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Rhodoliths can act as daily resolution
paleotemperature archives in the Red Sea
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Long-term, high-frequency temperature records are critical for evaluating the vulnerability of marine
ecosystems to ongoing ocean warming. Commonly used paleoceanographic archives, such as corals
and bivalves, face regional and ecological constraints. Rhodoliths, free-living coralline red algal
nodules, are established and globally accessible alternatives, yet their complex three-dimensional
growth structures hinder the construction of continuous age models. Here we present a workflow
combining staining-based growth calibration, semi-automated increment detection using micro-
computed tomography, and dynamic time warping to assemble a daily chronology spanning 133 days
(March—-duly) from seven fruticose thalli of a single rhodolith from the central Red Sea. The resulting
multi-thallus chronology, combined with a multi-element temperature proxy (Magnesium-to-
Strontium), yields closer agreement with in-situ logger temperatures (R2 = 0.91, RMSE = 0.63 °C) than
individual thalli or single-element proxies, establishing a proof-of-concept framework for daily-
resolved paleotemperature reconstructions from tropical rhodoliths.

Foundation species such as scleractinian corals and coralline algae construct
the physical framework of tropical coral reef ecosystems. These reef struc-
tures support approximately 25% of marine biodiversity and generate tens
of billions of dollars in annual economic value'”. However, coral reefs are
increasingly threatened by rising ocean temperatures’, which drive wide-
spread habitat loss and functional decline’. Assessing reef vulnerability and
informing conservation strategies requires an understanding of baseline
historical temperature variability at ecologically relevant spatiotemporal
scales. Furthermore, while satellite-derived sea surface temperatures (SST's)
provide valuable monthly to daily records, they do not capture the fine-scale
temperature fluctuations experienced within coral reefs’. This is a critical
limitation, as high-frequency temperature variability is a key predictor of
organismal stress tolerances and coral bleaching risk’.

Past environmental variability in reef environments is often recon-
structed using the skeletons of corals’, bivalves*'’, and foraminifers'""".
These biogenic carbonates archive physical, structural, and geochemical
information that reflects ambient conditions during growth"”. However,
most of the established archives and proxies have limitations. The biogeo-
graphic distributions of many species used as archives for the reconstruction
of the environment and climate, such as corals and bivalves, are shaped by
their environmental tolerances. As ocean conditions change, these suitable

habitats are projected to contract, potentially restricting populations to
climate refugia and reducing the spatial coverage of available environmental
archives'"”. Ontogenetic changes, such as shifts in growth rate or the
amount of elements incorporated into their skeletons with age, can further
complicate chronological reconstruction and geochemical interpretation'’.
In contrast, coralline algae are globally distributed across photic and
mesophotic zones'”™ with minimal ontogenetic effects’. Certain species
can live for centuries and form seasonal growth bands, offering the potential
for high-resolution, long-term environmental reconstructions™.

While coralline algae have been gaining traction as environmental and
climatic archives since the early 2000s™, most proxy work with coralline
algae has focused on polar and temperate oceans” >, with relatively few
studies addressing their utility in tropical and subtropical systems™".
Though coralline algae are also vulnerable to local and global environmental
change”, they are likely to become even more ecologically important as coral
reefs change®, due to their ability to withstand light variability, suppress
competing fleshy macroalgae and build and bind reef-frameworks, poten-
tially buffering some of the loss in key ecosystem functions associated with
coral declines™”.

However, most encrusting coralline algal species grow laterally rather
than vertically, making it difficult to distinguish boundaries between
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Fig. 1 | Rhodolith sample and study site. a Rhodolith, with the left half showing

overview microCT scan (voxel size = 80 um), and the right half showing the whole,
air-dried sample. b Map showing location of the Red Sea in a global context (Esri,
Maxar, Earthstar Geographics and the GIS User Community). ¢ Inset showing the

30°E 32°E 34°E

36°E 38°E 40°E 42°E 44°E

summer sea surface temperature (°C) of the Red Sea (NOAA 1/4° Daily Optimum
Interpolation SST). Yellow star indicates sampling locality; logo indicates King
Abdullah University of Science and Technology (KAUST).

individuals, which reduces the interpretability of their growth histories. The
encrusting forms that do produce the continuous, layered growth that tends
to yield higher proxy correlations™ are largely limited to high-latitude
regions”. Free-living coralline algae can grow as discrete nodules, termed
rhodoliths (or maerl), and are globally distributed across wide depth, tem-
perature, and salinity gradients™. Despite this, rhodoliths have been rela-
tively overlooked and underutilized as high-resolution archives because of
their complex three-dimensional morphology, variable banding periodicity,
and fragmented growth histories™.

The Red Sea is a valuable system for studying thermal resilience in coral
reefs”. This semi-enclosed basin is oligotrophic and hypersaline, with high
evaporation and intense solar irradiation®. Shallow reef flats in the Red Sea
experience seasonal temperature ranges of 18 to ~38 °C, and rare events
have produced fluctuations greater than 10 °C in a single day*'. Central and
southern Red Sea reef flats frequently reach summer temperatures that
match or exceed those projected for many tropical reefs under future high-
emissions scenarios®. Despite these extremes, the Red Sea hosts the world’s
second-longest coral reef system, spanning over 2000 km and supporting
high endemism.

