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Abstract

Calcareous red algae are globally distributed foundation species and ecosystem engineers. The
morphology of cells, reproductive structures, and thallus organisation are commonly used for
their classification using Scanning Electron Microscopy (SEM). Nonetheless, due to their general
plasticity, species identification based on morphology frequently leads to uncertainty and the
advances in molecular phylogeny produced numerous cases of systematic revisions. These algae
have been featured in evolutionary and environmental studies for their ecological significance in
both recent and past oceans. Paleoecological and paleoenvironmental reconstructions relying
on organisms’ associations and geochemical proxies need proper species-specific calibrations
and must rely on robust taxonomy. Investigating the cell wall ultrastructure has been the first
goal of this research to develop new potential diagnostic tools for species identification while
unveiling new insights into the principles governing the calcification mechanisms. A new deep
learning approach and highly resolved analyses on SEM images indicate a high diagnostic value
of calcification patterns, which contribute significantly to species segregation. The second goal
of this research was to test geochemical proxies in diverse species, with particular attention to
the boron (B) element. The B/Ca ratio in calcareous marine species provides information about
past seawater CO, concentrations. Spectrometric analyses of Mg, Sr, Li, and B were performed
at seasonal resolution on samples collected from various geographic settings and depths across
the Mediterranean Sea and the Atlantic Ocean. Unlike Mg, Li and Sr, fluctuations in B/Ca
did not mirror yearly seasonal temperature oscillations, excluding a significant temperature
influence. Nevertheless, the direct proportion between growth rates and B/Ca values suggested
a growth rate influence over B incorporation. The boron isotope-pH proxy was tested on
calcareous red algae grown in naturally acidified ecosystems near CO, seeps. A multi-specific
calibration of boron isotopes was also proposed using previously published data on cultured
coralline algae and new data from wild-grown specimens, significantly increasing the range
over which boron isotopes have previously been calibrated in the literature. A crystallographic
control over B incorporation was confirmed by the different isotopic compositions of aragonitic
and calcitic algae, and an up-regulation of the calcifying fluid pH was observed. Analyses on
B speciation also revealed a significant percentage of trigonal boron in calcareous red algae,
higher in calcites (~40%), questioning direct and exclusive incorporation of aqueous borate,

which is the main hypothesis of current proxy reconstructions.
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magnification of the cell wall ultrastructure (crystallites category). . . . . . . . .

LIME, Saliency, and Grad-CAM techniques reveal the pixels that make the most
significant contributions to CNN classification. (a) Magnification of the epithal-
lial cell wall in Lithophyllum racemus demonstrates the significant contribution of
calcification, formed by rod-shaped crystallites. (b) Mesophyllum philippii con-
ceptacle shape focused by Saliency. (c) Starch grains within the perithallial cells
of L. racemus did not impede correct identification. (d) The background beyond
the epithallial cell of Lithothamnion corallioides was most likely responsible for

this image’s incorrect classification. . . . . . .. . ... L.

Correlation of Mg/Ca with Li/Ca and Sr/Ca. Spearman’s coefficient r, the p-

value, and the line equation are also given. . . . . . .. .. ... ... ... ...

Mg/Ca in Lithothamnion corallioides collected at different sampling sites. The
horizontal black lines indicate the median values; the black dots and the numbers

inside the plot indicate the mean values. . . . . .. ... . ... ... ......

Mg/Ca in the long and short cells of Lithothamnion corallioides collected at

different sites. . . . . . . oL

Correlation between Mg/Li and seawater temperature. Data are shown for cul-
tured Clathromorphum compactum from Anagnostou et al. [66] and Lithotham-
nion corallioides from this study, which shows results separately in long and

short cells per sampling site. . . . . . . . .. . ...
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3.19

3.20

3.21

3.22

3.23

3.24

3.25

Mg/Li in Lithothamnion corallioides collected in Morlaix Bay (sample s8). Note
the lack of cyclic variations. In the timeline, the coldest and the warmest months

per year have been reported. Mg/Li ratios in the missing bands (asterisks) have

been calculated as the means of the values measured in warm and cold periods. .

