We find
periodic variations in oxygen isotopes corresponding to annual and intrannual ambient variations in temperate species and
interannual variability and endogenous cycles in Antarctic species. This approach can be used to infer Earth’s past annual-scale
climate and environmental variations.

Abstract
Brachiopods have been employed for environmental and climatic reconstructions in the near and geological
past. Traditionally, one datapoint is obtained per shell, providing time-averaged bulk signals. However, brachio-
pods also have the potential to provide time-resolved information on (sub)annual timescales, but this has been
understudied due to difficulties in accounting for brachiopod shell growth. We investigated the distribution of
δ18O, δ13C and Element/Ca along growth profiles of three Recent terebratulides from temperate and polar lati-
tudes. We employed a novel approach using the Brody–Bertalanffy equation to transform shell distances into
ages, permitting the study of periodicity in the measured signatures. We show that, superimposed on ontoge-
netic trends, faster-growing temperate species record annual and intrannual changes at collection sites, whereas
slower-growing Antarctic species are also controlled by endogenous cycles. δ18O profiles reflect annual and
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intrannual variations in midlatitudes and interannual variations at high latitudes. δ13C and Element/Ca are
additionally influenced by vital effects.

The shells of rhynchonelliformean brachiopods are hybrid
composites of biopolymers and low-Mg calcite with a hierar-
chical architecture, formed under biological control (Schmahl
et al. 2012). The typical shell sequence of extant brachiopods
comprises two biomineralized layers: an external primary
layer of interdigitating mesocrystals and an inner secondary
layer with fibers, and sometimes a tertiary columnar layer
(Williams 1968; Williams et al. 1997; Schmahl et al. 2004;
Griesshaber et al. 2010; Ye et al. 2018; Simonet Roda
et al. 2019). However, many fossil taxa have more complex
and varied microstructures (McKinnon 1974; Williams and
Cusack 2007; Garbelli et al. 2014; Ye et al. 2020).

Studies of extant and fossil taxa demonstrated that brachio-
pods precipitate parts (non-specialized secondary and tertiary
layers) of their shells in near-equilibrium with seawater, recording
geochemical proxy signatures (Carpenter and Lohmann 1995;
Parkinson et al. 2005; Brand et al. 2013, 2015; Ullmann
et al. 2017; Bajnai et al. 2018; Rollion-Bard et al. 2019; Kocsis
et al. 2020; Davies et al. 2023; Rollion-Bard et al. 2024) that are
relatively resistant to diagenetic alterations (Lowenstam 1961;
Popp et al. 1986; Grossman et al. 1996; Veizer et al. 1999;
Angiolini et al. 2009, 2019; Brand et al. 2011; Casella et al. 2018).
Brand et al. (2019) showed that oxygen isotopes from the second-
ary and tertiary layers of modern brachiopod shells maintain a
constant offset from abiogenic calcite precipitated in thermody-
namic equilibrium by about �1‰: this has been considered as
“brachiopod-based equilibrium.” The primary layer, however, is
out of equilibrium (e.g., Rollion-Bard et al. 2019, 2024).

Brachiopods grow by marginal accretion, generally produc-
ing growth increments that enable the study of geochemical
variations of accretionary hard tissues (sclerochemistry,
Gröcke and Gillikin 2008). Brachiopod sclerochemistry, how-
ever, has been only rarely exploited in both fossil (Mii and
Grossman 1994; Angiolini et al. 2012; Clark et al. 2016; Roark
et al. 2016; Garbelli et al. 2022) and extant brachiopods (Von
Allmen et al. 2010; Yamamoto et al. 2011; Takayanagi
et al. 2012, 2013, 2015; Butler et al. 2015; Müller et al. 2022).
The difficulty in performing sclerochemical studies in brachio-
pods has mainly been due to the fact that growth increments
and lines are frequently not visible within the shell or on its
surface, except for limited cases, such as those illustrated by
Hiller (1988) and Gaspard (1990).