To address these obstacles, this study sets three objectives: (1) develop a
reproducible microcomputed tomography (microCT)-based method for
non-distorted semi-automated increment width detection; (2) calibrate
physical and geochemical periodicity via vital staining and increment-
resolved geochemical sampling; and (3) apply dynamic time warping
(DTW) for chronological alignment of fragmented branch records. Applied
to a single specimen (Lithophyllum sp.), this workflow yields the first
composite sub-weekly to daily-resolved temperature reconstruction from a
rhodolith and presents a multi-element temperature proxy for the Red
Sea (Fig. 1).

Results

Rhodolith growth characterization and chronology

Linear extension was characterized in 21 fruticose thalli” (hereafter
“branches” for brevity) of a free-living Lithophyllum sp. rhodolith (sample

“AFE5”). It is important to note that the sampled branches occur on the
outer living surface of the rhodolith. The rhodolith (n = 1) was stained with
alizarin red prior to a four-month in-situ deployment on Al Fahal reef, a
central Red Sea reef flat (13 March-23 July 2024; Fig. 1, Section “Sample
selection, staining protocol, and identification”), providing a clear chron-
ological marker for new skeletal accretion in each branch. Branches (n = 21)
were deliberately sampled from all sides of the rhodolith, spanning multiple
growth axes in different orientations, to capture changes in outer surface
growth as the nodule rolls and reorients on the reef flat.

Growth among the 21 branches was highly heterogeneous, with linear
extension ranging from 0.229 to 2.688 mm over the deployment interval
(meant: 1.42 + .66 mm; Supplementary Table 1), encompassing more than
a tenfold difference across branches from a single rhodolith. Growth rates
measured here (mean + SD: 10.77 + 5.08/day; Supplementary Table 1) rank
among the highest reported for rhodoliths in-situ**. Seven branches with
the clearest stain lines and increments (defined in Section “MicroCT
scanning, image and signal processing”) were chosen for subsequent geo-
chemical analysis. MicroCT imaging at 9-10 voxel size, selected as an
optimal balance between spatial resolution, scanning time, and whole-
branch coverage, enabled the consistent identification of growth increments
(Section “MicroCT scanning, image and signal processing”). This was
informed by preliminary scans at higher (4.5) and lower (35) resolutions
(Fig. 2b, €), which demonstrated key tradeoffs between band order™, noise,
and volume of sample imaged. Manually measured increment width is
highly variable and likely to be incomparable between two different
observers as most increments do not have perfectly clear demarcations
(Section “MicroCT scanning, image and signal processing”). Increment
width was derived from density transects (Section “MicroCT scanning,
image and signal processing”; Supplementary Fig. 2).

Single-branch proxy calibration

To characterize the thallus structure prior to destructive sampling, whole
rhodoliths were first scanned by microCT to capture the three-dimensional
morphology and internal density banding (Figs. 1a and 2). The best sample
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Fig. 2 | Multi-scale imaging characterization of rhodolith microstructure, growth
banding, and seasonal cell variation. a Cored sample with high-resolution scan
vision of interest (VOI) highlighted in blue. b Magnified portion of a showing 4.5 um
microCT scan, with lighter colors indicating higher density areas. Highest-density
particles depicted in dark blue. Buried conceptacle visible in cross-section outlined in
pink (see Section “Sample selection, staining protocol and identification”). ¢ Scan-
ning electron microscope (SEM) image taken using an Everhart-Thornley detector
(ETD) at 20 kV and 0.13 nA with a working distance (WD) of 15 mm at 200x
magnification showing seasonal variation in cell chambers. Longer, elongated cells

are shown with the red arrow and shorter, denser cells are shown with the blue arrow.
Buried conceptacle visible in cross-section outlined in pink. d MicroCT image (voxel
size = 35 um) in greyscale. Lighter colors correspond to higher density areas, and
vice versa. White line (2.2 cm) showing path of curved slice, running perpendicular
to growth axis. e Magnified portion of D showing banding (black), with lower density
banding (red)and higher density banding (blue). f Light microscope image of sample
(AFES5-2) stained with alizarin red. Between staining in spring (13 March 2024) and
sample recovery in summer (23 July 2024), specimen grew ca. 2 mm.

was selected for further analyses (AFE5) on the basis of completeness and
preservation. To address the potential heterogeneity of rhodolith growth,
seven individual fruticose branches distributed across all axes of the rho-
dolith were subsampled (Fig. 3). For the purposes of this study, analysis was
strictly limited to the linear extension of the living thallus tips accumulated
during the 4-month post-staining experimental period, rather than the
entire internal growth history. After scanning, branches were sectioned for
increment-resolved geochemical analyses via laser ablation—inductively
coupled plasma—mass spectrometry (LA-ICP-MS; see Section “Geo-
chemical analyses”) and density profiles via microCT scans (see Section
“MicroCT scanning, image and signal processings”) along the growth axes