Elemental ratios in Lithothamnion corallioides sample s8, collected in Morlaix
Bay (scale bar: 200 pm). Mg, Li, and Sr/Ca exhibit cyclic variations that
correspond to the local seawater temperature. The coldest and warmest months
have been reported in the timeline, which correspond to dark and light bands
of growth respectively. The element/Ca ratios in the missing bands (asterisks)

were calculated as the average of the values measured in warm and cold periods.

ORASSH reanalysis was used to extract monthly temperature means. . . . . . . .

Correlation B/Ca with temperature proxies in Lithothamnion corallioides col-

lected in Morlaix Bay (sample s8). Spearman’s coefficient r, the p-value, and the

line equations are given. . . . . . . . . . ... e

B/Ca in Lithothamnion corallioides collected at different sampling sites. The

horizontal black lines indicate the median values; the black dots and the numbers

inside the plot indicate the mean values. . . . . . . . ... ... ... ... ...

B/Ca in the long and short cells of Lithothamnion corallioides collected at dif-

ferent Sites. . . . . . .

Correlation of growth rates and seawater temperature with B/Ca. Spearman’s
coefficient r, the p-value, and the line equations are given. Temperature varia-
tions (AT) are the differences in maximum and minimum temperatures recorded
over 11 years of monthly reanalysis (ORAS5) (Section 2.2). The B/Ca means

in long and short cells correspond to the maximum and minimum temperature,

respectively. . . . . . L L e

(a) Samples s17 (Corallina officinalis) and (b) s20 (Peyssonnelia sp.) collected
near COy seeps in Ischia (Italy). Surficial damaged areas are indicated by arrows.

Here, the first layers of epithallial cells were removed, exposing the underlying
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3.26

3.27

3.28

3.29

3.30

Spearman’s correlation between 5nBalgae (Table 3.12) and the proportion of

aragonite over calcite in the algal samples (Table 3.11). Correlation significance

at p<0.05. Colours indicate which order the sample belongs to. . . . ... ...

Calibration data showing MC-ICP-MS measurements of 5nBalgae versus solution
M Byorate for published calcareous red algal cultures 42, 43, 102] and wild-grown
algae (this study). Shaded polygons show 0.90 confidence intervals, considering
standard errors of replicate measurements in the 0 HBalgae and one standard devi-
ation of 10000 Monte Carlo simulations in the ! Byorqte. Uncertainties for points

other than A. anceps are shown in Figure 3.28. Note that all the calibrations

plot above the 1:1 line (dotted line). Data are shown in Table 3.13. . . . .. ..

Multi-specific calibration proposed in this study grouping all published MC-
ICP-MS measurements of calcareous red algae. The shaded polygon shows 0.90
confidence intervals, considering standard errors of replicate measurements in
the 5nBalgae and one standard deviation of 10000 Monte Carlo simulations in

the 6™ Byorase- Note that all the points plot above the 1:1 line (dotted line). Data

are shown in Table 3.13. . . . . . . .

Principal component analysis (PCA); (a) score plot and (b) loading plot of PCA
on XRD (Table 3.11), MC-ICP-MS (Table 3.12) and "B MAS NMR (Table 3.15)
data of calcareous red algae. The plots model 92% of the total data variance.
Variance proportions are shown along each component axis. Peyssonnelia sp.

and Polystrata sp. belong to the order Peyssonneliales; Mesophyllum philippii

belongs to the order Hapalidiales; all the other species are Corallinales. . . . . .

HB MAS NMR spectra and deconvolution of Mg-calcite samples s2-4. The blue
line indicates the experimental spectra, the red line the simulated spectra and the
overlapping bottom lines indicate the deconvolution. Note the presence of two

components in the BO, peaks. The determined NMR parameters are reported

in Table 3.14 and A.8. . . . . . .



3.31

3.32

3.33

3.34

3.35

HB MAS NMR spectra and deconvolution of Mg-calcite samples s8, s12-23. The
blue line indicates the experimental spectra, the red line the simulated spectra
and the overlapping bottom lines the deconvolution. Note the presence of two
components in both BO3 and BO, peaks. The determined NMR parameters are
reported in Table 3.14 and A.8. . . . . . . . ..o

1B MAS NMR spectra and deconvolution of Mg-calcite samples s14, s24-25.
The blue line indicates the experimental spectra, the red line the simulated
spectra and the overlapping bottom lines indicate the deconvolution. Note the
presence of two components in both BO3 and BO, peaks. Sample s24 has two
BOj3 peaks in one of the two BO3 components. The 6.1 ppm signal in sample
s25 was ambiguous and not classified (n.c.). The determined NMR parameters

are reported in Table 3.14 and A.8. . . . . . . . . . ... ... ..

