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Abstract. Crustose coralline algae (CCA) are globally distributed calcifying macroalgae that can grow as free-living
rhodoliths, act as ecosystem engineers by creating complex three-dimensional habitats, and contribute to the carbon cycle. The
dimensions of cells in the carbonate skeleton influence rhodolith structural integrity and, consequently, the ecological functions
these rhodoliths provide, yet CCA cellular responses to environmental change remain poorly resolved. This study quantifies
multi-decadal variability in skeletal cell dimensions of the rhodolith-forming CCA Sporolithon nodosum from New Zealand
and evaluates the relative importance of sea surface radiation (SSR), sea surface temperature (SST) and sea surface CO; partial
pressure (pCO,) as potential drivers. The length and width of 2975 cells were measured along a 38-year transect (1985-2022)
using stitched scanning electron microscope images. Cell length declined significantly over time (R2%qj = 0.105, p = 0.027),
whereas cell width showed no temporal trend (R%g = -0.019, p = 0.583). Among the environmental variables, SSR was the
strongest predictor of cell length (R?.qj = 0.235, p = 0.001), while SST and pCO; explained comparatively little variance. These
results identify light availability as a primary correlate of cell elongation in S. nodosum, consistent with a role for irradiance-
driven changes in photosynthetic energy supply. Because long-term SSR trends are spatially heterogeneous, light-mediated
shifts in CCA cell dimensions — and their potential implications for rhodolith structure and ecosystem function — are likely to
vary regionally. This study highlights the central role of light availability in shaping CCA cell morphology under changing

surface-ocean conditions and motivates multi-site comparisons to assess broader ecosystem implications.

1 Introduction

Crustose coralline algae (CCA) are heavily calcifying macroalgae that occur from tropical (Caragnano et al., 2016) to polar
latitudes (Wisshak et al., 2017; Lopez Correa et al., 2023), and across a broad bathymetric range from the intertidal zone (Basso

et al., 2009) to depths reaching 268 m (Littler et al., 1985). Although most species are marine, some species colonise freshwater
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habitats (Zuljevié et al., 2016; Ragazzola et al., 2020). Because of their calcification, CCA have an excellent fossil record and
stem groups of recent taxa are probably rooted in the Paleozoic (Granier, 2016; Teichert et al., 2019). These algae grow either
attached to fixed substrates or as free-living nodules, referred to as rhodoliths when the CCA skeleton comprises more than
50% of the structure’s volume (Bosence, 1983; Pyko et al., 2025). CCA fulfil a wide range of ecosystem functions, providing
complex three-dimensional habitats such as rhodolith beds (Rebelo et al., 2022; Cabrito et al., 2024; Straube et al., 2024) and
enhancing the structural stability of coral reefs (Teichert et al., 2020a; Cornwall et al., 2023). They also contribute to the carbon
cycle through high rates of carbon uptake and substantial deposition of CaCOj3 (Schubert et al., 2024; Teichert, 2024) as well
as the production and storage of floridean starch (Teichert, 2013; Gabsteiger et al., 2025).

CCA precipitate a high-Mg calcite skeleton (Smith et al., 2012), with growth increments characterised by an apparent
alternation of longer, thin-walled and shorter, thick-walled cells (Basso, 1994; Basso et al., 1997; Kamenos and Law, 2010;
Burdett et al., 2011; Caragnano et al., 2016; Bracchi et al., 2021). These growth increments are generally interpreted as annual
(Freiwald and Henrich, 1994), which allows each increment to be assigned to a specific year of formation, although potential
sub-annual banding has also been observed (Sletten et al., 2017). Annual growth rates do not decline with increasing specimen
age, demonstrating the absence of an ontogenetic trend (Adey, 1964; Halfar et al., 2008). The algal thallus is anatomically
differentiated into an epithallus composed of the outer cell layers, a perithallus forming the main algal body and a hypothallus
containing the basal layers (Woelkerling, 1988; Irvine and Chamberlain, 1994). Adjacent cell lumina may be interconnected
by primary and secondary pit connections (Auer and Piller, 2020; Pueschel, 2021; McCoy et al., 2023), which potentially
facilitate intercellular transport (Kim et al., 2022; McCoy et al., 2023). During growth, new cells are formed in an intercalary
meristem located between the epithallus and perithallus (Adey, 1964). Calcification of the carbonate skeleton begins in the
middle lamella between adjacent cells (Vesk and Borowitzka, 1984; de Carvalho et al., 2017; McCoy et al., 2023), and
subsequently progresses into the cell walls on both sides of the middle lamella (de Carvalho et al., 2017; McCoy et al., 2023).
Whether this calcification process is biologically induced (de Carvalho et al., 2017; Nash et al., 2019) or actively controlled
by the algae (Borowitzka, 1984; Cabioch and Giraud, 1986; Bracchi et al., 2021) remains unresolved.