Sclerochemistry in brachiopods is further complicated by
the difficulty of identifying periodicity in growth line forma-
tion. Field observations of brachiopod growth rates are not
straightforward, with rare direct observations on a monthly or
annual timescale (Gaspard et al. 2018), and when grown in
aquaria, they do not tend to incorporate seasonal cycles
(Jurikova et al. 2020). Brachiopod shell growth can be
described by an exponentially decreasing upward function,

and it generally conforms to the Brody–Bertalanffy growth
model, with growth rates declining during ontogeny (Brey
et al. 1995; Peck et al. 1997; Baird et al. 2013). Growth lines
may form in response to changes in temperature, food avail-
ability, environmental perturbations, or during spawning, and
their periodicity shows variable patterns, often species-specific
(e.g., Rudwick 1962; Curry 1982; Brey et al. 1995; Peck and
Brey 1996; Peck et al. 1997; Schumann 2011; see S1 Supporting
Information). Major growth lines form mostly as a conse-
quence of low temperature and limited food supply, at least in
temperate brachiopods (Hiller 1988; Müller et al. 2022).

Here we present a novel approach to interpret scler-
ochemical profiles of extant brachiopods that could be
extended to fossil shells. It involves the reconstruction of the
brachiopod growth curve by applying a Brody–Bertalanffy
model that assigns ages to measurements along the longitudi-
nal axis of the shell based on its distance from the umbo,
instead of using growth lines. Isotope and elemental data are
plotted against the reconstructed ages to obtain time series,
which allow the study of potential intrannual and interannual
variations.

Materials and methods
Seven specimens belonging to Gryphus vitreus, Liothyrella neo-

zelanica, and Liothyrella uva, coming from different geographic
areas, were analyzed in this study (Fig. 1; Table 1). Shells were
cut along the maximum growth axis, obtaining a slice 1 cm
wide. The primary layer was removed using SiC paper and etch-
ing with 5% HCl for 3–5 s. In G. vitreus #7, the secondary layer
was removed using the same procedure to isolate the tertiary
layer. We then performed a high-resolution incremental
sampling, collecting powders (� 3 mg) through shell abrasion
(� every 1 mm) with a steel nail file following growth lines.

Shell sections were investigated for their microstructure
using a JSM-IT500 (JEOL Ltd, Japan) scanning electron micro-
scope (SEM) at the University of Milan following the proce-
dure of Crippa et al. (2016). Stable isotope analyses were
performed at the British Geological Survey, Keyworth (UK) on
aliquots � 50–100 μg of carbonate dissolved in 100% H3PO4.
Oxygen and carbon isotope ratios (13C/12C and 18O/16O) were
measured using an Isoprime dual inlet mass spectrometer plus
Multiprep device. Isotope values (δ13C, δ18O) are reported as
per mil (‰) deviations of the isotope ratios calculated to the
V-PDB scale using a within-run laboratory standard (KCM) cali-
brated against the international standards (NBS18 and NBS19).
Analytical reproducibility was better than 0.09‰ for δ18O and
0.03‰ for δ13C (1σ). For each specimen, we calculated the dif-
ference between maximum and minimum δ18O values
recorded in the entire shell (δ18O variation).
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To assess if brachiopod calcite is precipitated in isotope
equilibrium with the surrounding seawater, we calculated the
δ18O equilibrium field with the equations of Brand et al.
(2019) and Letulle et al. (2023) for biocarbonate, and with
Watkins et al. (2014) for inorganic calcite using temperatures
and δ18Osw at collection sites (Tables 1, S3).

An aliquot of � 1 mg of the same carbonate powders was
analyzed for Element/Ca (Li, Mg, B, U, Na, Al, Sr, Mn, Ba, Cd)
on an Agilent 8900 QQQ-ICP-MS at the University of St
Andrews. Prior to analysis, all samples were oxidatively
cleaned (see Jurikova et al. 2019) and dissolved in 0.5 M
HNO3. The analytical precision based on repeated analyses of

Fig. 1. Specimens of Gryphus vitreus (Born, 1778) (#30), Liothyrella neozelanica Thomson, 1918 (#67) and Liothyrella uva (Broderip, 1833) (#52) ana-
lyzed in this study and their shell microstructures at the SEM. Scale bar 1 cm. (A–C) Growth lines and increments on the shell surface of Gryphus vitreus
(A, #7, ventral valve, anterior margin), Liothyrella neozelanica (B, #60, anterior margin of an articulate specimen) and Liothyrella uva (C, #43, ventral valve,
anterior margin). (D) Three-layer shell of G. vitreus #5, showing the dendritic primary, fibrous secondary and columnar tertiary layers regularly sequenced.
(E) Three-layer shell of L. neozelanica #67, showing the irregular alternations of fibrous secondary and columnar tertiary layer. (F) Two-layer shell of L. uva
#52, showing the dendritic primary and fibrous secondary layer. (G) Growth lines appearing as weak interruptions of the primary layer, slightly crossing
also the secondary layer in L. neozelanica #67. (H) Growth lines in the anterior part of the shell of L. uva #52 crossing also the secondary layer, which
forms a wedge of calcite fibers overlapping a newly formed primary layer, which is thus duplicated. I: primary layer, II: secondary layer, III: tertiary layer.
Additional images of shell microstructure are available in Plate S1–S3 Supporting Information.
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in-house standards and NIST RM 8301 (Foram) measured
alongside samples was ≤ 3% (2RSD) for all the reported ratios.