1B MAS NMR spectra and deconvolution of Mg-calcite samples s26-28. The
blue line indicates the experimental spectra, the red line the simulated spectra
and the overlapping bottom lines the deconvolution. Note the presence of two
components in both BO3 and BO4 peaks. The determined NMR parameters are
reported in Table 3.14 and A.8. . . . . . . . . . ... ..

UB MAS NMR spectra and deconvolution of Mg-calcite sample s29 and aragonite
samples s30-31. The blue line indicates the experimental spectra, the red line the
simulated spectra and the overlapping bottom lines indicate the deconvolution.
Note the 7.7 ppm signal in samples s30-31, ambiguous and not classified (n.c.).
The determined NMR parameters are reported in Table 3.14 and A.8. . . . . . .

UB MAS NMR spectra and deconvolution of aragonite sample s32. The blue
line indicates the experimental spectra, the red line the simulated spectra and
the overlapping bottom lines indicate the deconvolution. Note the 7.2 ppm
signal, ambiguous and not classified (n.c.). The determined NMR parameters

are reported in Table 3.14 and A.8. . . . . . . . . ... L
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Temperature and carbon data in Aegadian Isl. at sampling depth (40 m). The
temperature was extracted by 11 years of ORAS5 monthly mean reanalysis pre-
ceding the date of sample collection (August 1993). Dissolved inorganic carbon
(DIC) and pH data were extracted by CMEMS biogeochemical models spanning
1999-2017. . . . . . e e

Temperature and carbon data in Elba at sampling depth (45 m). The tempera-
ture was extracted by 11 years of ORASSH monthly mean reanalysis preceding the
date of sample collection (December 1990). Dissolved inorganic carbon (DIC)
and pH data were extracted by CMEMS biogeochemical models spanning 1999-

Temperature and carbon data in Pontian Isl. at sampling depth (66 m). The
temperature was extracted by 11 years of ORAS5 monthly mean reanalysis pre-
ceding the date of sample collection (July 2016). Dissolved inorganic carbon
(DIC) and pH data were extracted by CMEMS biogeochemical models spanning
1999-2017. . . . . L e

Temperature and carbon data in Morlaix at sampling depth (12 m). The temper-
ature was extracted by 11 years of ORAS5 monthly mean reanalysis preceding
the date of sample collection (May 1991). Dissolved inorganic carbon (DIC) and
pH data were extracted by CMEMS biogeochemical models spanning 1999-2017.

Li/Ca, Sr/Ca and Mg/Li in Lithothamnion corallioides collected in different
sampling sites. The horizontal black lines indicate the median values; the black-

filled circles and the numbers inside the plot indicate the mean values. . . . . . .
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Chapter 1

Introduction: Background Theory and

Objectives

1.1 Calcareous red algae (Rhodophyta)

Calcareous red algae are a diverse group of marine species that are widely recognised for their
global ecological importance and provide a variety of ecosystem services, including habitat
formation [5, 9, 70, 75, 86, 91, 96, 266] and carbonate production [50, 71, 98, 161, 166, 264]. This
is due to the fact that they are marine calcifiers, which precipitate calcium carbonate in their cell
walls as high-Mg calcite or aragonite along polysaccharide microfibrils [50, 144, 178, 183, 186].
The most abundant groups are the calcitic Corallinophycidae Le Gall & G.W. Saunders, also
known as “coralline algae” and the aragonitic Peyssonneliales Krayesky, Fredericq, & J.N.
Norris. Calcareous red algae are found on hard substrata throughout the marine photic zone
[83], and are especially common in Mediterranean benthic communities, where they range
from the intertidal zone to circalittoral depths [49, 85]. In the Mediterranean, non-geniculate
“crustose” forms, constituting maerl beds and coralligenous reefs [58, 71, 269] (Fig. 1.1),
enhance seafloor structural complexity and provide substrate for the settlement, protection,

and reproduction of a variety of marine species, increasing habitat biodiversity [12, 70].