Previous studies show that environmental variables such as light availability, temperature and CO, strongly influence the
growth rate (Halfar et al., 2011; Williams et al., 2018; Teichert et al., 2024), carbonate production (Burdett et al., 2011; Martin
et al., 2013; Teichert and Freiwald, 2014) and the geochemical composition of the carbonate skeleton (Ragazzola et al., 2016;
Williams et al., 2018; Teichert et al., 2020b). This environmental sensitivity forms the basis for the widespread use of CCA as
proxies in reconstructions of temperature (Halfar et al., 2000; Kamenos et al., 2008; Hetzinger et al., 2009; Gamboa et al.,
2010; Darrenougue et al., 2014; Williams et al., 2014; Fietzke et al., 2015; Caragnano et al., 2017), sea ice variability (Halfar
etal., 2013; Chan et al., 2017; Hetzinger et al., 2019; Leclerc et al., 2024), seawater pH (Fietzke et al., 2015) and anthropogenic
pollution (Darrenougue et al., 2018).

Although the effects of environmental variables on growth rate, carbonate production and geochemical composition of CCA
have been widely studied, comparatively little is known about their influence on cell dimensions. Nevertheless, the length and

width of cells, together with cell wall thickness, play a key role in determining the structural integrity of rhodoliths (Ragazzola
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et al., 2012; Melbourne et al., 2023). Understanding how environmental drivers influence CCA cell dimensions is therefore
essential for assessing how ongoing anthropogenic climate change may affect these ecosystem engineers and their key roles
in rhodolith beds, coral reef stabilisation, and the carbon cycle.

Existing studies provide valuable but fragmented insights into this issue. In laboratory experiments, Ragazzola et al. (2012)
exposed rhodoliths consisting of the CCA Boreolithothamnion glaciale (Kjellman) Gabrielson, Maneveldt, Hughey & Pefia to
CO; above ambient levels. This resulted in longer, wider cells with thinner walls after three months (Ragazzola et al., 2012),
although the effect was not sustained over longer experimental timescales (Ragazzola et al., 2013). Similarly, Melbourne et al.
(2023) measured 25 + 10 cells per sample from summer growth increments and reported increased lumen length and width in
contemporary rhodoliths compared to specimens collected in the 1900s. These differences were primarily attributed to long-
term warming and acidification (Melbourne et al., 2023). Bracchi et al. (2021) measured ten cells per sample across rhodoliths
collected from different water depths and observed a decrease in cell length with depth, while cell width remained unchanged.
Given the exponential attenuation of light with depth (Kirk, 2011) and the light-dependence of photosynthetic activity (Baek
et al., 2022), this decline in cell length may reflect reduced energy availability at greater water depths. Although these studies
collectively indicate that light availability, temperature and CO; affect cell dimensions, it remains unclear which variable exerts
the strongest long-term control.

The present study quantifies the long-term effects of sea surface radiation (SSR), sea surface temperature (SST) and sea surface
COy, partial pressure (pCO3) on cell dimensions within a rhodolith mainly formed by the CCA Sporolithon nodosum Farr &
Nelson from the Whangaparaoa Peninsula, New Zealand. It is hypothesised that cell length is positively correlated with SSR,
consistent with the light-dependence of photosynthetic activity (Baek et al., 2022) and depth-related trends (Bracchi et al.,
2021), with weaker influences of SST and pCO,. Cell width is expected to show comparatively limited variation in response
to environmental changes, as indicated by depth-related observations (Bracchi et al., 2021). Data were obtained by measuring
the length and width of 2975 cells along a transect spanning 38 years (1985-2022) using stitched scanning electron microscope
(SEM) images. Temporal trends in mean annual length and width were assessed using linear regression, while multiple linear

regression with stepwise model selection was used to evaluate the impact of environmental parameters.

