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A B S T R A C T

Corals, otoliths, molluscs, and foraminifera all produce growth-banded shells, which can be subsampled to 
produce records of intra-annual variation in Earth’s past, including seasonality. However, foraminifera remain 
under-utilised for this purpose, with only a handful of studies to date. In particular, the larger foraminifera, 
which live for several months or more, remain a largely untapped archive of past intra-annual changes. Here we 
use laser ablation ICPMS to generate continuous Mg/Ca records along the spiral whorl of Nummulites from the 
late Eocene and early Oligocene of Tanzania. Using in situ temperature logger data in a modern tropical setting, 
the intra and inter-test variability of this Mg/Ca palaeothermometer was calibrated utilising corresponding Mg/ 
Ca profiles from the related modern species Heterostegina depressa. Eocene Nummulites proved affected by 
diagenesis and could not be used for reconstructions. However, nine Oligocene specimens showed excellent 
preservation enabling us to generate records of intra-test Mg/Ca variability, and transfer this to an estimate of 
intra/inter-annual palaeotemperature variability using the relationship between these parameters determined 
from our modern sample site. Our results constrain a mean annual temperature of 29.7 ± 3.9 ◦C, comparable 
with the oxygen isotope and TEX86 sea surface temperatures in previous studies from Tanzania, and intra/inter- 
annual temperature variability of ±2.3–3.0 ◦C. This is similar to both modern values for the region and sparse 
existing Oligocene seasonal data from the US. Our records thus contribute to unravelling Oligocene climate, and 
highlight the potential of larger foraminifera in filling the key seasonality gap in our understanding of past 
climates.

1. Introduction

Intra-annual temperature variation, including seasonality (intra- 
annual variability with clearly resolvable cyclicity), is a key parameter 
in the modern ocean, for example, exerting a primary control on species 
distributions, biological productivity, ocean currents (or vice versa), and 
the growth of sea ice (e.g. Eayrs et al., 2019; Stuart-Smith et al., 2017; 
Lisovski et al., 2017; Loubere and Fariduddin, 1999). It is therefore more 
than likely intra-annual fluctuations in temperature and the associated 
changes that they drive also had such an influence in the past. However, 

there remain relatively few studies that have successfully reconstructed 
intra-annual variation in the geological record. This is therefore a major 
gap in our understanding of the evolution of the Earth system, given the 
critical role that seasonality may play in abrupt climate change (Denton 
et al., 2005) as well as the processes mentioned above. Generating such 
records is key, not only to understanding the climate dynamics of intra- 
annual variation in a higher CO2 world, but also for understanding 
patterns of past and present biotic responses to climatic change.

Over the last few decades, the advent and development of quanti
tative geochemical tools that potentially facilitate the reconstruction of 
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intra-annual changes in temperature have led to a variety of fossil or
ganisms being used for these purposes. In particular, molluscs, otoliths, 
foraminifera, and corals, all of which sequentially secrete growth- 
banded calcium carbonate, have been sub-sampled for their stable and 
clumped isotopes, and trace element composition. The heterogeneities 
in these analyses have been observed in terms of seasonality or intra- 
annual variation throughout the Cenozoic (e.g. Purton and Brasier, 
1999; Ivany et al., 2004a; Evans et al., 2013; Warter et al., 2015; de 
Winter et al., 2017; Kniest et al., 2024; see Ivany and Judd, 2022 for a 
review). Many of these studies focus on individual or few specimens, 
partly due to the laborious nature of the work and the requirement of 
exceptional sample preservation for such studies, which means that few 
studies have been replicated and there is an overall sparsity of data 
(Ivany and Judd, 2022). In addition, calibration of quantitative 
geochemical tools in extinct organisms is frequently a source of uncer
tainty, although much work characterising molluscs has been under
taken (e.g. Jones, 1983; Warter et al., 2018; de Winter et al., 2021, 
2023).

One potential source of intra-annual records that remains under- 
explored are the (larger) foraminifera (Purton and Brasier, 1999; 
Evans et al., 2013; Fehrenbacher et al., 2024). Larger foraminifera are an 
informal group of foraminifera based on complex internal structures 
linked to the hosting of symbionts, and, to some extent, size. The largest 
specimens have been known to reach over 10 cm in diameter and lived 
up to several years (Ferràndez-Cañadell, 2012), although many exam
ples are just a few millimetres in size and presumably had shorter life
spans. Larger foraminifera occur throughout the Cenozoic and were 
especially abundant within the Eocene. Since there are extant close 
relatives to some of the most abundant Eocene larger foraminiferal 
genera (e.g. Nummulites), this has enabled the calibration and interpre
tation of geochemical data with a relatively low degree of uncertainty (e. 
g. Evans et al., 2013), and thus the reconstruction of near-surface ocean 
conditions deep in the geologic record. Observations of modern relatives 
of the Eocene Nummulites show that one species adds chambers at a rate 
of 2–3 chambers per week, thus implying that months or years of 
environmental variability may be recorded deep in the fossil record 
given the size of (e.g.) Eocene Nummulites.

Despite the importance of reconstructing past changes in seasonality 
and intra-annual variation, only ~750 specimens have been analysed for 
this purpose across all of Earth history (Ivany and Judd, 2022), a small 
fraction of which were benthic foraminifera (compared to ~50 % based 
on bivalve schlerochemistry/schlerochronology and ~ 75 % derived 
from molluscs). The small number of studies that do utilise foraminifera 
build on the work of Wefer and Berger (1980), who demonstrated the 
viability of shell chemistry-derived seasonal records by subsampling the 
annular rings of modern Marginopora and Cycloclypeus for their stable 
isotope composition, showing that intra-annual variability/seasonality 
are indeed recorded in larger foraminifera. Purton and Brasier (1999)
applied this concept to the middle Eocene using Nummulites laevingatus 
from the south of the UK, taking samples with a microdrill every 5–10 
chambers and interpreting the results to represent six seasonal cycles 
within the lifespan of the foraminifera. However, obtaining samples via 
microdrill is time consuming, has a spatial (and therefore temporal) 
resolution limited by the size of the drill bit, and is challenging in that it 
can be difficult to avoid accidental sampling of ontogenetically younger 
lamelli beneath the target area. To avoid these issues, Mg/Ca may be 
used as an alternative palaeotemperature proxy (e.g. Nürnberg et al., 
1996), which is based on the thermodynamically-driven increasing 
substitution of Mg2+ for Ca2+ in the calcite lattice at higher temperature 
(Lea et al., 1999; Evans et al., 2015) and has the advantage of being only 
weakly sensitive to possible salinity changes (Hönisch et al., 2013; 
Hauzer et al., 2021). In the symbiont-bearing benthic nummulitid 
foraminifera, the proxy has the additional benefit of being incorporated 
to a degree that is very similar to inorganic calcite precipitated from 
seawater (Evans et al., 2018), that is, unlike their planktonic counter
parts, these species do not appear to exert a strong biological control 