Figure 1.1: An example of a Mediterranean coralligenous community (a), and a maerl bed (b)
from Islas Columbretes, Spain. Modified from Rindi et al. [81]. Copyright: Enric Ballesteros.

The morphological characteristics of cells and reproductive structures, as well as the organisa-
tion of the thallus (i.e., the undifferentiated algal body [78]), are generally used to differentiate
between species [47, 48, 111, 272|, either by light microscopy of thin sections or by high-
resolution Scanning Electron Microscopy (SEM) [135]. The basic structure of an algal thallus
is given by a basal hypothallus (not always evident), with cell filaments growing tangentially
to the substrate and then bending toward the thallus surface, becoming more or less perpen-
dicular to the hypothallus, forming the perithallus. Finally, there are one or more epithallial
cells that terminate each perithallial filament and are in contact with the external environ-
ment. The reproductive structures are called conceptacles and can be found in both sexuate
and asexuate phases of the algal life cycle. Tetrasporangial conceptacles produce spores for
asexual reproduction, while spermatangial and carpogonial conceptacles are respectively the
male and female reproductive structures [103]. A brief description of some of the most common
Mediterranean species is given hereafter. Lithothamnion corallioides (P. Crouan & H. Crouan)
P. Crouan & H. Crouan is widely distributed in the Mediterranean Sea and the north-eastern
Atlantic Ocean, from Scotland to the Canary Islands [27, 164, 249], where is typically found in
maerl beds [16, 55, 189, 216, 242]. Tt produces rhodoliths [56], in the form of free-living branch-
lets or nodules that are frequently sterile [164]. In terms of micro-anatomy, L. corallioides has
rectangular perithallial cells connected by multiple fusions, and the epithallus is characterised

by multiple layers of flattened cells, typically flared in the first layer below the surface [47].
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Lithothamnion minervae Basso, commonly encountered in Mediterranean rhodolith beds, has
a significant fossil record [268] and is particularly promising in registering temperature and pH
records [77]. L. minervae has oval to subrectangular cells in the perithallus, where multiple cell
fusions are common [47]. The hypothallus is composed of up to five cell filaments, and concepta-
cles have a typical cavity on top, which is left by perithallial filaments that grow above [47, 54].
The non-geniculate Lithophyllum racemus (Lamarck) Foslie is frequently found together with
L. corallioides and L. minervae [16, 27, 55, 189, 216, 242]. It is a Mediterranean endemic
coralline alga that forms unattached globular rhodoliths [49, 56] and has a typical “praline”
morphotype [49, 56, 57, 65, 72, 80, 87, 258] with many densely spaced and apically broadened
branches [57] (Fig. 1.2). A phylogenetic study [6] revealed the previously unknown species
Lithophyllum pseudoracemus Caragnano, Rodondi & Rindi, which had been mistaken for the
morphologically similar L. racemus (Fig. 1.2). Secondary pit connections join the perithallial

cells of adjacent cell filaments in both L. racemus and L. pseudoracemus, and there can be up

to five layers of flattened epithallial cells [6, 57].

Figure 1.2: Fruticose specimens of Lithophyllum racemus (a) and Litophyllum pseudoracemus
(b). Modified from Caragnano et al. [6].

Mesophyllum philippii (Foslie) Adey, another common species of coralline alga in Mediterranean
waters, is one of the main bioconstructors of the Mediterranean coralligenous concretions, oc-
curring in the form of layered crusts [263], sometimes with protuberances. M. philippii is
characterised by a thick coaxial hypothallus and a single layer of rounded to flattened epi-

thallial cells. Cell fusions are common in perithallial cells, and buried multiporate sporangial
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conceptacles, which are hemispherical in shape, are typically infilled with large, irregular cells
[48, 263]. Peyssonneliales have a crustose prostrate thallus that is attached to the substrate by
uni- or multicellular rhizoids and exhibits partial or total calcification in the form of aragonite
crystals [211]. The genus Peyssonnelia is found from the intertidal zone to the deep coastal
detritic bottoms [238] and is distinguished by the presence of a basal hypothallial layer, from
which departs a dorsal perithallus devoid of secondary pit-connections [168]. Reproductive
characters are frequently absent or exhibit little variation among species [219, 244].