(Supplementary Fig. 1b and Fig. 3d). All single branch statistics (univariate/
multivariate ordinary least squares (OLS) regressions and Monte Carlo
uncertainty analysis across 17 molar element/Ca data; see Section “Geo-
chemical analyses”) were performed using AFE5-1 (growth ca. 1.8 mm).
Across the single-branch calibration (AFE5-1), only U/Ca and Ba/Ca
show significant relationships with mean skeletal density, with both ratios
higher in denser material (U/Ca: r = 0.45, p = 0.00; Ba/Ca: r = 0.37, p = 0.02).
The correlation matrix further reveals a strong Li-alkali-Ba-Sr cluster (Li/
Ca, Na/Ca, K/Ca, Sr/Ca, Ba/Ca) and a broader association of Fe/Ca, rare
earth element ratios (La/Ca, Ce/Ca) and Pb/Ca with Sr/Ca and Ba/Ca,
suggesting shared lattice-substitution or growth-related controls rather than
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Fig. 3 | Single-branch proxy calibration against in-situ temperature. a Heatmap
showing Pearson correlation coefficients (r) for 17 element/Ca data series from a
single Lithophyllum sp. branch (AFE5-1) against daily in-situ temperature (left
column) and satellite SST (right column) over the 133-day study period. Colors
indicate correlation strength (red = positive, blue = negative), with p-values in par-
entheses. b-d Linear regression plots for the three primary temperature proxies

In-situ Temp (°C)

against in-situ temperature: b Mg/Sr shows the strongest positive relationship
(r=10.69, p <0.001), c Mg/Ca exhibits a weak, non-significant positive correlation
(r=0.18, p = 0.26), and d Sr/Ca displays a significant negative correlation (r = —0.58,
P <0.001). Shaded areas represent 95% confidence intervals for the regression lines.
All geochemical data are from a single LA-ICP-MS transect on branch AFE5-1,
aligned to the ARS anchor.

independent environmental forcing. Sr/Ca shows a significant negative
correlation with temperature (r = —0.58, p < 0.001). While biogenic calcite
typically exhibits a positive Sr/Ca-temperature relationship, negative rela-
tionships have been observed in inorganic calcite precipitation and may
arise in biogenic systems where growth rate or calcification kinetics exert a
dominant control on Sr incorporation. Derived extension rates (Section
“Single-branch calibration and alignment with environmental data”,

Supplementary Note 1) correlate significantly with four ratios: Mg/Ca and
B/Ca increase with growth rate (Mg/Ca: r=0.40, p =0.01; B/Ca: r=0.39,
p =0.01), whereas Ba/Ca and U/Ca decrease (Ba/Ca: r = —0.38, p = 0.02; U/
Ca: r=—0.46, p =0.00), consistent with denser, slower-growing branches
having elevated U/Ca and Ba/Ca. Several trace metals, including Al/Ca, are
weakly or negatively correlated with most parameters and often close to
detection limits, so these relationships should be interpreted cautiously.
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Table 1 | Comparison of mean Pearson’s correlation
coefficients (r) and significance (p) for trace element ratios
normalized to Calcium (Ca) versus Magnesium (Mg) against
in-situ temperature (T,s)

Element Mean Ca-normalizedr(p) Mean Mg-normalizedr(p) Ar

Li —0.34 (0.21) —0.58 (0.04) —0.21
Na —0.24 (0.38) —0.46 (0.12) -0.22
Sr —0.40(0.70) —0.58 (0.07) -0.18
K —0.27 (0.10) —0.39(0.15) -0.12
Ba —0.39(0.17) —0.43(0.217) —0.04
B +0.15 (0.40) —0.03 (0.41) -0.18

Values represent the arithmetic mean across all analyzed Lithophyllum sp. branches (n=7).

Multi-element normalization improves temperature proxy
performance

In-situ temperatures were recorded to enable the comparison between
element ratios and thermal variability using Hobo Pendant UA-64-001
loggers placed 1-2 m away from the cage site. The sensors, shaded beneath
PVC covers to minimize solar heating effects”, have an accuracy of +0.54 °C
and were calibrated against SBE-56 loggers. To evaluate the relationships
between temperature and all measured elements, all possible cation-to-Ca
ratios were systematically compared for their mathematical correlations
with Ty (Supplementary Fig. 3). This method identifies proxy combinations
with the strongest correlations and most statistically significant associations
with Tig (Table 1). Pairwise Pearson correlations among cation-to-Ca ratios
were calculated to assess covariance. Most elements co-varied positively,
consistent with the expectation of shared geochemical controls (Sr-Mg:
Pearson’s r = 0.42). Correlations with ambient temperature are significantly
improved by normalizing other element ratios by Mg/Ca, particularly Ba/
Mg and Na/Mg, relative to traditional Ca-normalized proxies (Table 1).
Normalizing element ratios to Mg consistently strengthened the correlation
with temperature compared to traditional Ca-normalization, particularly
for Sr, Li, and Na, suggesting that Mg is systematically involved in geo-
chemical and/or biological processes.

In Mg/Sr-aligned regressions of all element/Ca ratios against in-situ
temperature, several ratios (notably Sr/Ca, Ba/Ca, B/Ca, K/Ca, Li/Ca, and U/
Ca) repeatedly explained a substantial fraction of temperature variance
within individual branches (R* up to ~0.70), whereas other trace metals and
rare earth element ratios showed weaker and less consistent relationships
(Supplementary Table 2). These cross-branch patterns confirm that the
strongest temperature sensitivity is concentrated in a limited subset of ele-
ments and further motivate the use of multi-element combinations rather
than any single ratio alone.

Improving temperature reconstructions by aligning fruticose
thalli growth records

To address the challenge of aligning incomplete and asynchronous geo-
chemical records from multiple rhodolith branches, DTW was applied to
the Mg/Sr time-series**. DTW aligns time-series flexibly by locally stretching
or compressing sequences so that similar patterns can be compared (Fig. 4),
even when sampling intervals vary®. A Sakoe-Chiba window constraint was
implemented, limiting the warping path to +30 days to prevent excessive or
biologically unrealistic temporal distortions. Comparative analysis against
unconstrained DTW demonstrated minimal differences in alignment cost
and warping behavior across branches, indicating the constraint effectively
regularizes alignment without impairing fit quality.