over shell chemistry (see Hauzer et al., 2025 and references therein). 
Utilising laser ablation ICPMS to produce a continuous profile along the 
marginal cord (the growth axis of these organisms, around the whorl) 
Evans et al. (2013) analysed 26 Nummulites specimens from the middle 
Eocene (Bartonian) of Java. By comparison to extant Operculina, 
enabling calibration of the Mg/Ca-temperature relationship in this 
group of foraminifera (Evans et al., 2015), the data demonstrated a 
greater-than-modern Eocene seasonal variation of 5–6 ◦C at this 
location.

Here we provide reconstructions of inter and intra-annual tempera
ture variability for the earliest Oligocene based on LA-ICPMS Mg/Ca 
analysis of 20 specimens of Nummulites from Tanzania (Fig. 1). The 
Tanzania Drilling Project (TDP) recovered a series of cores with com
plete or near complete recovery of an approximately 2 million year in
terval across the Eocene-Oligocene transition (EOT) from the Kilwa 
region in coastal Tanzania (Nicholas et al., 2006; Pearson et al., 2008). 
The EOT is a major Earth system shift that was associated with a global 
decrease in temperature, increase in Antarctic ice cover and changes in 
ocean circulation, precipitation, weathering, and biotic overturning (e. 
g. Coxall and Pearson, 2007; Hutchinson et al., 2021). However, little is 
known about the changes in intra-annual temperature variation at that 
time, with early Oligocene reconstructions available from a handful of 
locations worldwide (Ivany et al., 2000; Eldrett et al., 2009). The micro 
and nannofossils from the TDP cores show exceptional preservation, and 
include small sized Nummulites from both before, during and after the 
transition (Cotton and Pearson, 2011; Koorapati et al., 2025). In addi
tion, we pair and calibrate these palaeontological data with analyses of 
modern Heterostegina (Fig. 1) from the Spermonde Archipelago that 
grew in an area covered by temperature data loggers in order to ground- 
truth the transformation of intra-shell Mg/Ca heterogeneity to envi
ronmental variability. This modern-palaeo comparison allows us to 
assess the minor and major fluctuations in the Mg/Ca and interpret 
variations in temperature from a barely studied time interval, and 
highlights the potential of nummulitid larger foraminifera as archives 
capable of functioning as archives of past intra-annual temperature 
variability.

2. Material and methods

2.1. Modern Heterostegina samples and preparation

Modern Heterostegina depressa were picked from surface sediment 
samples in 2010 from several islands within the Spermonde Archipel
ago, southwest Sulawesi: Pulau Langkadea, Pulau Lumulumu and Pulau 
Pajenekang situated between 4.58◦S and 4.55◦S (Girard et al., 2022). 
The Heterostegina were picked from the sediment based on test colour for 

A B

1 mm

Fig. 1. Examples of foraminifera used in the study: A) fossil Nummulites from 
Tanzania, sample 17–16-2 (9); B) modern Heterostegina depressa from the 
Spermonde Archipelago, laser ablation path along the marginal cord is 
highlighted.

L.J. Cotton et al.                                                                                                                                                                                                                                Palaeogeography, Palaeoclimatology, Palaeoecology 680 (2025) 113350 

2 



the work of Girard et al. (2022), and were therefore live or recently live 
at the time of collection. In order to compare shell geochemistry to in 
situ temperature, and to complement longer, lower resolution datasets 
(e.g. Teichberg et al., 2018) 20 dataloggers were placed across the 
collection areas (see Section 2.4). While we cannot unambiguously 
relate time-resolved shell geochemistry to specific monitored environ
mental change over the lifespan of the foraminifera, we note that the 
degree of inter and intra-annual temperature variability is likely to be 
broadly consistent between years. Given that we principally use these 
samples to validate the conversion of nummulitid foraminifera Mg/Ca 
heterogeneity to temperature variability, we consider the fact that we do 
not know the precise months in which these foraminifera calcified to be 
a minor source of uncertainty in our analysis.

Modern H. depressa were oxidatively cleaned to remove remnant 
organic material by placing the specimens into dilute (~1 %) H2O2 
overnight, with a 1 min ultrasonication step at the start to ensure no air 
bubbles remained in the chambers. The oxidative cleaning solution was 
removed via four rinsing steps in ultrapure (18.2 MΩ cm) water, with at 
least ~30 s ultrasonication each time, following which the samples were 
dried in centrifuge tubes. Specimens were subsequently sectioned to 
expose the marginal cord by embedding in epoxy resin and polishing 
using successively finer-grained polishing papers.

2.2. Eocene-Oligocene Nummulites samples

Site 17 of the Tanzania Drilling Project was drilled in 2004 and is 
located at UTM 37 L; 560,539 8,984,483 close to the town of Pande on 
the Tanzanian coast (e.g. Nicholas et al., 2006; Cotton and Pearson, 
2011). The Site recovered 125.9 m of sediments spanning approximately 
2 million years from the Upper Eocene to Lower Oligocene and con
taining an apparently complete record of the EOT (Pearson et al., 2008; 
Wade and Pearson, 2008; Lear et al., 2008). The palaeolatitude is 
18.4◦S, calculated using paleolatitude.org with the palaeomagnetic 
reference frame of Vaes et al. (2023) and the modern site location of 
8.85◦S, 39.63◦E.

Residues previously prepared for the studies of Pearson et al. (2008), 
Wade and Pearson (2008) and Lear et al. (2008) were used. These 
consisted of half round samples approximately 10 cm in length that were 
washed through a 63 μm sieve and dried in a low temperature oven. 
Nummulites are relatively common in these samples (see Cotton and 
Pearson, 2011) and were picked with a paintbrush under a stereomi
croscope. The Nummulites were prepared as equatorial thin sections, by 
attaching to a slide using Lakeside 70 cement and grinding with fine 
polishing paper. A total of 20 specimens were analysed by laser-ablation 
ICPMS: Ten from the Oligocene, four from close to the Eocene/Oligo
cene boundary and six from the Eocene.