2 Methods
2.1 Sample collection

Living rhodoliths were collected in March 2023 from the shallow rocky subtidal zone at Army Bay (36°35'56.05" S
174°48'47.45" E) on Whangaparaoa Peninsula (Fig. 1a—c). The Whangaparaoa Peninsula extends approximately 12 km east—
west into the Hauraki Gulf, north of Auckland on the North Island of New Zealand. Samples were obtained by snorkelling at

depths of 1-5 m, and subsequently air-dried prior to further processing.
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(d) stitched SEM image

Figure 1. Overview of the study area and analysed protuberance. (a) Location of the Whangaparaoa Peninsula, New Zealand.
(b) Sampling location in Army Bay on the Whangaparaoa Peninsula (36°35'56.05” S 174°48'47.45" E). (c¢) Rhodoliths in the
shallow subtidal zone at Army Bay, indicated by white arrows, alongside brown algae and shell fragments. Image courtesy of
Peter Marriott. (d) Longitudinal section through the analysed protuberance, used to establish the chronology of growth

increments and showing the position of the stitched scanning electron microscope image used for cell measurements.
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2.2 Sample preparation

Precise control of cell orientation is essential for accurately measuring three-dimensional features in two-dimensional sections
(Bracchi et al., 2021). To account for variability in cutting orientation, five protuberances from different live-collected
rhodoliths were prepared for SEM analysis following the procedure outlined below. From these, one protuberance with the
most regular alignment of cells relative to the image plane was selected for detailed quantitative analysis, thereby minimising
measurement biases associated with tilted cells.

Initially, all five protuberances were removed from their respective rhodoliths using pliers, embedded in epoxy resin
(Biresin®), and cured for 72 h at 30 °C. The samples were then cut longitudinally with a Mecatome T180 water-cooled
diamond rock saw, polished with 800-grit SiC powder and cleaned in an ultrasonic bath of demineralised water for 2 min to
remove any residual grinding material. To enhance the visible relief between the middle lamella and the adjacent cell walls,
samples were etched with 10 % acetic acid for 30 seconds and ultrasonicated in demineralised water for a further 10 min.
Finally, the samples were mounted on aluminium stubs using epoxy resin and sputter coated with gold in a Cressington 108auto
sputter coater operated at 10 kV and 30 pA for three cycles of 2 min each. Imaging was performed using a TESCAN Vega.xmu
SEM with an SE detector at an acceleration voltage of 20 kV.

2.3 Cell dimension measurements

To quantify cell dimensions in the selected protuberance, SEM images were captured along a transect perpendicular to the
growth increments (Fig. 1d). Because rhodoliths are free-living and may be periodically rotated, growth can be interrupted
when parts of the thallus face downward or become buried in sediment for extended periods (Wilson et al., 2004). Such
interruptions may lead to the formation of a growth hiatus (Schliter et al., 2021), evidenced by localised cell death, which
disrupts the continuity of growth increments (Wilson et al., 2004). To avoid biases in assigning years to growth increments,
analyses were therefore restricted to growth increments above the first hiatus, where chronological control is reliable.

Images at 2000x magnification were arranged in a grid of 2 columns and 45 rows, with approximately 20% overlap between
adjacent tiles to facilitate stitching (Fig. 2a). Stitching was performed using the Grid/Collection Stitching Plugin (Preibisch et
al., 2009) in Fiji (Schindelin et al., 2012; version 2.16.0), employing linear blending to generate a seamless composite image.
The resulting image measured approximately 285 pum in width and 4130 um in height and spans from the epithallus to the first
hiatus (Fig. 3a).

Cell length and width were manually measured in Fiji using the line tool, with a custom-written macro used to assign a unique
identifier to each cell and overlay measurement lines and labels onto the image for visual verification. Spatial coordinates
within the stitched SEM image were recorded for each measurement. Length measurements were taken along the longitudinal
axis between opposing middle lamellae, while width was recorded perpendicular to this axis (Fig. 2b, c). In instances where
the middle lamella between cells was damaged or obstructed, measurements were inferred from adjacent cells, provided that

a clear grid pattern was present. If damage was too extensive for reliable inference, adjacent cells within the same row were
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measured instead. A minimum of 10 cells per row were measured between the epithallus and the top of the hypothallus over a

transect of approximately 180 pum by 3900 pum (Fig. 3a).

middle lamella

cell wall Y

cell lumen

cell length

o s cell width

individual image

14
35
i

growth direction

pit connection

closed cell

Figure 2. Methodology for image acquisition and measurements. (a) Upper portion of the stitched SEM image, with dotted
lines indicating the boundaries and overlap of individual images. (b) Schematic depicting the terminology used to describe cell
morphology and the corresponding measurements. (c) SEM image illustrating the application of measurements across three

cell columns.
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2.4 Chronology