An age-frequency distribution was determined by conver-
ting the distance of each sample from the umbo (mm) to age
(yr) using a rearranged Brody–Bertalanffy equation (Baird
et al. 2013):

St ¼ S∞ l�be�Kt
� �

where St = size at time t, S∞ = maximum size, b = scaling
parameter for size S0 different from 0 at time 0, K = growth
constant, t = age in years.

Distances of samples from the umbo were therefore used as
a basis for shell chronology and not growth lines. However,
the length of increments between growth lines, measured on
the shell surface of 31 specimens with a stereomicroscope
(Motic SMZ-171-TLed; Fig. S4), was used to calculate the
parameter K = 0.14 for G. vitreus, applying a least-square fit to
the Brody–Bertalanffy equation with a fixed S∞ through the
Python Scipy library (scipy.optimize.curve_fit method). S∞
was set to 39.9 mm according to Benigni (1985) and Toma
et al. (2022). For L. neozelanica, we used K = 0.18 and
S∞ = 52.5 mm as in Baird et al. (2013). For L. uva, K = 0.036
was calculated with the method described above for G. vitreus;
the length of the growth increments was determined on two
specimens of L. uva and the calculated K fits with values previ-
ously determined by Peck et al. (1997). L∞ was set to 60 mm
(Peck et al. 1997). Following Ostrow (2004), for all our speci-
mens we considered the scaling parameter b = 1, assuming
settlement occurred prior to calcification.

Periodicity within isotope signals was assessed using the
Lomb-Scargle periodogram (Lomb 1976; Scargle 1982) gener-
ating power spectral profiles through the astropy Python
library (The Astropy Collaboration et al. 2022). Following
Schulz and Mudelsee (2002), significant frequency modes
were identified that are not generated by red noise processes.
This procedure combines the theoretical spectrum with Monte

Carlo simulations of red noise processes modeled as first-order
autoregressive processes to derive a confidence curve at the
95% confidence level. The significant frequency modes are
the ones exceeding the confidence curve. Figures were plotted
using the Python Matplotlib and Seaborn libraries. See S2
Supporting Information for detailed method descriptions.

Results
Temperate species

Gryphus vitreus
The analyzed specimens are � 14 yr in age based on the

Brody–Bertalanffy equation. The shell fabric is three-layered,
regularly sequenced; the secondary layer is thinner than the
tertiary layer (Fig. 1A, Plate S1). Growth lines occur as weak
interruptions of the primary layer (Plate S1E,F); anteriorly,
they cross the secondary layer.

The total δ18O variation (0.77‰, based on average values
of all specimens) corresponds to a temperature variation of
3.1�C using the equation of Brand et al. (2019). In the first
8 yr, the lowest δ18O value is recorded in the second half of
each growth year (Figs. 2A1, S6–S8). Periodicity analysis
reveals a 1-yr and 0.5-yr δ18O periodicity (Fig. 2A2).

The δ13C and Element/Ca, unlike δ18O, show diverging
values in juvenile and mature stages. While δ13C shows a bell-
shaped profile (Figs. 2A1, S6–S8), Element/Ca (with the excep-
tion of Cd/Ca) shows a U-shaped pattern (Figs. 4, S20, S21).
Periodicity analysis reveals δ13C intrannual periodicity of
0.5 yr (Fig. 2A2).

Liothyrella neozelanica
The analyzed specimens are 10–12 yr in age based on the

Brody–Bertalanffy equation.
The shell fabric is three-layered, irregular, with frequent

intercalations of secondary and tertiary layers along the
growth axis (Fig. 1B, Plate S2). Growth lines are comparable to
G. vitreus, but less frequent (Fig. 1D).