2.3. Laser-ablation ICPMS trace element analysis and data quality

Prior to analysis, the samples were subjected to a cleaning step to 
remove contamination from the sectioning/polishing procedure and 
possible remnant clays in the case of fossil material. All resin mounts 
were ultrasonicated for several minutes in ultrapure H2O, with at least 
three water replacements and rinsing steps during this process, followed 
by a final ultrasonication step in trace metal-grade ethanol. Samples 
were subsequently left to dry overnight in a class 100 laminar flow hood.

Fossil Nummulites were analysed in the Department of Earth Sci
ences, Royal Holloway University of London (RHUL) using the RESO
lution M-50 prototype laser ablation system (Müller et al., 2009) 
connected to an Agilent 7500ce ICPMS (Evans et al., 2013). Modern 
H. depressa were analysed at the Frankfurt Element and Isotope Research 
Center (FIERCE) in the Institute of Geosciences at Goethe University 
Frankfurt using a RESOlution S-155 laser ablation system connected to a 
ThermoFisher Scientific Element XR sector field mass spectrometer. We 
describe the instrumental analytical details for each system separately 
here (laser ablation parameters, data quality) and in the supplementary 

materials (gas flow rates, plasma power, etc.), whereas the data pro
cessing procedure is common to both laboratories.

In both cases, the marginal cord was analysed by tracking the laser 
across the sample surface, using a 34 μm diameter laser beam, 25 Hz 
laser repetition rate, 1 mm/min scan speed, and ~ 3 J/cm2 fluence in the 
case of the fossil samples, and 33 μm, 15 Hz, 0.36 mm/min, and 6 J/cm2 

in the case of the modern samples. In both cases the sample surface was 
further pre-cleaned by scanning the laser over the path to be analysed 
before data acquisition, using 57 μm, 40 Hz, 3 mm/min, and 50 μm, 20 
Hz, 3.6 mm/min, respectively.

In both laboratories, monitored masses included 11B, 24Mg, 25Mg, 
27Al, 43Ca, 55Mn, 88Sr, 89Y, and 138Ba, with Al, Mn, and Y analysed to 
assess potential μm-scale diagenesis and contamination (Evans et al., 
2013; overall preservation is best assessed using textural information 
and the absolute Mg/Ca and Sr/Ca values, see Section 3). The internal 
standard was 43Ca in both cases, primary standardisation was performed 
using the NIST SRM610/612 glasses, and trace element data quality was 
assessed using the MPI-DING glasses GOR132-G and GOR128-G, 
selected because they have a Mg/Ca broadly comparable to the high- 
Mg calcite samples analysed here. Data processing followed standard 
procedures (Heinrich et al., 2003) using an in-house Matlab script and is 
described in detail elsewhere (Evans and Müller, 2018). Briefly, sample 
analyses were corrected for background analyte counts, ratioed to 43Ca, 
and standardised to molar ratios using the mean NIST glass count rate/M 
ratio data (Jochum et al., 2011) within each sequence. NIST SRM612 
was used as the calibration for all trace elements with the exception of 
Mg/Ca, which was calibrated using GOR128-G because this standard is 
more homogeneous with respect to [Mg] (see detailed discussion in the 
supplementary materials of Evans et al., 2015).

At RHUL, data quality based on repeat analysis (n = 27) of the MPI- 
DING glasses, treated as unknowns and measured in the same analytical 
sessions as the samples and in an identical manner was: Mg/Ca − 3 ± 3 
%, Al/Ca +3 ± 2 %, Mn/Ca − 0.5 ± 2 %, and Sr/Ca +1 ± 3 %, where 
these values give accuracy±precision. Accuracy is defined here as the 
percent deviation from the reported value and the precision is the 2 
relative standard deviation (RSD) variability of repeat analysis. In all 
cases, these values represent the best data quality from the two stan
dards on the assumption that poorer data are an artefact of uncertainties 
in the reported values (Evans and Müller, 2018).

In the FIERCE laboratories, data quality was based on 22 analyses of 
the same MPI-DING glasses as well as the nanopellet versions (Garbe- 
Schönberg and Müller, 2014) of three CaCO3 reference materials (JCp, 
JCt, MACS-3), analysed in an identical manner to the samples. Averaged 
across all five standards, Mg/Ca, Al/Ca, Mn/Ca, and Sr/Ca accuracy was 
0 %, +7 %, − 1 %, and + 1 % respectively, while Mg/Ca accuracy based 
on the GOR glasses alone was − 2.6 %. Precision (2RSD of all analyses) 
was <3.5 % for Mg/Ca in all standards, except JCt (10 %) and 2–3 % in 
the case of the GOR glasses, ≤5 % for Al/Ca, ≤6 % for Mn/Ca, and ≤4 % 
for Sr/Ca (except GOR-132G; 8 %). Note that in the case of the GOR 
glasses, the concentrations of Al and Mn are far higher than in the 
samples, such that these estimates of data quality are not necessarily 
representative of the sample analyses presented here, although we stress 
that we use Al/Ca and Mn/Ca only as qualitative indicators of preser
vation/contamination.

2.4. In situ temperature logging on the Spermonde reef

The magnitude of intra and inter-annual SST variability at several 
reef locations on the Spermonde Archipelago was determined by placing 
20 in situ temperature loggers (HOBO MX2202) on a number of different 
islands across the archipelago (Langkadea, Gusung Khayangan, Sama
lona, Badi, Lankai, Kudingarengkeke) and at several different water 
depths. The locations spanned the deep and shallow parts of the reef 
slopes as well as three reef flats and cover a range of water depths from 1 
to 22 m. Data were collected between 16th January 2021 and 9th 
November 2022 at 5 min resolution. No logger recorded continuously 
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during this interval, with data retrieved from the loggers intermittently 
and several lost during the monitoring period. For this reason, of the 3.9 
× 106 possible data points across the 20 loggers, 1.9 × 106 are presented 
here.