The chronology of growth increments was established using a reflected light image taken prior to sputter coating (Fig. 1d).
Growth increments were defined as alternating light and dark bands, with each pair corresponding to one year of growth. The
outermost growth increment was assigned to the year of sampling (2023), with each underlying increment subsequently
assigned to the preceding year. To account for spatial heterogeneity in growth increment thickness across the transect, three
evenly spaced measurements across its 180 pm width were averaged. Using this chronology and the coordinates in the stitched
SEM image, each measured cell could be assigned to a specific year of formation. Growth increment thickness was then used
to estimate the mean annual growth rate over the analysed interval. In addition, the number of cell rows contained within each

growth increment was counted along the three measurement lines, and the mean was calculated.

2.5 Environmental data

Data on photosynthetically active radiation (PAR) at the sea surface (hereafter referred to as SSR) were obtained from NASA
POWER using the R package nasapower (Sparks, 2018; version 4.2.5). The All-Sky Surface Total PAR [W/m?] was
downloaded at monthly resolution from 1984 to 2024 for the 1°x1° grid cell corresponding to Whangaparaoa Peninsula
(36°35'56.05" S 174°48'47.45" E). These data are based on the methodology of Su et al. (2007), which defines PAR as the
downwelling solar irradiance at the surface in the 400—-700 nm range, including both direct and diffuse components.

Data on SST [°C] were obtained from the ERAS reanalysis (Hersbach et al., 2020), which provides global data at 0.25°x0.25°
spatial resolution. Monthly SST data were extracted for the period corresponding to the CCA record and the grid cell containing
the sampling site, and subsequently converted to annual means.

Data on sea surface pCO, [uatm] were obtained from the dataset by Jersild et al. (2017; version 2023), using raw pCO; data
with monthly resolution from 1982 to 2022 for the 1°x1° grid cell corresponding to the sampling site. These data are
observation-based and interpolated using a two-step neural network, based on the methodology described in Landschiitzer et
al. (2016).

2.6 Statistical analysis

Mean annual cell length and width, including standard errors of the mean, were calculated from the time-calibrated SEM
measurements. Sub-annual variability was visualised using a rolling mean with a window width of 20 measurements (Fig. 3b,
c), selected to balance noise reduction and preservation of sub-annual patterns, using the R package zoo (Zeileis and
Grothendieck, 2005; version 1.8.14). While the SEM transect includes growth increments between 1984 and 2023, subsequent
analyses were restricted to 1985-2022. The outermost increment (2023) was excluded because it represents an incomplete
growth increment at the time of sampling in March. The innermost increment (1984) was excluded because it includes

hypothallial tissue for which the onset of growth is unknown and which may integrate multiple years into a single increment.
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Temporal trends in mean annual cell length, cell width, growth increment thickness and the number of cell rows per year were
assessed using linear regression. To facilitate the comparison of datasets with different units and magnitudes, all variables,
including the mean annual environmental variables SSR, SST and pCO,, were standardised into dimensionless anomalies
[(value - mean) / standard deviation]. Normality of these time series was assessed using Shapiro-Wilk tests. Because mean
annual pCO; anomalies deviated from normality (Shapiro-Wilk test: p = 0.015), Spearman rank-order correlations were used
to evaluate the individual relationships between mean annual cell length anomalies and all environmental anomalies.

Simple linear regression models were fitted to quantify the individual effects of each environmental variable on mean annual
cell length anomalies. To separate interannual variability from long-term trends, linear models were used to detrend both cell
length and environmental anomalies. The residuals were normally distributed, allowing analysis of relationships between
detrended cell length and environmental anomalies using Pearson correlation tests.

Multiple linear regression was used to assess the independent contributions of mean annual SSR, SST and pCO: on mean
annual cell length anomalies, while accounting for shared variance among predictors. Stepwise model selection based on
Akaike’s Information Criterion (AIC) was used to identify the most parsimonious combination of predictors. Temporal
autocorrelation was assessed by inspecting the autocorrelation function (ACF) of model residuals for significant lag
correlations.