Table 1. List of analyzed species, shell layers, specimen IDs, sites of collection, water depths and temperature, salinity, and δ18O of
the seawater. PL: Primary layer, SL: secondary layer, TL: tertiary layer. Water depths, seawater temperatures, salinities, and δ18Osw are
taken from: 1Ye et al. (2018), 2Rollion-Bard et al. (2019), 3E.U. Copernicus Marine Service Information (https://doi.org/10.48670/moi-
00052), 4Brand et al. (2019), 5Pierre (1999), 6Lee et al. (2010), 7Brand et al. (2013), 8Cross et al. (2015).

Species Shell layer Specimen ID Locality
Water

depth (m)
Temperatures

(�C)
Salinity
(PSU)

δ18Osw

(‰)

Gryphus vitreus PL, SL, TL #5, #7 Montecristo (Italy)
42�260N, 10�040E

140–1601 13–172 38–391,3 +1.25 to +1.364,5

Liothyrella
neozelanica

PL, SL, TL #56, #60, #67 Doubtful Sound (New Zealand)
45�200S, 167�020E

181 11.2–17.46 34–351,7 +0.34

Liothyrella uva PL, SL #52, #58 Trolval Island, Rothera (Antarctica)
67�35.440S, 68�12.440W

15–258 �1.8 to 18 32–343,8 �1 to �1.847
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The total δ18O variation (0.68‰) corresponds to a temperature
change of 3�C. In juvenile stages, the lowest δ18O value is often
reached in the last part of each growth year (Figs. 2B1, S9–S11).

Comparatively less data are available in the mature stages, but
the average δ18O values decrease slightly. Periodicity analysis
reveals a 1-yr and 0.5-yr δ18O periodicity (Fig. 2B2).

Fig. 2. Time series of δ13C and δ18O data of temperate species, G. vitreus (A1) and L. neozelanica (B1) obtained by the Brody–Bertalanffy equation with
K = 0.14 and S∞ = 39.9 mm for G. vitreus and K = 0.18 and S∞ = 52.5 mm for L. neozelanica. For G. vitreus, data are plotted for the secondary and ter-
tiary layers sampled together (#5) and for the tertiary layer only (#7); for L. neozelanica both layers have been sampled together. The gray horizontal box
represents the isotope equilibrium field calculated following Brand et al. (2019) (see S2.5 Supporting Information). Red and blue dotted lines delimiting
the equilibrium field represent the extremes of the expected range of δ18O values calculated from the maximum and minimum temperatures at the col-
lection site (red line: lowest δ18O values, highest temperatures; blue line: highest δ18O values, lowest temperatures). Red arrows indicate the δ18O minima
recorded in the second half of each growth year. (A2, B2) The figures describe the power spectrum for the G. vitreus data (δ18O on top, δ13C on bottom;
#7 only tertiary layer, ventral valve) and L. neozelanica (only δ18O; #56, ventral valve) respectively, compared with the 95% confidence level curve for red
noise; the X-axis represents the periodicity and the Y-axis the power spectrum values. For δ18O data of G. vitreus significant periodicities around 1 and
0.5 yr have been found. For δ13C data of G. vitreus a significant periodicity around 0.5 yr has been found. For δ18O data of L. neozelanica significant peri-
odicities around 1 and 0.5 yr have been found. For δ13C data of L. neozelanica no significant periodicity has been noticed.
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Similar to G. vitreus, δ13C values show an overall bell-
shaped profile with lower values in the juvenile and mature
stages (Figs. 2B1, S9–S11). Periodicity analysis does not reveal
a discernible signal. Li, Mg, B, Na, Sr, and to some extent
Ba/Ca (Figs. 4A–C,E,G,I, S20, S21) show a shallower U-shaped
pattern compared to G. vitreus, with higher values recorded in
the first years of growth, which decrease afterwards before
gradually increasing again anteriorly (except Ba/Ca). Mn/Ca
(Fig. 4H) and Cd/Ca (Fig. 4J) show high values in the middle
parts of the shell.

Antarctic species
Liothyrella uva
The analyzed specimens are approximately 40 yr in age

based on the Brody–Bertalanffy equation. Their shell fabric is
two-layered (Fig. 1C, Plate S3). Growth lines occur as in
G. vitreus (Fig. 1E, Plate S3A,C–E).

The total δ18O variation (1.58‰) corresponds to a temper-
ature variation of 2.2�C if salinity varies by 2 PSU (Table 1).
There is a shift at 12 yr, with a decrease in average δ18O and
δ13C values (Fig. 3A).

Intrannual patterns are not visible; instead, interannual
variations are quite clear with a 1.5- and 3-yr periodicity of
both isotope signals and δ18O maxima corresponding to δ13C
ones (Figs. 3, S12, S13). δ13C values also show a 2-yr periodic-
ity (Fig. 3C).