3. Results

3.1. Intra-annual temperature variability on a modern tropical reef

The mean and range (2.5th and 97.5th percentiles) of SST averaged 
over all data loggers over the 21 month monitoring period was 29.5 ±
1.6 ◦C, in line with previous, lower-resolution measurements (e.g. 
27–31 ◦C; Teichberg et al., 2018). The in situ temperature measurements 
show a high degree of coherence across the Spermonde Archipelago, 
with all data loggers recording similar degrees and equivalent timings of 
weekly to monthly scale temperature variability, irrespective of depth. 
Loggers placed closest to the surface are typically characterised by 
diurnal temperature fluctuations of ~1–1.5 ◦C (Fig. 2), which is not the 
case for those below ~10 m. Taken together, the combined dataset 
shows both weekly and monthly-scale excursions of 1–2 ◦C, with both 
short-term cooling (e.g. August–September 2021) and longer-term 
warming (November–December 2021) visible. Unsurprisingly for a 
tropical location, no clear seasonal trend is evident, although the yearly 
temperature minima occur towards the end of the dry season in both 
monitored years (Fig. 2). Overall, we observe intra-annual and inter- 
annual variability of a broadly similar magnitude (3.0 ◦C), and that 
this is approximately 2–3 times the diurnal range at water depths <10 
m.

3.2. Modern Heterostegina Mg/ca variability

Fifteen specimens of Heterostegina depressa yielded marginal cord 
Mg/Ca profiles (Fig. 3), ranging in length from ~3–10 mm (~15–40 
chambers), which likely reflects ~2–6 months of growth for each 
specimen assuming a chamber addition rate of 2–3/week (inferred from 
data on the closely-related nummulitid foraminifera Operculina ammo
noides; Oron et al., 2020; Evans et al., 2013).

The mean Mg/Ca of the complete dataset, 159.0 ± 1.3 mmol/mol is 
within uncertainty of Operculina ammonoides from a nearby island on the 
same reef (153.1 ± 6.2 Evans et al., 2013). This adds to a body of evi
dence demonstrating that there are no resolvable species-specific vital 
effects in Mg incorporation in the nummulitid foraminifera, for example, 
O. ammonoides, O. complanata (Evans et al., 2015), and H. depressa 
(Raitzsch et al., 2010) all fall on the same Mg/Ca-temperature rela
tionship, and Eocene fossil Nummulites sp. and Operculina sp. from the 
same interval are characterised by most proxy trace element concen
trations within uncertainty (Evans et al., 2013). For this reason, we use 
the multi-species Mg/Ca-T slope of Evans et al. (2015) for the recon
struction of (relative) temperature changes in both Recent H. depressa 
and fossil Nummulites.

As previously observed in the case of O. ammonoides and as is well- 
known from many other species of low-Mg and high-Mg foraminifera, 
a large degree of fine-scale heterogeneity is visible that must result from 
physiological or biomineralisation-related processes rather than tem
perature (Eggins et al., 2003; Spero et al., 2015; Fehrenbacher et al., 
2017; Evans et al., 2013). Specifically, we observe Mg/Ca variability on 
the order of ±15 mmol/mol (~10 %) across distances of a few tens of 
micrometres around the marginal cord (Fig. 3), which is of a similar 
magnitude to the long-term changes that occur across several 
millimetres.

3.3. Fossil Nummulites Mg/ca variability

Of the 20 specimens that underwent marginal cord Mg/Ca analysis, 
11 were found to be sufficiently well preserved for geochemical palae
oenvironmental analysis, of which nine were from the early Oligocene 
and two from the late Eocene. The remainder of the samples, all from the 
late Eocene were found to have recrystallised to low-Mg calcite (<30 
mmol/mol) in contrast to their original high-Mg mineralogy (Cotton 
et al., 2020), and would yield impossible (negative) palaeotemperatures 
if we were to attempt to interpret these results. We stress that a con
tinuum between well and poorly preserved samples is almost never 
observed when working with high-Mg calcite in exceptional preserva
tional settings (Evans et al., 2018; Martens et al., 2022) such that it is 
extremely unlikely that the samples we consider to be well-preserved 
here fall some way along a diagenetic trend towards low-Mg calcite. 
Rather, in these settings, either the high-Mg primary mineralogy is 
preserved, or the samples quickly recrystallise to low-Mg calcite.

The small number of well-preserved samples from the Eocene means 
that we do not have a dataset on which we can base a statistically robust 
reconstruction and so, while we briefly explore the constraints that these 
data provide in the discussion, we caveat this with the requirement for 
further work before any robust conclusion can be drawn regarding late 
Eocene temperatures using samples such as these at this site.

The nine well-preserved Oligocene samples yield mean marginal 
cord Mg/Ca values of 69–86 mmol/mol, with an overall mean of 82 
mmol/mol (Fig. 4). All specimens are characterised by substantial het
erogeneity along the marginal cord profiles, far beyond that which can 
be explained via analytical noise. Specifically, we observe (multi-)mil
limetre-scale variability and, in some cases, quasi-periodicity with an 
amplitude of ~8–12 mmol/mol. We note that all specimens are also 
characterised by fine-scale (sub-mm) heterogeneity in the direction of 
the marginal cord profiles which must be related to biomineralisation 
processes rather than short-term environmental change, given that it is 
also present in specimens that experienced no external variability (see 
above; Evans et al., 2013, 2015).

The longer-scale variability is visible as both transient or repeating 
fluctuations across 1–2 mm distances (visible in the case of specimens 
17–16-2 (13) and 17–16-2 (4); Fig. 4), and/or longer-term changes 
characterised by an overall upwards increase (17–24-3 (1) and 17–16-2 

Fig. 2. Intra and inter-annual temperature variability measured using 20 individual in situ temperature loggers placed at different depths and on different islands 
within the Spermonde Archipelago (see Table S2 for details).
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Fig. 3. Mg/Ca profiles of H. depressa sampled from the Spermonde archipelago, southwest Sulawesi. Light and dark lines display the measured values and smoothing 
spline fit, respectively.

Fig. 4. Paleogene Nummulites Mg/Ca data. Sample names denote core interval (Site/core/m within core) followed by specimen number in parentheses. Eocene 
samples surrounded by a box in the lower-right corner. Note that the longest-lived specimen (17–16-2 (3)) shows the clearest seasonal trend, highlighting that the 
lack of clear seasonality in other specimens may be due to their sub-year lifespan. Light and dark lines display the measured values and smoothing spline fit, 
respectively.
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(4)), while some specimens show step-like changes with an increase of 
~8–10 mmol/mol over the course of a few millimetres (17–25-2 (1) and 
17–24-3 (D)). The largest specimen presented here (17–16-2 (3), which 
has a total length of ~20 mm) has a quasi-sinusoidal Mg/Ca variability 
with a period of around 10 mm.