Fidelity analyses integrating Signal-to-Noise Ratio (SNR) and ampli-
tude scaling revealed Mg/Sr more precisely isolates the temperature signal
(SNR =8.09) compared to Sr/Ca (SNR =4.62). However, Sr/Ca exhibited
larger relative amplitude changes (slope ratio 0.25) versus Mg/Sr’s narrower
range (0.0011). This reflects a tradeoff where Mg/Sr tracks fine-scale fluc-
tuations tightly with reduced noise, whereas Sr/Ca captures broader varia-
tions accompanied by higher noise. Residual distributions further confirm

Mg/Sr’s reduced unexplained variance relative to Sr/Ca (Section “Align-
ment of rhodolith branche”).

For the microCT-imaged branch AFE5-1, semi-automated increment
trajectories increased the Mg/Sr-temperature fit from 41% explained var-
iance under a linear time model to 49%, indicating that microCT-derived
increment widths reduce chronological uncertainty for this branch. In
contrast, branch AFE5-4 showed the strongest Mg/Sr—temperature rela-
tionship overall (R>=0.61) using a simple linear time axis, outperforming
AFE5-1 despite the absence of microCT-based increment information.

Discussion

The method proposed in this study allows the assembly of multiple fruticose
thalli for an uninterrupted rhodolith growth record. Rhodoliths are some of
the most prolific and resilient global marine archives™. Historically, they
have been underutilized in paleoclimate research possibly due to their
complex three-dimensional morphologies (Figs. la and 2d), disrupted
growth banding and asynchronous branch extension (Fig. 4). The presented
integrative workflow combines 3D microCT image processing (Fig. 2a, b, d,
¢ Section “MicroCT scanning, image and signal processing”), high-
resolution geochemical time-series (Figs. 3 and 4; Section “Geochemical
analyses”) and DTW alignment (Fig. 4d; Section “Alignment of rhodolith
branche”) to address these obstacles, resulting in the first composite tem-
perature reconstruction from a single rhodolith (Fig. 4) to the best of our
knowledge.

Rhodolith chronologies achieve daily resolution comparable to tropical
corals””' and giant clams™” and offer complementary advantages through
resilience to marine heatwaves and ocean acidification™. As extreme
environmental and climatic events increase in frequency and intensity,
rhodoliths from regions of high thermal variability like the central Red Sea
reef flats are strong contenders as dominant reef calcifiers. The highly
convoluted, three-dimensional branching patterns of rhodoliths make tra-
ditional geological sectioning methods unsuitable for extracting growth and
geochemical time-series (Fig. 2d). Arbitrary planar sectioning rarely aligns
with the true growth axis, resulting in distorted measurements of increment
width and density. Because each growth increment along the growth axis
corresponds to a specific time of skeletal formation, any deviation from the
longest axis introduces systematic error into the temporal framework,
reducing the accuracy of climate reconstructions and comparisons.
MicroCT scanning overcomes this limitation by providing non-destructive,
high-resolution three-dimensional imaging of the entire specimen, allowing
precise identification and extraction of the axis of maximal growth of each
branch®. This ensures that measurements of increment width and density
are accurate and undistorted, which is essential for meaningful interpreta-
tion of banding patterns and geochemical proxies.

Central to this workflow is the use of DTW for aligning asynchronous
proxy records, a method well-suited for growth-variable series but accom-
panied by inherent challenges. Standard alignment approaches in corals,
coralline algae, bivalves, trees, and speleothems often rely on visual or
quantitative band counting, cross-dating, and modest interpolation or
warping within an approximately linear age-distance framework. In con-
trast, fruticose rhodolith branches exhibit three-dimensional, asynchronous
growth with frequent hiatuses and lateral bifurcation (Figs. 2d and 4),
conditions under which simple linear interpolation or classical cross-dating
alone are insufficient to recover a single, undistorted chronology. DTW is
therefore used here as a quantitative extension of these concepts, allowing
local stretching and compression so that geochemical data can be aligned
even when sampling intervals and growth rates differ.

A critical consideration in any alignment-based reconstruction is the
risk of overfitting, where an algorithm might force an artificial match to the
target variable rather than recovering the true chronology. To minimize this
risk, the DTW path was constrained by a Sakoe-Chiba band of 30 days
anchored to the ARS line, preventing biologically implausible temporal
shifts. Permutation tests further demonstrated that randomized data could
not yield similarly high correlations, indicating that the observed fit is driven
by the geochemical signal rather than by algorithmic forcing (Section
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Fig. 4 | Reconstruction of seawater temperature using a multi-branch dynamic
time warping (DTW) approach. a-c Temporal alignment of high-resolution geo-
chemical proxies from seven individual rhodolith branches (colored lines/dots).
Black line represents the composite mean of all DTW aligned branches, with shaded
regions indicating +1 SD. Proxies shown are a Mg/Sr, b Mg/Ca, and ¢ Sr/Ca. The
background grey dashed line and shading represent the daily mean and range of in-
situ logger temperatures, respectively. Right panels show cross-sections of the cor-
responding rhodolith branches with total growth extension indicated (dashed lines).

d Final calibration of the composite proxy data against in-situ temperature. The
reconstructed temperatures (solid lines) derived from the composite Mg/Sr (purple),
Mg/Ca (green), and Sr/Ca (blue) records are plotted against the observed logger
temperature (grey dashed line). Mg/Sr: R* = 0.91, RMSE = 0.63 °C; Sr/Ca: R* = 0.61,
RMSE = 1.3 °C; Mg/Ca: R* =0.51, RMSE = 1.5 °C. e Light microscopy images of
rhodolith branches selected for geochemical sampling. Black dashed line indicates
linear extension over the study interval, spanning from the alizarin red stain front to
the last living tissue.