Multicollinearity among predictors was assessed using pairwise correlation coefficients and Variance Inflation Factors (VIF)
from the car package (Fox et al., 2024; version 3.1-3). VIF values for all predictors ranged from 1.41 to 2.05, well below
commonly cited thresholds for multicollinearity concerns, such as VIF > 10 (Slinker and Glantz, 1985) or VIF > 5 (Sheather,
2009).

Finally, Pearson correlations were calculated between mean annual cell length anomalies and anomalies in growth increment
thickness and the number of cell rows per year to explore controls on thallus growth. All statistical analyses were conducted
in R (R Core Team, 2025; version 4.5.1).

3 Results

The analysed sample exhibits consistent cell orientation relative to the image plane across the measured transect. This is
supported by truncated pit connections and the presence of closed cells, in which the cell lumen is not truncated and only the
outer surface of the cell wall is visible (Fig. 2b, ¢). Substantial tilting would be expected to shift the apparent position of pit
connections and cause closed cells to appear truncated along the transect.

The sampled protuberance exhibits a mean annual growth rate of 96.3 + 3.5 um between 1985 and 2022. A total of 3200 cells
were measured along the transect between the epithallus and the top of the hypothallus, of which 2975 cells were retained after
restricting the analysis to growth increments dated to 1985-2022. Mean annual cell length ranges from 10.1 £+ 0.2 pm to 14.5
+ 0.2 um and decreases significantly through time (R%g; = 0.105, p = 0.027; Fig. 4a), while the mean annual cell width ranges
from 9.2 £ 0.1 pm to 11.2 + 0.3 pum and shows no significant temporal trend (R%g = -0.019, p = 0.583; Fig. 4b). Growth
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increment thickness exhibits a slight but significant decrease (R%;
=0.087, p = 0.040; Fig. 4c), while the number of cell rows per year
shows no significant temporal trend (R%g; = 0.014, p = 0.225; Fig.
4d).

Figure 5 compares the time series of the dimensionless anomalies
of mean annual cell length and the environmental variables, which
include both interannual variability and the long-term trends. All
anomaly time series were normally distributed (Shapiro-Wilk tests:
p = 0.173-0.874), except for pCO- (Shapiro-Wilk test: p = 0.015),
which deviated from normality. Spearman rank-order correlations
showed a significant positive correlation between mean annual cell
length and SSR anomalies (p = 0.49, p = 0.002), while no
significant relationships were observed with SST (p = -0.13, p =
0.433) or pCO, anomalies (p = -0.32, p = 0.053). Simple linear
regressions revealed a significant positive relationship between
mean annual cell length and SSR anomalies (R%qj = 0.235, p =
0.001; Fig. 6a). SST anomalies showed no significant effect (R%g
= 0.005, p = 0.282; Fig. 6b), while pCO, anomalies exhibited a
weak but significant negative relationship with cell length
anomalies (R%qj = 0.101, p = 0.029; Fig. 6c).

Figure 3. Stitched SEM image and cell measurements. (a) Stitched
SEM image of the protuberance, extending approximately 4130
um from the epithallus to the first hiatus (i.e. growth interruption).
Annual growth boundaries, identified from a reflected light image
of the specimen, are indicated by dotted white lines, and the box
marks the transect encompassing all measured cells. (b) Cell
length measurements of 2975 cells spanning 38 years (1985-
2022), showing a significant decrease over time. The blue line
represents a running mean (window width = 20), highlighting sub-
annual variability. (c) Cell width measurements of the same cells
show no significant temporal trend. The pink line represents a

running mean (window width = 20).
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Detrending removed long-term trends in mean annual cell length
and environmental variables, and all residuals were normally
distributed (Shapiro-Wilk tests: p = 0.206-0.820). A positive
correlation remained between detrended cell length and SSR
anomalies (r = 0.41, p = 0.011), whereas no significant correlations
were observed with detrended SST (r = 0.03, p = 0.880) or pCO,
anomalies (r = 0.03, p = 0.874).