4. Discussion

4.1. Calibrating the relationship between Mg/Ca heterogeneity and SST 
variability

Within all Heterostegina specimens investigated no large sinusoidal 
seasonality signals are seen, which is to be expected for the tropics and is 
directly in line with the in situ monitoring data (Fig. 2) in which no clear 
seasonal signal is observed over a ~ 2 year interval, although large inter- 
annual temperature changes are visible. Given the magnitude of 
directly-measured SST variability on the Spermonde Archipelago (4 ◦C), 
we would expect medium to long-term Mg/Ca heterogeneity of ~ ± 4 % 
to be driven by this temperature change, using a Mg/Ca-temperature 
slope of 2 %/◦C for this group of foraminifera (Evans et al., 2015). 
Taking the Mg/Ca marginal cord profiles at face value including all fine- 
scale (10s-μm) heterogeneity (Fig. 3) delineates a much larger Mg/Ca 
range and would consequently result in a much larger reconstructed 
intra/inter-annual temperature range, overestimating interannual vari
ability by around 12 ◦C (Fig. 5A).

The simple analysis above provides clear evidence that much of this 
fine-scale variability cannot be attributed to environmental change. 
Using an average of 40 chambers/specimen for this sample, the fine- 
scale heterogeneity described in Section 3.2 represents calcification 
across a timescale of hours to around one day. The magnitude of the Mg/ 
Ca variation in that interval is far too large to be attributed to the diurnal 
cycle, which is at most ~1.5 ◦C (Fig. 2) given the Mg/Ca-temperature 
slope of 2 %/◦C for this group of foraminifera (i.e., a ± 15 % Mg/Ca 
change would require ~6 ◦C warming or cooling). Likewise, Hauzer 
et al. (2021) demonstrated a minor sensitivity of nummulitid forami
niferal Mg/Ca to salinity, with a slope of 0.75 mmol/mol per practical 
salinity unit, around 0.5 %/unit. The magnitude of daily or inter-annual 
salinity change required to explain the fine-scale Mg/Ca heterogeneity is 
beyond that which these foraminifera can tolerate and does not occur on 
this reef. Therefore, it is clear that the fine-scale (10s μm) variability 
should be smoothed out of the analysis before the interpretation of Mg/ 
Ca variability in terms of temperature change. Evans et al. (2013)
explored the impact of smoothing on reconstructed seasonality in detail, 

and ultimately concluded that a 40-point running mean represented the 
optimum trade-off between removing fine-scale heterogeneity and 
avoiding dampening of the longer-term temperature-driven information 
recorded in the Mg/Ca profiles. We revisit that analysis here in light of 
the multiple modern H. depressa marginal cord profiles we report, which 
we can compare to the in situ monitoring data from the same site. This 
information now allows us to empirically calibrate the degree to which 
Mg/Ca data like these should be smoothed before interpretation in terms 
of intra/inter-annual temperature variability. Specifically, we incre
mentally varied the smoothing parameter utilised within a smoothing 
spline fit to all marginal cord profiles (in Matlab: fit(x,y,’smooth
ingspline’,’SmoothingParam’,smoothingFactor), where smooth
ingFactor is the empirically determined smoothing factor required to 
match the reconstructed and observed intra-annual temperature vari
ability), and then calculated the reconstructed temperature range that 
would result from the smoothed data (Fig. 5), by collating all of the 
smoothing spline fits to the individual profiles and basing the range on 
the 16th and 84th percentiles (as in the modern sample calibration 
dataset, code available via Zenodo link in the Data Availability State
ment). The smoothing parameter that resulted in a reconstructed sea
sonal temperature range that matches the in situ logger data (0.98) was 
then used in a smoothing spline fit to all fossil datasets. Applying a 
smoothing factor in this way assumes a broadly similar chamber addi
tion rate between recent and fossil specimens, which we argue to be the 
case (Section 4.3). We note that while the methodology utilised here is 
quantitatively rooted in a modern dataset with comparative in situ 
temperature, in contrast to the approach of Evans et al. (2013) who 
applied a simple running mean to the marginal cord profiles reported in 
that publication, the resulting degree of smoothing on these samples is 
almost identical. As such, the analysis presented here also serves to in
crease the confidence of the findings of that study.

4.2. Quantitative Nummulites Mg/Ca-derived palaeotemperatures

The Nummulites Mg/Ca values were converted to temperature using 
the Mg/Ca-temperature and seawater-shell Mg/Ca relationships given in 
Evans et al. (2015; Eq. 10). In order to do so, we use an early Oligocene 
seawater Mg/Ca (Mg/Casw) value of 2.45 ± 0.15 mol/mol, which is the 
average of the coral (Gothmann et al., 2015), ridge-flank CaCO3 vein 
(Coggon et al., 2010), and foraminifera (Evans et al., 2018) derived 
estimates for the interval 34–42 Ma. Coupling this information with the 
mean Mg/Ca of all Oligocene specimens reported here (88.5 ± 3.7(1.2) 
mmol/mol; mean ± 2SD(2SE) where the average of each marginal cord 

Fig. 5. Intra/interannual temperature variability smoothing parameter calibration based on 15 marginal cord profiles of H. depressa from the Spermonde Archi
pelago, compared to the known degree of variability. (A) Example marginal cord profile with smoothing spline fits, with different smoothing parameters shown as a 
function of colour (see panel B). (B) Reconstructed temperature variability based on all 15 profiles for a given smoothing parameter. The black dashed line shows the 
present day intra/interannual SST variability at the location these samples were collected.
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profile was calculated before deriving the overall mean and statistics) 
yields an early Oligocene temperature of 29.7 ± 3.9 ◦C, with the un
certainty fully propagating the calibration and Mg/Casw uncertainties as 
well as the 2SE variance in the measured mean Mg/Ca values. We do not 
include a correction for a possible differential early Oligocene versus 
modern salinity or seawater carbonate chemistry at this site because, in 
contrast to (some) planktonic and deep benthic foraminifera (e.g. Yu and 
Elderfield, 2008; Hönisch et al., 2013; Gray and Evans, 2019), there is no 
substantial salinity or (e.g.) pH effect on Mg/Ca incorporation into the 
nummulitid foraminifera (Hauzer et al., 2021; Hauzer et al., 2025).