“Alignment of rhodolith branche”). Most importantly, the final composite
proxy is derived from the arithmetic mean of seven independently aligned
branches, such that any alignment driven primarily by noise would tend to
average out. Instead, the multi-branch integration yields a coherent signal
(R=091) that substantially exceeds even the best single-branch
record (R*=0.61).

To optimize proxy fidelity, all possible element-to-element ratios have
been evaluated. Although trace-element abundances are initially quantified
relative to Ca (as an internal standard), the strongest and most robust
temperature relationship emerged for Mg/Sr (i.e., (Mg/Ca)/(Sr/Ca), so the
Ca term effectively cancels). This specific pairing appears to leverage the
complementary thermodynamic behaviors of the two ions: endothermic
incorporation of Mg” records temperature, though it is obscured by

biological effects (unknown “vital effects”), whereas Sr incorporation is
more kinetically controlled and sensitive to precipitation rate’. By ratioing
the two (Mg/Sr), the thermal signal (Mg) is effectively normalized by the
growth rate signal (Sr). This “temperature-to-growth” normalization
minimizes the high-frequency kinetic noise that typically obscures single-
element records. Empirically, this ratio linearizes the proxy response,
yielding a composite reconstruction with an RMSE (0.63 °C) comparable to
instrumental precision (0.54 °C).

This study demonstrates that multi-branch proxy composites mark-
edly improve temperature reconstruction accuracy. By integrating microCT
imaging, vital-stain calibration, and DTW assembly, we show that multi-
branch proxy composites markedly improve temperature reconstruction
accuracy. Future work extending this approach across multiple specimens
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and regions will unlock the full potential of rhodolith archives for high-
resolution paleoclimate reconstructions. By enabling sub-seasonal to daily
reconstructions from a previously inaccessible global archive, this workflow
expands the paleoclimate toolkit, especially as traditional archives like corals
and mollusks are increasingly threatened. High-resolution, biologically
informed records from resilient taxa are critical for resolving fine-scale
temperature variability”’, which directly affects coral bleaching frequency,
carbonate production, and ecosystem resilience®.

This methodological framework (Section 6) also has potential utility
beyond rhodoliths for archives characterized by inherent discontinuities or
asynchronous growth, such as speleothems or multi-archive datasets
requiring integration of records formed at varying rates and time-scales.
This study thus broadens both the geographic and temporal scope of high-
quality paleotemperature records and enhances the ability to anticipate
tropical reef responses to ongoing and future ocean warming.

Methods

Sample selection, staining protocol, and identification

To calibrate growth periodicity, skeletal density and element incorporation
patterns, rhodoliths were collected from ~1 m water depth by snorkelers
around midday on 6 March 2024 from the exposed side of Al Fahal
(22°17'51.37“N, 038°57'43.90“E) (Fig. 1c), a midshore reef flat within the
Shib Nazar reef system, which contains several reef flats (0.5-1.5 m) within
10 km of each other". Samples were selected based on gross morphology
and excluded if fouled by macroalgae. After collection, samples were
transported in seawater-filled coolers and maintained under ambient con-
ditions in the Coastal Marine Resources Core lab aquaria at King Abdullah
University of Science and Technology (KAUST).

Following a one-week acclimation in outdoor flow-through tanks,
rhodoliths were stained over a 60-h time interval with 85 mg/L alizarin
red”"””. Stained rhodoliths were deployed on 15 March 2024 in two custom-
built plastic mesh cages (mesh size: ~2.5 cm) (Supplementary Fig. 1a). Cages
were designed to allow for water flow and rolling, in the interest of pre-
serving natural growth conditions and were cleaned every 2 to 3 months to
mitigate fouling and preserve ambient light and water exposure. For cali-
bration and to constrain seasonal growth differences, a subset of randomly
selected samples was retrieved after approximately four months (23
July 2024).

For light microscopy, microCT scanning, scanning electron micro-
scopy (SEM), and LA-ICP-MS, samples were air-dried, and branches from
all axes of the rhodolith were broken off with a chisel. Branches were
embedded lengthwise in 1-inch diameter epoxy stubs, polished with 1 um
Al O3 powder, and imaged under a stereomicroscope. Growth was mea-
sured in Image]” by identifying stained bands and quantifying linear
extension from the stained margin (Fig. 4d).