The Element/Ca distribution in L. uva shows a compara-
tively flatter pattern with higher Li, Mg, B, U, Na, Sr, and
Ba/Ca (Fig. 4A–E,G,I) compared to L. neozelanica and G.
vitreus. Al/Ca (Fig. 4F) and Mn/Ca (Fig. 4H) show a subtle
enrichment in the juvenile stage; Cd/Ca (Fig. 4J) stays invari-
ant throughout the shell (Figs. S20, S21). There is a strong
covariance between δ18O and δ13C values and δ18O and B/Ca
(Fig. S22).

Discussion
Ontogenetic trends

δ18O values are stable between � 1 and 6 yr in temperate
species, with a slight, yet variable, decrease in juvenile and
mature stages (Figs. S17, S18). Low values in juvenile stages,
when present, are best explained by kinetic effects during
rapid growth rates (e.g., Rollion-Bard et al. 2019). Kinetic
effects, however, do not explain low δ18O values in mature
stages (which are expected to grow more slowly); instead, they
are most convincingly explained by growth being restricted to
mostly temperate to warm seasons, when food is more plenti-
ful (Curry 1982; Garbelli et al. 2022).

The bell-shaped δ13C profile is in line with previous obser-
vations in temperate species (Von Allmen et al. 2010;
Takayanagi et al. 2013; Takizawa et al. 2017; Romanin
et al. 2018) and, similar to δ18O values, may be to some extent
affected by kinetic effects in the juvenile stage. Low δ13C
values in both juvenile and mature stages may be due to

greater availability of metabolic CO2 enriched in 12C being
incorporated into the calcite, as observed in mature stages of
bivalves (Lorrain et al. 2004). The negative correlation
between δ13C and Element/Ca, particularly obvious in
G. vitreus, implies similar controls. For instance, an increase
in dissolved inorganic carbon (DIC) has been proposed to
favor higher Sr/Ca and other divalent cations (Jurikova
et al. 2020).

The Antarctic species shows a different trend. In both iso-
tope profiles, a marked shift toward lower average values is
recorded at � 12 yr (� 23 mm-length), associated with
changes in Element/Ca. This may correspond to endogenous
factors related to reproduction. According to Peck et al.
(1997), L. uva starts to reproduce after 10 yr (it starts to have
gonad at 19–25.7 mm-length, Peck and Holmes 1989), which
roughly corresponds to our observations. Reproductive activ-
ity in L. uva has a large interannual variability, and faster shell
growth rates have been observed in summers following
spawning (Peck et al. 1997). This may explain the decrease in
δ18O and δ13C values, and the general increase in many Ele-
ment/Ca after sexual maturity.

Microstructure does not seem to impact severely the geo-
chemical composition of the analyzed species, as seen at the
SEM (Supporting Information S3.1), with the same pattern
occurring in different shell sequences: secondary plus tertiary
vs. only tertiary layer. The same pattern is also found in differ-
ent shell portions where the microstructure differs: in the
anterior part comprising only the secondary layer as well as in
the posterior part, which shows different proportions of sec-
ondary and tertiary layers. These observations are rather unex-
pected as the microstructure has been previously proposed as
a driver of intra-shell chemical variabilities (Rollion-Bard
et al. 2019) and render further investigation.

Intrannual, annual, and interannual patterns
The here proposed sclerochemical approach shows that

intrannual, annual, and interannual patterns can be discerned
in brachiopod shells and depend on species growth rates,
which change with latitude.

Annual and intrannual patterns are discernible from δ18O,
δ13C and Element/Ca values in the faster-growing
L. neozelanica and G. vitreus, in particular in their juvenile to
adult stages, but not in the most mature anterior shell parts
where growth toward the end of their lifetime stagnates.
Intrannual patterns (around 0.5-yr periodicity, twice per year)
may be due to reproductive cycles or to mid-seasons
(i.e., spring and autumn recording the same temperature).