Sea surface temperature records for Tanzania have been previously 
reported based on a variety of geochemical proxies. Specifically, the TDP 
11,12, and 17 cores have yielded SST reconstructed using both stable 
isotopes (δ18O), planktonic foraminifera Mg/Ca, and at lower resolution 
with TEX86 (Lear et al., 2008; Pearson et al., 2008; Wade and Pearson, 
2008). During the early Oligocene, when the Nummulites in this study 
were living, reported SST temperature values from δ18O were approxi
mately 31 ◦C, within uncertainty of the Mg/Ca and TEX86 estimates of 
~29 ◦C (all three proxies are associated with uncertainties on the order 
of several ◦C). Our Nummulites-derived estimate of temperature repre
sents near-surface conditions. While these are benthic foraminifera, 
modern nummulitids harbour photosymbionts and are not found beyond 
the base of the photic zone (Beavington-Penney and Racey, 2004), with 
typical peak abundance at <40 m (Renema, 2003) and the modern 
nearest living relative Operculina ammonoides found, for example, at 20 
m in the northernmost Red Sea (Oron et al., 2018). This, coupled with 
the fact that mixed layer-dwelling planktonic foraminifera generally 
considered to be archives for surface conditions live at a similar depth 
(Schiebel and Hemleben, 2005), means that we consider the estimates 
presented here to approximate sea surface temperatures. Thus, SST 
based on exceptionally well-preserved Nummulites, suggests that, despite 
substantial cooling at this site across the EOT (Lear et al., 2008), (sub) 
tropical SST in the earliest Oligocene were substantially warmer than 
modern which is ~27 ◦C in this location (WOA 2018; although we note 
the northwards drift of Tanzania since the EOT). That this estimate is 
derived from an entirely different group of foraminifera, with a different 
shell mineralogy, compared to existing temperature records, increases 
the confidence in the SST estimates of the early Oligocene of Tanzania 
more broadly. We also note that this estimate is in good agreement with 
the global tropical data compilation of O’Brien et al. (2020) which 
yielded ~28 ◦C for this time interval, and the fact that, despite the 
transition into the icehouse world of the Oligocene, estimated atmo
spheric CO2 was 2–3 times higher than pre-industrial (Pearson et al., 
2009; Rae et al., 2021; CenCO2PIP, 2023)

4.3. Early Oligocene inter and intra-annual temperature variability

Comparison of the number of chambers in the analysed specimens to 
the chamber growth rate of closely related extant nummulitids (e.g. 
Operculina and Heterostegina, see above), indicates the Nummulites would 
have had a lifespan of around 10 to 30 weeks (~ 2–7 months) depending 
on the individual specimen. This is broadly consistent with the inter
pretation of the marginal cord Mg/Ca variability in terms of both 
weather events and longer-term intra-annual variability, and potentially 
explains why we observe a seasonal cycle in at least one specimen, and 
shorter-term heterogeneity in the majority of the rest (as in our modern 
sample set). We stress that this conversion is associated with consider
able uncertainty (e.g. growth is nonlinear in many organisms, this is 
based on comparison to a different nearest living relative), such that this 
is only intended as an approximate assessment of the likely period of 
time represented in these marginal cord profiles. We also note that the 
structure of the marginal cord in these nummulitid foraminifera is 
complex, which means that a degree of time averaging is inherently 
present in any chemical analysis of these foraminifera. We avoid this 
issue by empirically calibrating the relationship between environmental 
variability and Mg/Ca heterogeneity (Section 4.1) but also note that this 

must be a minor source of complication in the interpretation of marginal 
cord Mg/Ca profiles, given that the slope of the Mg/Ca-temperature 
relationship derived from individual sub-sampled foraminifera from a 
location with in situ temperature data (coupled with the above growth 
rate calculation) is indistinguishable from that based on multiple whole 
specimens grown at different temperatures (Evans et al., 2013). This can 
only be the case if there is no substantial biomineralisation-related time 
averaging in the marginal cord on a length scale greater than that of a 
single whorl.

The fossil Nummulites specimens are characterised by fine-scale Mg/ 
Ca variability that is similar in length scale and magnitude to modern 
Heterostegina (Figs. 3, 4) and Operculina (Evans et al., 2013). As dis
cussed in the previous paragraph much of this small-scale variability 
(across distances of <100 μm) cannot represent environmental change 
and therefore must be due to internal physiological processes or those 
related to the effect of the biomineralisation process on the structure and 
composition of the test. However, like the modern samples presented 
here, all fossil Nummulites display Mg/Ca variability larger than that 
which can be explained by this phenomenon alone. We therefore explain 
these larger fluctuations as the response of shell chemistry to changes in 
the temperature of the seawater in which these foraminifera grew. These 
may be intra-annual and related to daily-monthly scale changes in 
shallow marine temperatures driven by wind, irradiance, and local 
currents, as is clearly visible in the in situ temperature logger data of a 
modern reef (Fig. 2) as well as in observational records from the 
Mozambique channel (Limbu and Kyewalyanga, 2015). However, in at 
least four of the Nummulites specimens there is a larger increase from 
values of around 70 mmol/mol to around 80 mmol/mol, equivalent to 
±3 ◦C, after which Mg/Ca remains at this level until the end of the 
marginal cord (Fig. 4). We interpret this sustained temperature increase 
as a possible seasonal change in temperature. The estimate of 2–7 
months lifespan, although not a full year, means that it is possible that 
the larger Mg/Ca shifts seen in specimens with the longer records may 
show part of a seasonal shift. As such, intra-annual but also possible 
seasonal SST variability are recorded in these samples. If seasonal, this 
contrasts to modern locations in the tropics, in which clear seasonal 
periodicity in temperature is absent (e.g. Fig. 2). This either suggests 
that the local/regional hydrodynamics of the region were such that 
seasonal changes in currents or upwelling were large enough off of the 
coast of Tanzania to result in substantial systematic differences in SST in 
different seasons (as opposed to the more transient events typical of the 
modern tropics) or that the study site has a palaeolatitude (18.4◦S) 
sufficiently far south that regular seasonal changes in SST are present. In 
addition, we note that all four of the Oligocene specimens that show 
evidence of potential longer-term (seasonal) temperature changes in 
their marginal cord Mg/Ca profiles are characterised by a pattern of Mg/ 
Ca increase from the ontogenetically younger to older parts of the shell. 
This suggests that all four specimens began growth under colder tem
peratures, and possibly that reproduction was aligned with, or influ
enced by, long-term temperature changes.