Recent studies demonstrate that site- and species-specific calibrations
are essential for coralline algal proxy development, but cryptic diversity and
morphological plasticity complicate species identifications™*. SEM iden-
tification to Lithophyllum sp. was based on presence of diagnostic buried
uniporate conceptacles, secondary pit connections® (see Fig. 2, pink boxes
in b, ¢, f), and the absence of visibly retained epithallial cells, a diagnostic
feature of Titanoderma sp”. SEM imaging was performed using an
Everhart-Thornley detector (ETD) at 20 KV accelerating voltage, 0.13 nA
beam current, and 10-15 mm working distance to visualize seasonal var-
iation in cell chamber size (200x magnification; Fig. 2¢) and ultrastructural
features (15,000 magnification). Monospecificity within a single individual
was confirmed by microCT, with no evidence of partial die-off or secondary
colonization. Geochemical calibrations were performed on all branches
from a monospecific individual (AFE5; Fig. 2f, 5), and the most con-
tinuously growing branch was selected and applied to the full dataset.

Individual growth periodicity, skeletal density, and incorporation of
major and minor elements into the skeleton were calibrated by recon-
structing the full growth history from 13 March to 23 July 2024, using seven
branches (see Fig. 4d). Whereas the single-individual approach limits the
generalizability of our specific proxy calibrations, it demonstrates

methodological feasibility. Broader population or regional studies would
require species-level identification to account for cryptic diversity and
provide a comprehensive population-level calibration in Lithophylloideae
and coralline algae in general.

MicroCT scanning, image, and signal processing

Rhodolith sample AFE5-1 was microCT scanned whole to generate a 3D
densitometry map for or assessment of internal structure, monospecificity,
and potential diagenetic alteration. A high-resolution microCT scan was
available for a single branch (AFE5-1), from which semi-automated
increment width trajectories were derived and used to construct a physically
informed time axis for the laser transect. Scans were performed at the
University of Barcelona CORELAB using a MultiTom Core system with a
1 mm Al filter, 150 kV, 30 W, 1500 projections, and 12 averages to optimize
scanning time, resolution, and sample coverage.

MicroCT scans were reconstructed into 3D volumes using TESCAN’s
Acquila software® and exported as Avizo™ files. All image analysis was
completed using the Visualization Core Lab facilities at KAUST. Scans were
visualized in ThermoFisher Scientific Avizo™ (RRID:SCR_014431) soft-
ware and thresholded to optimize visibility of the density banding. Using
Avizo™, samples were rendered as volumes, and suitable branches were
selected based on length, clarity of banding, and completeness. To ensure
that the most comprehensive view of the growth history of each sample was
obtained, branches from as many different growth axes as possible were
selected within the limitations of each scan.

After finding a suitable cross-section through AFE5-1, a transect was
plotted through the center of the branch using the apex of the density bands
as a guide with “Curved Slice” at the finest resolution (Supplementary
Fig. 1b). Multiple curved slices were plotted onto the same branch to ensure
that the transect ran fully perpendicular to the growth axis. All 3D image
processing was completed using ThermoFisher Scientific Avizo™.

Growth increments within rhodolith branches were experimentally
resolved using microCT scans at multiple voxel resolutions, revealing a
hierarchical structure of skeletal accretion bands at different spatial scales.
At the finest resolution (~4.5 um voxel size), ultrafine increments poten-
tially representing sub-daily or diurnal microbands were visible, though
these scans include fine-scale textural variability potentially considered
biological or mineralogical noise, and were not interpretable (Fig. 3b).
Intermediate resolution scans at 9-10 pm voxel size captured clearer growth
increments, providing an optimal balance between spatial detail and noise
reduction. Coarser imaging at 35 pum voxel size resolved larger “bundled”
increments aggregating multiple bands, representing approximately weekly
to monthly growth increments (Fig. 2d, e). The lowest resolution scans at
80 um (Fig. 1a) visualized overall branch morphology and gross density
variations but did not resolve discrete growth increments suitable for
temporal calibration. This multi-resolution imaging framework allowed
precise identification and calibration of growth increments, enabling tem-
porally resolved geochemical sampling.

Using the same transect from the “Curved Slice”, the gray scale values
were extracted from the microCT scan to get a measure of relative derived
skeletal density perpendicular to the growth axis using “Line Set Probe” in
Avizo™ imaging software. All resulting probes from “Line Set Probe” were
standardized by subtracting the mean and dividing by the standard devia-
tion to ensure comparability, as the relative values of density are not directly
comparable between scans taken with different tube settings” (see Section
“MicroCT scanning, image and signal processing”).

Manual measurement of growth increment widths in rhodolith
branches is highly dependent on the surveyor’s semi-arbitrary judgment of
where band boundaries lie, resulting in substantial variability even within
repeated measurements of the same specimen over different days. This
variability raises significant concerns regarding reproducibility and objec-
tivity (see Fig. 2b, d, e for examples). To quantify differences in surveyor
biases in increment measurements, the proportion of increment boundaries,
or demarcations between density bands, identified by each observer that
were not matched by the other was calculated.
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To overcome these limitations, an objective, quantitative method was
developed (Supplementary Fig. 2). Several density transects (using “Curved
Slice” and “Line Set Probe”, see Supplementary Fig. 1¢) were extracted from
the microCT scans using Avizo™ image processing. To reduce noise, the
data were smoothed using a Savitzky-Golay filter (window length =11,
polynomial order 2)”. Peaks and valleys representing growth band extrema
were identified using the SciPy’find peaks’ function”’, applying tuned
parameters for minimum distance and prominence to isolate significant
features. Derived increments were computed as distances between succes-
sive extrema, and local maxima/minima were located where the derivative
crosses 0. Concurrently, manual increment widths were measured and
increment positions calculated by cumulative summation. To compare
datasets, derived increments were interpolated to manual increment posi-
tions, enabling regression analysis. To account for possible nonlinear tem-
poral distortions, DTW was implemented for alignment prior to further
regression. The computational workflow, including smoothing, peak
detection, alignment, regression, and visualization was performed using
Python.