Morphological-based species identification in calcareous red algae can be challenging, given their
general plasticity. The increasing use of molecular systematic tools has revealed numerous cases
of cryptic diversity [6, 7, 11, 14, 160] and several systematic revisions based on molecular ge-
netics have been produced [2, 7, 11, 39, 134, 139, 160, 163]. Paleontologists need a reliable
taxonomy to reconstruct the paleoecology and the paleoclimate [52, 88, 196, 268]. In particu-
lar, the application of geochemical proxies in paleoclimate research needs specific calibrations,
since differences in geochemical signatures among species can be very relevant [42, 77]. As a
consequence, there is a growing interest in developing new diagnostic tools for the taxonomic
identification of coralline algae [84, 267], which rely on morphological parameters that could
be used even in fossils where genetics is not possible. Recent observations at the micro- and
nanoscale revealed a diagnostic potential of the calcified ultrastructures for taxonomy [84, 267]
and new insights into coralline algal biomineralization that will be further discussed in Section
1.1.2. This research broadly focused on two areas: the taxonomy and biomineralization of
calcareous red algae, and their use as palacoenvironmental proxies. These aspects are deeply

interconnected and a graphical representation of this research approach is given in Figure 1.3.

1.1.1 Supervised classification

Machine learning techniques are a powerful tool for automating classification, assisting hu-
man operators in processing massive amounts of data and potentially revealing new diagnostic
features through post-doc analyses. Artificial neural networks are popular machine learning

algorithms whose goal is to find the set of weights that minimise a defined loss function over
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Figure 1.3: Conceptual map summarizing the approach used in this research project for the
study of the significance of calcareous red algae as paleoclimate archives. Two main aspects were
addressed: the problem of taxonomic identification and the application of geochemical proxies.
A novel approach to algal classification was tested using Convolutional Neural Networks (CNNs)
(Section 1.1.1.1, I objective). A detailed Scanning Electron Microscopy (SEM) investigation of
cell wall ultrastructures was then performed to evaluate their use as a new diagnostic tool for
taxonomy (Section 1.1.2.1, IT objective). Species identification represents a crucial step in the
application of proxies given the specificity of the geochemical signature and the consequent need
for specific calibrations. Two main geochemical proxies were tested in temperate calcareous
red algae: trace and major elements including Mg, Li, Sr and B (Section 1.2.1.1, III objective)
and boron isotopes (Sections 1.2.2.1 and 1.2.2.2, IV and V objectives).



the predicted and real classes [221]. This is accomplished through an iterative process that
alternates between a feed-forward step in which weights connecting different layers are used to
compute the output and a backpropagation step in which the weights are adjusted by computing
the gradient of the loss function. Deep learning is commonly used to describe artificial neural
networks with more than two hidden layers. It avoids the time-consuming and difficult feature
extraction process required by other classification methods in the context of image classifica-
tion [35, 275]. Indeed, deep learning provides end-to-end learning by automatically extracting
information from raw data and eliminating all extra overheads associated with selecting feature
descriptors and feature selection. In particular, Convolutional Neural Networks (CNNs) have
emerged as the cutting-edge image recognition method [105]. CNN architectures have been used
in a variety of ways, but in general, they consist of stacked convolutional and pooling layers,
followed by one or more fully connected layer(s). CNNs are built around convolutional layers,
which are essentially pattern extractors using a set of trainable filters or kernels. The inputs are
convolved with the weights, which are optimized during the training phase, to produce a new
representation of the original images, that is, a new feature map. The pooling layer compresses
the information in these feature maps, usually keeping the maximum value (i.e. max-pooling
layer). Convolutional and pooling layers are followed by fully connected or dense layers, which
are made up of neurons that are connected to all of the neurons in the previous and subsequent
dense layers. The number of neurons in the output layer is equal to the number of classes
to be predicted for classification purposes, and each of these neurons outputs the probability
that the image belongs to the corresponding class. CNNs are data-hungry, which means they
require a large number of training images to be trained on [105]. Thus, for small datasets
(less than a thousand images), it is preferable to begin with a pre-trained network, which is a
CNN whose weights have already been trained on thousands of images [1, 112]. Unlike random
weights, pre-trained CNN weights have already been trained to distinguish some simple and
common geometrical patterns. To obtain the desired output, the last fully connected layer of
the pre-trained CNN is typically substituted, which may imply a different number of classes.
The CNN can then be trained on the images of interest, as in the case of transfer learning