(b) Multiple linear regression including mean annual SSR, SST and

mean annual cell length [pm]

11 pCO, anomalies was performed to evaluate the independent
contribution of each predictor to mean annual cell length anomalies
(AIC =103.89). Stepwise AIC model selection (Table 1) identified
SSR anomalies as the strongest predictor of cell length anomalies
9| Ry =-0.019, p=0.583 (R%g; = 0.235, p = 0.001, AIC = 101.60). Inspection of the ACF

|||||||||||||||||||||||||||||

1985 1990 2000 2010 2020 indicated no significant temporal autocorrelation in model

1

e
=SS
e
-y
=
.

mean annual cell width [um]
-
e

() residuals. Despite a significant effect in the simple regression,
pCO; anomalies were excluded from the most parsimonious AlC-
selected model. Pairwise correlations among predictors were
moderate (r < 0.56; Table 2) and VIF values were low (1.41-2.05),

growth increment thickness [um]
=
o

B0 indicating no strong multicollinearity.
60 2., = 0.087, p = 0.040 Pearson correlation analysis revealed a weak but significant
1985 1990 2000 2010 2020 negative relationship between cell length anomalies and the
- (d) anomalies in the number of cell rows per year (r =-0.33, p =0.045),
% . whereas no significant correlation was found between cell length
g 0 anomalies and growth increment thickness anomalies (r = 0.03, p
% g = 0.864). In contrast, growth increment thickness anomalies and
E, 6 number of cell rows per year anomalies were strongly correlated (r
= 4| Ry = 0014 p= 0225 =0.91, p <0.001).
1985 1990 2000 2010 2020

Figure 4. Measured parameters of the carbonate skeleton from 1985 to 2022. (a) Mean annual cell length, showing a
significant decrease over the study interval. (b) Mean annual cell width, showing no significant temporal trend. (c) Growth
increment thickness, calculated as the mean of three measurements evenly spaced across the transect width. (d) Number of

cell rows per year, calculated using the same approach. Lines indicate linear regressions, and error bars represent + standard
error of the mean

10
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3|(a) 4 Discussion

Among the analysed environmental parameters, SSR is the

-

strongest predictor of cell length in S. nodosum, whereas SST and

pCO: explain comparatively little variance. Cell width remains

1
-

cell length anomalies
o

2 largely stable over the 38-year record, indicating a limited
R?,4=0.105, p = 0.027

sensitivity to environmental variability. This pattern aligns with

observations by Bracchi et al. (2021), who reported a decrease in
3 (ti). CCA cell length with water depth at the sampling sites, whereas
cell width remained stable. Given the exponential attenuation of
light with water depth (Kirk, 2011), these depth-related variations

-

SSR anomalies
o

in cell length likely reflect differences in light availability.

'
-

2 Conversely, Melbourne et al. (2023) documented an increase in cell
-3 R:Z w7 0.207,p = 0002 e lumen length and width between rhodoliths collected in the British

19851990 2000 2010 2020 Isles in the 1980s and 2014, primarily attributing these changes to
3|(c) long-term warming and acidification. In the present study,
2

however, SSR rather than SST or pCO; emerges as the dominant

-

driver of cell elongation, and detrended analysis indicates that this

correlation reflects interannual variability rather than long-term

SST anomalies
.
- o

trends. Although pCO; showed a significant effect on cell length in

-2
-3| e = 0.288, p < 0.001 the simple linear model, this effect disappeared after detrending
Trrrrfrrrrrrrrr Frirrrrrrrrrrrrrorrs T
1985 1990 2000 2010 2020 and was not retained in the AIC-selected model, suggesting that it
3((d) does not exert a robust independent influence over the study period.

This raises the possibility that the concurrent increase in SSR in the
British Isles between 1977 and 2019 (Yuan et al., 2021) may also

-

have contributed to the changes in cell dimensions reported by

2 Melbourne et al. (2023).
3| R =0.987, p<0.001

|||||||||||||||||||||||||||

pCQO: anomalies
.
AN

Figure 5. Standardised anomalies of mean annual cell length and the mean annual environmental parameters from 1985 to
2022, calculated as (value - mean) / standard deviation. (a) Cell length anomalies, showing a significant decrease over the
study interval. (b) SSR anomalies, showing a significant decrease. (c) SST anomalies, showing a significant increase. (d) pCO;

anomalies, showing a significant increase. Lines indicate linear regressions.
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Figure 6. Linear relationships between mean annual cell length anomalies and environmental anomalies. (a) Significant
positive correlation between cell length anomalies and SSR anomalies. (b) No significant correlation between cell length
anomalies and SST anomalies. (c) Significant negative correlation between cell length anomalies and pCO, anomalies.