Geochemical analyses

Major and minor element concentrations were measured in individual
rhodolith branches (n = 7) using LA-ICP-MS at the Max Planck Institute for
Chemistry (Mainz, Germany). All analyses were performed with a solid-
state New Wave UP-213 laser system (213 nm) coupled to a single-collector
sector-field Thermo Fisher Scientific ELEMENT? mass spectrometer. Laser
spots (n = 320 total; 40 diameter) were measured across each selected rho-
dolith branch. Spots were placed along the apex of each visible band, fol-
lowing the growth axis of each branch. Ablation transects began at the last
living tissue and extended to the apex of the stained band. Each spot was
ablated with a laser energy of ~9 J/cm?, a 15-s warm-up, 45-s well time, and
30-s washout between spots. LA-ICP-MS was used to measure the abun-
dance of "Li, "'B, *Na, Mg, “Al, ¥K, **Mn, *Fe, *Sr, Mo, Mo, *Ba,
Ba, ¥La, *Ce, **®Pb, and **U. All trace element ratios are reported
normalized to *’Ca.

Calibration was performed using the NIST SRM 612 silicate glass
reference material (National Institute of Standards and Technology), which
is homogeneous at the nanometer to micrometer scale for many elements,
though its silicate matrix differs from that of calcium carbonate. The MACS-
3 pressed powder pellet (USGS), with certified mass fractions of Mg=

1756 pg/g and Ca = 37.69% m/m, was used as a quality control reference
material. Both NIST SRM 612 and MACS-3 were measured at the beginning
and end of each analytical session and additionally every 80-100 sample
measurements, to ensure analytical accuracy and precision throughout the
run. Data were reduced using an in-house software program following
established reduction equations’™”.

Environmental data processing

Hourly in-situ temperature data were recorded for the full study interval (13
March-23 July 2024). These data were recorded using Hobo Pendant UA-
64-001 loggers (deployed 1-2 m from cage site) with an accuracy of 0.54 °C,
shaded under PVC to reduce solar bias” and calibrated against SBE-56
loggers. Daily mean sea surface salinity (SSS) data were downloaded from
CoastWatch Level-3 SSS (http://coastwatch.noaa.gov/cwn/), generated
from NASA Jet Propulsion Laboratory Soil Moisture Active Passive satellite
observations of the ocean for the closest available coordinates to the
study site.

Single-branch calibration and alignment with environmental data
It is important to note that averaging linear regression statistics across seven
distinct branches (Table 1) inherently dampens the strength of the recorded
signal. Because rhodolith branches grow at different rates and directions,
their individual time-series are not perfectly aligned in this linear-age model,
leading to phase shifts that obscure the true fidelity of the proxy when
aggregated as a simple mean. Consequently, the mean correlations pre-
sented in Table 1 represent a conservative lower bound of proxy fidelity. The

raw linear alignment does not account for non-linear growth pauses.
Despite this blurring, the systematic improvement of Mg-normalized ratios
suggests a robust underlying thermodynamic control.

For all branches, a simple linear time model that distributes analytical
spots evenly between deployment and retrieval dates was therefore con-
sidered as a baseline. In addition, an increment-resolved time model was
developed for the microCT-imaged branch (AFE5-1) and evaluated in
parallel. For each branch and available time model, Mg/Sr was calibrated
against in-situ temperature, and the combination that maximized R* was
selected as the candidate transfer function for construction of the Mg/Sr
reference template, to which all branches were subsequently aligned using
DTW (Section 6). An additional set of regressions between these element/
Ca ratios and SSS yielded no statistically significant relationships and thus
are not reported in detail. Although Al/Ca showed an apparent correlation
with SSS, this was based on a small number of measurements close to the
analytical detection limit and is therefore considered spurious and not
discussed further.

Accounting for seasonal growth rate variability is crucial for precise
calibration of high-resolution proxy data™, as overlooking this can lead to
temporal misalignment with environmental records and bias results toward
intervals of rapid growth. Growth rates for AFE5-1 were estimated by
combining microCT-derived skeletal density profiles with the time elapsed
between staining and collection (13-15 March to 23 July 2024). Each
branch’s growth axis was divided into increments defined by visible growth
bands (9-10 pm voxel size), and the spatial position of each increment was
converted to elapsed time by proportionally distributing the total growth
period according to the density profile, assuming that lower-density areas
correspond to elongated cell chambers (Fig. 2c, e) and therefore faster
extension” (for a more detailed explanation of growth rate scaling, refer to
Supplementary Note 1). Growth rates (um day ') were then calculated by
dividing increment widths by their assigned time intervals (Supplementary
Table 1). It should be noted that this approach provides an approximation
that may oversimplify the complex growth dynamics of rhodoliths.