The highest temperature is generally recorded in the sec-
ond part of each growth year, at least in juvenile stages, simi-
larly to other modern species (Yamamoto et al. 2010, 2011).
In L. neozelanica, this suggests a preference for larval setting
and the start of shell secretion in summer–autumn (Lee
et al. 2010), even though its reproduction is thought to be
plastic (Baird et al. 2013). Liothyrella neozelanica does not
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record the expected lowest and highest temperatures (Fig. 2;
Table 1), as also previously reported (Romanin et al. 2018;
Garbelli et al. 2022). This suggests that species sensitive to
physical stresses, such as those in fjord environments (Wing
and Jack 2014), stop growing when temperatures are at their
extremes. Gryphus vitreus, although comparatively more toler-
ant with wide ecological preferences (Toma et al. 2022),

records the periodical intrannual variation in a more stable
environment, evidenced also by the very smooth Element/Ca
trends.

The Antarctic L. uva has about five times slower annual
growth rates than the temperate L. neozelanica and G. vitreus
(Peck et al. 1997) and thus is potentially only useful as an
archive of interannual patterns. Indeed, strong interannual

Fig. 3. (A) Time series of δ13C and δ18O data of the Antarctic species L. uva obtained by the Brody–Bertalanffy equation with K = 0.036 and
S∞ = 60 mm. The explanation of the gray horizontal box and of red and blue dotted lines is given in the caption of Fig. 2. The vertical pink line at 12 yr
indicates a marked shift toward lower average values at reproduction. The arrows show some of the correspondences between δ18O maxima (lower tem-
peratures/higher salinities) in the lower panel and δ13C maxima (low organic carbon oxidation) in the upper panel, for each specimen (orange arrow
#52, blue arrow #58). (B) Cross-plots of δ18O vs. δ13C values showing their covariance. (C) Left plot: Lomb-Scargle periodogram of the isotope signal
compared with the 95% confidence level curve for red noise for δ18O data of L. uva (#52, ventral valve); significant periodicites are present around 1.5
and 3 yr. Right plot: Lomb-Scargle periodogram of the isotope signal compared with the 95% confidence level curve for red noise for δ13C data of
L. uva; significant periodicites are present around 1.5, 2, and 3 yr.
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variations are recorded by both isotope profiles, positively cor-
related at 1.5- and 3-yr scales, with intervals of lower tempera-
tures (and hence higher salinities) corresponding to lower
organic carbon oxidation due to extended ice cover and vice
versa (Marshall et al. 1997) (Fig. 3). Positively correlated to the

isotope profiles is also Cd/Ca, which could be tracking the sea-
water [Cd] reflecting lower phytoplankton dynamics (lower
phytoplankton mass under extended ice cover and higher
with more ice melt). These data show that L. uva records the
interannual variability at subdecadal scales in water mass

Fig. 4. Time series of Element/Ca (A–J) of ventral valves of G. vitreus (#5, secondary and tertiary layers sampled together), L. neozelanica (#60, secondary
and tertiary layers sampled together), and L. uva (#52, only secondary layer) plotted against age (yr).
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properties (temperature, freshwater input, and nutrients) char-
acteristic of the Antarctic oceanic ecosystem and strongly
influenced by winter sea ice changes (Clarke et al. 2008;
Venables et al. 2023). Additionally, intra-shell variations in
L. uva are also controlled by reproductive cycles as indicated
by periodicity of 1.5–2 yr which fits with the data of Peck and
Brey (1996) and Peck et al. (1997).

The brachiopod-based thermometer
The δ18O values of G. vitreus and L. neozelanica are in the

range of previously published data (Brand et al. 2019; Rollion-
Bard et al. 2019), independently of the microstructure sam-
pled (secondary fibrous or tertiary columnar or both), and cor-
respond to the expected equilibrium field of Brand et al.
(2019); equilibrium fields of Watkins et al. (2014) and Letulle
et al. (2023) are shifted to higher values for G. vitreus
(Table S3). Although still broadly within equilibrium
(of Brand et al. 2019), the δ18O values of L. uva are slightly
biased toward lower values, even if the shell of this species
grows seasonally and faster in winter for resource prioritiza-
tion (Peck et al. 1997). The equilibrium fields of Watkins et al.
(2014) and Letulle et al. (2023) are shifted to even lower
values (Table S3). Marshall et al. (1997) and Parkinson et al.
(2005) attributed low δ18O values in L. uva to vital effects. The
covariance between δ18O and δ13C values and δ18O and B/Ca
further supports the presence of growth-related effects in this
species (Wendler et al. 2013).

Overall, our results validate and extend the application of
the brachiopod-based oxygen-isotope thermometer (Brand
et al. 2019) to high-resolution studies. The slow-growing Ant-
arctic species may, however, exhibit minor biases that can be
identified by combining δ18O with δ13C and Element/Ca data.
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