4.1 Environmental controls on cell elongation

The observed relationship between SSR and cell elongation in S. nodosum reflects the key influence of irradiance on
photosynthetic activity (Burdett et al., 2014; Baek et al., 2022; Nguyen et al., 2022), growth rate (Adey, 1970; Halfar et al.,
2011; Teichert and Freiwald, 2014) and carbonate production in coralline algae (Martin et al., 2013; Teichert and Freiwald,
2014; Krieger et al., 2023). As elevated irradiance enhances photosynthetic activity (Baek et al., 2022), it may promote cell
elongation by increasing energy availability. However, irradiance exceeding species-specific thresholds can reduce
photosynthetic efficiency (Burdett et al., 2014), and may constrain growth or cause thallus bleaching (Irving et al., 2004; Kang
et al., 2024).

The apparent light dependence of cell elongation mirrors the light-controlled annual growth rates reported for some CCA taxa
above a minimum temperature threshold (Adey, 1970; Williams et al., 2018). Adey (1970) demonstrated that the annual growth
rate of Clathromorphum sp. is strongly temperature-controlled below approximately 4-5 °C, whereas light availability
becomes the dominant control above this threshold. If cell elongation in S. nodosum responds to environmental drivers in a
similarly threshold-dependent manner, the SSTs at Whangaparaoa Peninsula (long-term mean annual SST = 17.3 + 0.5 °C for
1985-2022 in the ERAS data) likely exceed the range over which temperature limitation would be expected. This may explain
the weak influence of SST on cell length observed in S. nodosum. Further studies across specimens from regions spanning
broader SST gradients are needed to test the temperature-dependence of cell elongation.

While short-term laboratory experiments have shown that CCA increase cell dimensions and decrease cell wall thickness under
elevated pCO; conditions (Ragazzola et al., 2012), longer-term experiments indicate they can acclimate within ten months,
restoring their cell wall thickness to control levels (Ragazzola et al., 2013). Because these studies were conducted on B.
glaciale, which belongs to a different taxonomic order than S. nodosum, direct comparisons should be made with caution.
Nevertheless, S. nodosum may also acclimate over long timescales, potentially explaining the weak influence of pCO- on cell

elongation.
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While there was no significant relationship between cell length and growth increment thickness, a positive correlation between
increment thickness and the number of cell rows per year indicates that annual thallus growth primarily reflects the production
of new cell rows rather than variation in cell length.

Table 1. Results of the multiple linear regression of cell length anomalies on environmental predictor anomalies.

Overall model: AIC for omitting parameter | Estimate 3 p value
AIC =103.89

R%q=0.226

p=0.008

SSR anomalies 109.72 0.48 0.009
SST anomalies 102.58 -0.15 0.436
pCO, anomalies 101.97 -0.06 0.789

4.2 Developmental controls on cell length and width

In contrast to cell length, cell width in S. nodosum remains largely stable over the 38-year record, showing neither a significant
interannual trend nor pronounced intra-annual variability (Fig. 3b, c). This divergence likely reflects fundamental differences
in the growth processes regulating cell length and width.

Cell elongation in CCA typically occurs gradually after the formation of a new cell in the intercalary meristem, with the mature
length only reached between 3-10 cell rows below the meristem (Adey, 1964; Nash et al., 2019). This creates a temporal
window during which SSR may influence the final cell length, likely by influencing energy availability for growth.

By contrast, the mature cell width is likely reached within the first row below the meristem (Adey, 1964), leaving considerably
less time for environmental factors to exert an influence. Furthermore, the width of a newly formed cell appears to be
developmentally constrained by the geometry of the underlying cell, as evidenced by the continuity of well-defined cell
columns (Fig. 2c), leaving little scope for short-term variation in width. Consequently, both the rapid attainment of mature cell
width and its structural dependence on pre-existing cell geometry likely account for the observed insensitivity to environmental
variability.

Table 2. Correlation matrix used to assess multicollinearity among environmental predictor anomalies.

SSR anomalies

SST anomalies

pCO; anomalies

SSR anomalies 1.00 0.00 -0.45
SST anomalies 0.00 1.00 0.56
pCO; anomalies -0.45 0.56 1.00
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4.3 Uncertainties affecting in situ light availability

Although interannual variations in SSR appear to be the strongest predictor of cell length among those investigated, they
accounted for only ~23.5% of the observed variability, suggesting that additional environmental and biological factors also
contribute to cell elongation.