Using the calibrated relationship between the smoothing factor 
applied to the Mg/Ca profiles in order to remove biomineralisation/ 
physiology-derived ‘noise’ and SST variability (Fig. 5), we reconstruct 
a total variability of ±2.3–3.0 ◦C during the earliest Oligocene in 
Tanzania. This uncertainty in the reconstructed SST variability is 
derived from the fact that foraminifera grown under identical conditions 
are typically characterised by mean shell Mg/Ca that vary on the order 
of a few to a few 10s percent (e.g. Sadekov et al., 2008; Evans et al., 
2015). The fossil specimens presented here probably individually date to 
an interval spanning at least several centuries, yet we have no constraint 
regarding this and therefore cannot determine the degree to which the 
difference in mean shell Mg/Ca represents a difference in mean annual 
temperature between years compared to geochemical heterogeneity that 
would be present even if they all grew at the same temperature. To 
account for this, the above range of ±2.3–3.0 ◦C gives an estimate both 
with and without the inter-specimen differences in Mg/Ca subtracted 
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out prior to the conversion of the overall dataset into SST heterogeneity 
(see Fig. 6C and D). The lower limit almost certainly underestimates the 
total range of intra plus inter-annual variability, as some of the differ
ence in mean Mg/Ca between specimens will derive from inter-annual 
SST change. Conversely, the upper limit is almost certainly an over
estimate because some of the pooled Mg/Ca variability will relate to 
inter-individual differences in Mg incorporation rather than environ
mental change. We cannot constrain where, within this range, the true 
value is most likely to lie, but note that the relatively small difference 
between these two endmember scenarios means that this is not a major 
complication in the use of nummulitid foraminiferal Mg/Ca datasets for 
the purposes of seasonality reconstruction.

Our reconstructed total degree of inter/intra-annual variability of 
±2.3–3.0 ◦C is similar to that of the modern ocean in this region. For 
example, Muzuka et al. (2010) measured a daily variation of just under 
0.5 ◦C and an overall increase of 1.5 ◦C across the month of September in 
Zanzibar’s Chumbe and Bawe coral reefs. On the modern day Zanzibar 
coast, Limbu and Kyewalyanga (2015) measured a total seasonal 
(intrannual) variability of ±2.4 ◦C, while SST near the Tanzania coast is 
more broadly characterised by a ~ 4 ◦C seasonal range according to the 
World Ocean Atlas (Locarnini et al., 2024). In the context of these 
modern intra-annual temperature ranges, we find no resolvable differ
ence between the modern and early Oligocene degree of SST variability 
in this region, despite the early Oligocene being characterised by an 
atmospheric CO2 concentration ~ 2–3 times higher than pre-industrial 
(Pearson et al., 2009; Rae et al., 2021; CenCO2PIP, 2023).

Only a small number of studies reconstructing seasonal or intra- 
annual temperature variation have been carried out on Nummulites, 
and to our knowledge, we report the first Oligocene data derived from 
this archive. In the Eocene, Purton and Brasier (1999) used a microdrill 
to subsample a 1 cm diameter Nummulites specimen from the Lutetian of 
northwest Europe (Hampshire Basin, UK), with data collected at 5–10 
chamber intervals interpreted to represent six seasonal cycles within the 
lifespan of the foraminifera. The analysis of Purton and Brasier (1999)
showed heterogeneity in δ18O of more than 2.5 ‰ in the early whorls of 
the Nummulites, which would equate to an approximately 10 ◦C seasonal 
change if interpreted purely in terms of temperature. This pioneering 
study demonstrated the potential of Nummulites for seasonality recon
struction and showed that they do record temperature variations on an 
intra-annual scale, however, it is now clear that these large amplitude 
changes typical of coastal settings likely reflect, at least in part, the 
seasonal influence of freshwater (e.g. Ivany et al., 2004a; Keating-Bitonti 
et al., 2011). Indeed, Kniest et al. (2024), applying clumped isotope 
analysis to molluscs samples from a broadly similar regions and time 
interval (working in the Paris Basin) demonstrated that around 1 ‰ 
(~4 ◦C) of this oxygen isotope variability could be attributed to fresh
water flux. The similarities in environment between the shallow water, 
near coastal palaeoenvironments of the Bracklesham beds of southern 
UK and the Bartonian of the Paris Basin in France, mean that freshwater 
influence cannot be ruled out as an influence in the Bracklesham Num
mulites and highlight the difficulty in interpreting δ18O data alone (e.g. 
Judd et al., 2018). In contrast to the above studies, and using the same 
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Fig. 6. Mg/Ca converted to relative temperature change for all specimens, both without (A) and with (B) normalisation of each specimen to its mean Mg/Ca value. 
(C,D) Probability distributions for data from all samples combined, both without and with normalisation of each specimen to its mean value. The 16th and 84th 
percentiles (blue lines) show the reconstructed degree of SST variability in both cases, based on the calibration of the required smoothing factor in order to accurately 
reconstruct modern variability using live-collected specimens shown in Fig. 5 (note that we use these percentiles as the calibration was also performed using the 1SD 
variance in the data). The total degree of variability (panel C) gives an upper estimate of the combined inter and intra-annual SST variability (see text for details), 
whereas the variability calculated relative to the mean on a sample by sample basis gives an estimate of the intra-annual variability only. The modern intra-annual 
variability in a tropical setting is shown for comparison in panel D, based on the in situ logger data shown in Fig. 2. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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methodology as reported here, Evans et al. (2013) applied LA-ICPMS 
analysis of the marginal cord Mg/Ca of Nummulites from the middle 
Eocene of Java. These mid-Eocene (39 Ma) equatorial specimens lived in 
a region with a higher MAT (Evans et al., 2018) and were characterised 
by a greater degree of intra-annual temperature change (5–6 ◦C) than 
both the Oligocene specimens reported here and the modern degree of 
inter/intra-annual variability in the tropics (e.g. Fig. 2). These higher- 
than-modern seasonality values are broadly in line with those derived 
from mollusc δ18O from the mid-Eocene of Panama (Tripati and Zachos, 
2002), while, in contrast, a similar degree of modern/Eocene seasonality 
has been reported from the west coast of Africa (southern Nigeria; 
Andreasson and Schmitz, 1998), and a lower than modern seasonality on 
the early Eocene US Gulf Coast (Ivany et al., 2004a). Overall, these 
sparse seasonality reconstructions point to a complex picture of Eocene 
versus modern inter-annual SST variability and, coupled with the overall 
sparsity of data, means that the relationship between global warmth and 
SST variability is not well constrained. Several studies, including two 
conducted in the tropics indicate a substantially increased seasonal 
temperature range, while other regions were seemingly characterised by 
a mixed response to CO2 and/or palaeogeographic forcing.