Each increment was assigned a unique timestamp, derived from the
growth rate model, which links its position along the branch (distance) to a
specific point in time. This timestamp enables direct alignment of
increment-resolved data with both time-based (i.e., temperature, salinity)
and distance-based (ie., element chemistry, density) datasets. Growth rate
curves from multiple branches were averaged to produce a composite,
density-weighted growth history with time as the independent variable
(Supplementary Fig. 1¢). Using the timestamps derived from the growth rate
model, skeletal density, growth rate, temperature, salinity, and geochemical
data were temporally aligned and binned for each increment. For every
increment, all corresponding data within its spatial boundaries were
extracted, and mean values for each parameter were calculated. The
resulting dataset includes, for each increment, its position, mean skeletal
density, growth rate, temperature, salinity, elemental concentration, and a
representative timestamp. This approach enables high-resolution, time-
resolved integration of physical, geochemical, and environmental data,
allowing for precise calibration and interpretation of rhodolith growth
records.

In the present dataset, only branch AFE5-1 was available for microCT-
based increment modelling, whereas the remaining branches were con-
strained to the linear time model. Despite the improved local Mg/
Sr-temperature fit for AFE5-1 obtained using curve-based microCT time
axes, the most continuously growing branch (AFE5-4) under the linear
model provided the strongest Mg/Sr-temperature relationship and there-
fore served as the basis for the synthetic master used in subsequent DTW
and composite calibration.

Alignment of rhodolith branches

To address the challenge of incomplete and asynchronous growth among
individual rhodolith branches, a calculated reference template was used.
First, the relationship between molar Sr/Ca and temperature was calibrated
using the branch with the most complete chronology and best-resolved
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growth increments. Mg/Sr in branch AFE5-4 was selected as the reference
ratio for alignment because it showed the strongest predictive relationship
with temperature despite the linear temporal assumption, which is funda-
mentally flawed. Using this calibration equation and the observed tem-
perature record, a continuous reference template of predicted Mg/Sr values
was generated for the duration of post-stain growth.

Measured Mg/Ca, Sr/Ca, and Mg/Sr time-series from each branch were
then aligned to the reference template using DTW’®. DTW matches the
proxy record of each branch to the template, accounting for differences in
growth rate, gaps in the chronology, and overall record length (Fig. 4d). Each
measured data point was mapped to an estimated date on the reference
timeline (Fig. 4a-d). Only the actual measured values from each branch
were used in the final composite; the template values themselves were not
included in the compiled record. The integrated growth history was con-
structed by averaging the aligned measured values from all branches at each
point on the reference timeline (Fig. 2a, b). Linear regressions of proxies to
temperature were performed to estimate the SNR, defined as the variance
explained by temperature divided by residual variance. Residual time-series
and distributions were analyzed to evaluate the magnitude and pattern of
unexplained variance.

Overfitting tests and statistical analyses

To ensure the multi-branch composite reconstruction represents a gen-
uine climate signal rather than aliasing introduced by DTW alignment
forcing spurious correspondence between proxy and temperature series,
three rigorous controls against overfitting were implemented. First, the
DTW algorithm was constrained using a Sakoe—Chiba band of +30 days,
preventing biologically unrealistic temporal distortions. This window
accommodates natural growth pauses® while prohibiting the algorithm
from forcing alignment between disparate seasonal regimes. Second, a
permutation test (n = 1000) was performed to quantify the probability of
obtaining the composite correlation by chance. Null distributions were
generated by randomly shuffling the time-series blocks (block
length =7 days) of the predictor variables while preserving their auto-
correlation structure. The observed composite correlation (R’ =0.91) far
exceeds the 95th percentile of the null distribution (R* null 95% = 0.18,
P <0.001), providing evidence that the alignment is driven by a shared
environmental signal. Third, the composite was validated against a flat-
master control. Alignment of branches to a synthetic constant-growth
master (assuming constant linear extension) yielded a significantly lower
correlation (R*=0.31) compared to the DTW-aligned composite
(R*=0.91). This demonstrates that the high fidelity of the reconstruction
is not an inherent property of the raw geochemical data but rather a result
of resolving the non-linear growth history shared across branches
through DTW.

Collinearity was assessed using correlation matrices and variance
inflation factors (VIF). Mean growth rate and mean density were perfectly
(negatively) correlated (r=—1.00, VIF >300) because growth rate was
directly derived from density; only one was included in any model. Other
predictors were checked for collinearity (|R| <0.7), and highly correlated
pairs were not used together.

Univariate and multivariate OLS regressions were performed to relate
element ratios to mean temperature, growth rate (or density), and incre-
ment width:

y =B+ Bix; + B, + Bix;s + ¢

where y is the elemental ratio, x; is mean temperature, x, is mean growth rate
(or density), x; is increment width, and ¢ is the error term. Model
assumptions (linearity, independence, homoscedasticity, normality) were
checked visually and statistically. To control for the increased risk of Type I
errors from multiple statistical tests, the Benjamini-Hochberg procedure”
was applied to adjust p-values and maintain a false discovery rate below 0.05.
To test robustness to measurement uncertainty, 1000 Monte Carlo simu-
lations were run per model (each element ratio—temperature correlation,

see Fig. 3a or Section “Geochemical analyses” for full list), adding Gaussian
noise to temperature based on empirical error estimates. Regression outputs
were summarized as mean + confidence intervals.

Data availability

Geochemical data from sample AFE5 (branches 1-7), microCT density
transects, and daily mean in-situ temperature data are archived and
accessible at Dryad Data Repository (https://doi.org/10.5061/dryad.
h1893201z).

Code availability
Code for reproducing DTW analysis is available on GitHub at https://
github.com/lenayueshali/Rhodo-pipeline.
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