Considerable uncertainties remain regarding the irradiance reaching the sampled rhodolith, as the SSR values based on Su et
al. (2007) represent irradiance at the sea surface rather than in situ light levels, which may lead to an overestimation of light
available to the specimen. Light reaching the seafloor is reduced by attenuation through the water column, which is not only
affected by water depth but also by suspended sediments, phytoplankton biomass and coloured dissolved organic matter (Kirk,
2011). These components may be influenced by a wide range of drivers, such as storm events, land use and terrestrial runoff
(Desmond et al., 2015; Pinkerton et al., 2022), and can give rise to abrupt episodic darkening events called “marine darkwaves”
that persist from days to weeks and may reduce light availability by up to ~90% relative to long-term trends in shallow coastal
waters of New Zealand (Thoral et al., 2026). In the Hauraki Gulf, suspended sediments are recognised as the primary driver
of coastal turbidity, with the dominant factors varying across the estuarine—open coast gradient, including rainfall and tidal
processes in sheltered environments and wave conditions at exposed coastal sites (Seers and Shears, 2015). Furthermore,
shading by canopy-forming algae, such as kelp, can substantially reduce irradiance reaching the rhodolith (Figueiredo et al.,
2000). These algae themselves may benefit from increasing SSR (Fortes and Liining, 1980) and respond with faster growth,
thereby partially offsetting the positive effects of higher SSR for the rhodolith. Although the water depth at the sampling
location at Whangaparaoa Peninsula was only approximately 5 m, many rhodoliths were shaded by brown algae at the time of
sampling (Fig. 1c). Because interannual variability in light attenuation and shading at the sampling site could not be quantified,
the observed correlation between SSR and cell length likely underestimates the true influence of light availability on cell
elongation.

Additionally, rhodoliths are unattached and may rotate due to wave action or bioturbation, altering the light exposure of
individual protuberances or causing partial burial in sediments, which may damage tissues (Schliter et al., 2021). Such
rotations could contribute to variability in cell length, particularly if some areas face downwards more frequently than others,
which can be linked to rhodolith morphology (Bosence, 1983). To better capture this heterogeneity, future studies should

analyse protuberances along all three axes of collected rhodoliths.

4.4 Consequences for the rhodoliths and associated organisms

Finite element analysis by Ragazzola et al. (2012) demonstrated that an increase in cell dimensions, together with reduced cell
wall thickness, increases total strain energy and produces an uneven internal stress distribution, thereby decreasing rhodolith
structural integrity. As they are exposed to various mechanical stressors, such as grazing activity (Wisshak et al., 2019) and

wave action (Melbourne et al., 2018), changes in structural integrity may affect their susceptibility to fragmentation. Increased
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fragmentation could in turn reduce the habitat complexity provided by rhodoliths and consequently reduce local biodiversity
(Teichert, 2014, Straube et al., 2024).

While declining SSR in New Zealand and the corresponding decrease in cell length observed in the specimen from
Whangaparaoa Peninsula may enhance structural integrity, the direction and magnitude of SSR trends are spatially variable at
the global scale (Yuan et al., 2021). As SSR is affected by aerosol concentration and cloud cover (Wild, 2016), a spatially
heterogeneous pattern emerges (Yuan et al., 2021), potentially leading to localised shifts in cell length of varying magnitude
among rhodolith-forming CCA.

Future studies should examine CCA across a broader range of environmental settings to assess how shifting light regimes
influence their mechanical properties and role as ecosystem engineers. Although manual measurements of cell dimensions
limited this study to a single protuberance, this approach provides an important step towards quantifying long-term variability
in CCA cell dimensions. Implementing automated image analysis would enable more efficient sampling across multiple
protuberances, allowing future studies to explore inter- and intraspecimen variability and improve the resolution of CCA cell

dimension responses to environmental change.

5 Conclusion

This study provides a multi-decadal assessment of environmental controls on cell dimensions in S. nodosum and shows that
SSR is a key driver of CCA cell length, whereas SST and pCO; exhibited no robust influences. Given that cell dimensions
contribute to the structural integrity of rhodolith-forming CCA, variations in SSR may have direct implications for their role
as ecosystem engineers. The spatial heterogeneity of SSR trends observed over recent decades suggests that these effects are
likely region-specific, potentially leading to variable impacts on rhodoliths across different areas. Future research involving
multiple specimens from diverse regions is essential to evaluate the broader applicability of these findings. Overall, these
results highlight the central role of light availability in shaping rhodolith morphology and their ecological roles under changing

environmental conditions.
Code and data availability

The data and code that support the findings of this study are openly available on Zenodo at
https://doi.org/10.5281/zenodo.19694908.
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