and/or fine-tuning depending on the training procedure. In the former case, all or some of



the CNN layers will be trained on the images of interest for a few epochs, whereas the latter
involves tuning some hyperparameters (such as the learning rate) to adapt the network to the
new classification purpose. CNNs have already been used successfully to classify fish species
[61, 126], bivalves [239], and foraminifera [231]. The classified images in such cases were pho-
tographs of the entire organism. Liu and Song [275] achieved model accuracy comparable to
human classifiers by finetuning on pre-trained CNNs for the recognition of different taxonomic
groups of microfossils observed in thin sections. Modarres et al. [185] used CNN for SEM image
recognition of generic nanostructures, the majority of which were not of biological origin. Prior
to this research, CNNs have never been used on SEM images for taxonomic identification, and

there have been no previous attempts to classify calcareous red algae using CNNs.

1.1.1.1 I Objective: Deep learning for automatic classification

SEM images of the calcareous red algae L. corallioides, M. philippii, L. racemus and L. pseu-
doracemus were classified using CNNs. Each image was processed along with the vectorized
representation of the observed morphological features (i.e., categories) to enrich the models.
Six relevant morphological categories were considered, including the calcified cell wall ultra-
structure, and each image was manually paired with one or more of them.

Three models were trained on the same images that were classified at various taxonomic levels:

1. to discriminate L. pseudoracemus from all the other species (2 class-CNN model);
2. to classify the three genera (3 class-CNN model);
3. to classify the four species (4 class-CNN model).
Finally, the model’s utility was tested as a diagnostic tool for the classification of two samples

morpho-anatomically similar to L. racemus and L. pseudoracemus, lacking genetic characteri-

sation and generically referred to as L. cf. racemus.



1.1.2 Biomineralization

Knowing the geochemical incorporation of elements and molecules within the algal thallus re-
quires understanding the biomineralization mechanism. The mineralized thallus of calcareous
red algae (Fig. 1.4) provides them with strength and protection from grazing and other dis-
turbances [24], and it can be preserved in the fossil record over geological time [106, 161, 247,
265, 268, 269]. The cell walls of calcareous red algae are either composed of aragonite or, more
commonly, high-magnesium calcite with more than 8-12 mol% MgCO;3 by the endothermic
substitution of Ca®" ions with Mg*" [144]. Each carbonate polymorph has its own elemen-
tal and isotopic composition and forms a unique equilibrium with seawater [100]. Previous
research on coralline algae has found aragonite, brucite, and dolomite crystals, in addition to

calcite, which are thought to be secondary precipitation events within the empty conceptacles

and other micro-cavities [50, 143, 182, 252].

Figure 1.4: SEM images of a longitudinal section through the perithallial long cells of Lithotham-
nion corallioides (a). The thin walls of two adjacent cell filaments are magnified in (b). Modified
from Bracchi et al. [267].

Longitudinal sections of coralline algae show light and dark bands alternating, which indicate a
seasonal growth pattern [9, 47, 48, 109, 189, 189]. Dark bands are formed by short, thick-walled
cells, whereas light bands are formed by long, thin-walled cells [201, 267] (Fig. 1.4). Light bands
with higher Mg content correspond to warm periods of growth, while dark bands with low Mg
content correspond to cold periods [117, 222]. Hereafter, short cells are referred to as slow-