While little is known about Eocene intra-annual temperature varia
tion, even less work has been conducted in the Oligocene. Indeed, 
Oligocene climate more broadly has also been studied to a far lower 
degree, while existing studies have shown important discrepancies be
tween Oligocene climate models and proxy records as well as un
certainties about the potential root cause(s) (O’Brien et al., 2020). Intra- 
annually -resolved records have focused almost exclusively on the 
Eocene-Oligocene transition (EOT), which therefore do include records 
from the earliest Oligocene which are broadly contemporaneous with 
our record Tanzanian Nummulites records. Specifically, oxygen isotope 
records derived from otoliths from the US Gulf Coast showed an increase 
in seasonality across the EOT driven by differential winter versus sum
mer cooling, specifically, with winter SST in this region becoming ~4 ◦C 
cooler than in the Eocene (Ivany et al., 2000), a finding which is 
concordant with an assemblage-based approach in the northern high 
latitude (Eldrett et al., 2009), while a possible small seasonality increase 
was reported in central North America (Zanazzi et al., 2007). The well- 
preserved samples in our dataset are limited to the earliest Oligocene 
such that we cannot assess Tanzanian seasonality change across the 
Eocene-Oligocene transition. However, our results are in-line with those 
of Ivany et al. (2000, 2004b) which reconstruct similar early Oligocene 
compared to modern seasonal temperature ranges. We also note that the 
fact that we record no resolvable difference at our site between today 
and the earliest Oligocene means that if seasonality also increased in this 
region across the EOT, then it would add to the complex picture of the 
response of SST variability to both CO2 and non-CO2 forcing, with this, 
together with the evidence listed above, painting a picture of a strong 
regional dependence on the difference in seasonality between today and 
past intervals with higher CO2 (also see de Winter et al., 2024).

5. Conclusion

Seasonal and intra-annual changes in temperature are a key climate 
parameter, controlling, for example, the growth, survival, and distri
bution of species globally, yet the relationship between seasonality and 
global and regional climate change is poorly known. The data presented 
here add to the sparse amount of intra-annually-resolved temperature 
information available from the Oligocene greenhouse-icehouse transi
tional interval, based on the spatially-resolved measurement of Mg/Ca 
along the growth axis of the long-lived large benthic foraminifera genus 
Nummulites.

To present the most accurate estimates of intra-annual variation to- 
date using this approach, we calibrated the relationship between 
intra/inter-test variability and intra-annual surface ocean temperature 
variability using a very closely related foraminifera collected in a 
modern tropical setting for which high-resolution in situ temperature 

logger data is also available. This is necessary because Mg incorporation 
in foraminifera is controlled by both environmental and biological fac
tors, which we were able to fully disentangle. Specifically, we quanti
tatively determined the degree to which the observed fine-scale (sub- 
mm) Mg/Ca heterogeneity that is observed in this family of foraminifera 
must be removed, which nonetheless leaves a high degree of small scale 
fluctuation in Mg/Ca values through test growth which must reflect 
temperature changes in the organisms’ environment.

Applying this knowledge to fossil Nummulites from the latest Eocene 
and earliest Oligocene of Tanzania provides a method of reconstructing 
intra-annual variation at the onset of the Oligocene icehouse that cannot 
be biased by seasonal changes in seawater chemistry (i.e. δ18Osw) in 
nearshore environments. Nine Oligocene specimens were characterised 
by excellent preservation and the Mg/Ca records from these displayed 
heterogeneity indicative of both seasonal and shorter-scale near-surface 
ocean temperature changes. However, despite excellent preservation in 
other microfossil groups (e.g. Pearson et al., 2008) the majority of the 
Eocene specimens showed likely diagenetic alteration such that we were 
unable to determine late Eocene variability using this approach.

Quantitatively, our results constrain a greater-than-modern average 
temperature of 29.7 ± 3.9 ◦C in this region in good agreement with 
previous SST reconstructions for Tanzania, as well as broader global 
temperature reconstructions (O’Brien et al., 2020). Moreover, we 
constrain minimum intra-annual variability of ±2.3 ◦C and a maximum 
intra plus inter-annual variability of ±3.0 ◦C. This is similar to the 
present day variability, indicating no relationship between CO2 and 
seasonality in this region, given that the icehouse conditions of the early 
Oligocene were nonetheless characterised by CO2 2–3 times higher than 
pre-industrial, or highlighting that any CO2 effect was masked by other 
factors such as palaeogeographic or circulation forcings. However, we 
stress that further work will be required to determine whether this is a 
consistent feature of the region through time, with insufficient data 
currently available to disentangle (e.g.) the complex interaction be
tween seasonality, atmospheric CO2, and the northwards drift of the 
African continent through time.

Previous seasonality reconstructions that are approximately coeval 
with that reported here based on corals and otoliths from the US Gulf 
region (Ivany et al., 2000, 2004b) are similarly characterised by a 
similar degree of seasonality to today, while a broader modern versus 
Oligocene comparison with mid and high latitude estimates is more 
complex given (e.g.) palaeogeographic changes. Moreover, the 
extremely small number of estimates globally means that any broader 
inference would be premature, although we note that there is currently 
no evidence for a strongly differential Oligocene versus modern sea
sonality. If this was indeed the case, it indicates that the atmospheric 
CO2 concentration required to drive global changes in coastal season
ality is greater than that of the early Oligocene (~2–3 times pre- 
industrial). However, many more records across different geographic 
areas are needed to confirm whether this holds true.

Determining intra-annual variation from the geochemistry of or
ganisms with incremental growth is time consuming, and exceptionally 
well-preserved archives are relatively rare. Here, we have shown that 
larger foraminifera are a potential, yet largely untapped resource that 
can contribute to intra-annual temperature reconstructions, and 
improve our understanding of palaeoclimate dynamics, particularly 
within the Oligocene. That these reconstructions can be based on trace 
element rather than stable isotope composition offers the advantage of 
avoiding the bias associated with temporal changes in freshwater flux in 
proximal locations without the need for sample and labour intensive 
analyses such as clumped isotope analysis.
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produce all data figures is available in the following Zenodo repository: 
10.5281/zenodo.17384982.
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