growing cells within dark bands produced during the cold season, while long cells are referred
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to as fast-growing cells within light bands produced during the warm season [9, 48, 79, 201, 267]
(Fig. 1.4). Annual growth bands can be used to determine the age of an alga as well as for
high-resolution geochemical analyses [4, 117, 201]. The cell wall calcification is made up of
nanometric crystallites that differ in shape among families and even genera [84, 267]. Sec-
ondary calcification (SC) is made up of radial high-Mg calcite crystallites, whereas primary
calcification (PC) is constituted by tangentially arranged crystallites, which are usually visible
at the boundary between two adjacent cell filaments [79, 84, 90, 183, 267, 274]. The pattern
of mineralization has been widely used for taxonomic identification in other calcifying marine
organisms such as foraminifera [36, 121, 137], coccolithophores [23] and corals [22, 59, 123, 127],
demonstrating consistency with molecular phylogeny. Recent research into coralline algal cell
walls and their calcified nanostructures supports the hypothesis that the crystallite shape is
actively determined by the alga [84, 267]. SEM analysis of a diverse collection of coralline algae
revealed family-specific patterns in the shape of the nanostructures that comprise PC and SC
[84]. Auer and Piller [84] correlated cell wall micro- and nanomorphology with molecular phy-
logeny, classifying different genera based on crystallite shape in epithallial and meristematic
cell walls. Recent studies on the cell wall ultrastructure of L. corallioides agreed on this classifi-
cation, revealing a consistent pattern in the crystallite shape and arrangement that appears to
be unaffected by the environment [267]. Aside from the taxonomic implications, these findings
support the previously controversial hypothesis of a biologically controlled biomineralization.
Controlled biomineralization in calcareous red algae was initially supported [176], but recently
questioned by de Carvalho et al. [64] and Nash et al. [180]. New insights into the biomineral-
ization process of high-Mg calcites revealed that crystallite unities are multiple mineral phases
rather than single crystals, as observed in the calcareous red algae Jania sp. and Corallina sp.
[194, 195]. They show a low-Mg calcite matrix containing incoherent high-Mg calcite nanopar-
ticles formed by the spinodal decomposition of an amorphous calcium carbonate (ACC) phase.
Corals had previously demonstrated the presence of an ACC precursor phase [255]. These new
findings spark an interesting debate about the incorporation mechanism of geochemical proxies,

which may not be as simple as previously thought.



1.1.2.1 II Objective: Calcification traits in cryptic species

The two morphologically similar but genetically distinct species L. racemus and L. pseudorace-
mus were analysed by highly resolved SEM imagery to test the suitability of putative descriptors
based on calcification traits as new taxonomic characters for calcareous red algae identification
at the species level. The ultrastructural calcification traits in both PC and SC and various
classical morphological descriptors were measured in molecularly identified L. racemus and L.
pseudoracemus samples, and in L. cf. racemus samples lacking molecular phylogeny to highlight

possible species-specific patterns.

1.2 Calcareous red algae as paleoclimate archives

Climate Change is one of the most pressing issues of our time, and the most effective tool for
forecasting future climate evolution is knowledge of former variability, particularly from the
recent past [28, 146]. Accurate instrumental environmental data on the Globe only go back to
the 1850s and are available in a few locations [203] (Fig. 1.5); thus, reconstructions of the past
must rely on paleo-proxies. The global average climate has warmed since industrialization in
the 1850s [104], with temperatures rising by nearly 1°C [118]. Between 1959 and 2014, approx-
imately one-third (27%) of the carbon dioxide released by burning hydrocarbons was dissolved
in the sea, lowering the pH by 0.1 part of a pH unit compared to pre-industrial levels [45, 256]
(Fig. 1.5). Despite this evidence, natural climate variability may obscure anthropogenic Cli-
mate Change. As a result, comparing previous climate fluctuations to recent changes allows
us to assess the magnitude of anthropogenic impacts in the current climate scenario. Along
with global warming, ocean acidification is the major anthropogenic perturbation of today’s
Oceans [25, 28, 97, 128, 147, 218, 259], posing a serious threat to marine calcifiers such as
calcareous red algae [50, 132, 144, 241]. Acidification reduces the saturation state of calcium
carbonate, which is the component of habitat-forming species of critical ecological importance
including calcareous red algae and corals [50, 78, 107, 108, 132, 144, 208]. Calcite is less soluble

than aragonite, but its solubility increases with increasing magnesium relative molar abun-
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dance (MgCOj;) [108]. Corallinophycidae, which are high-Mg calcite (containing more than
8-12 mol% MgCOj3) [144], are thus particularly sensitive to pH changes [50, 78, 241, 261]. A
further increase in C'O, concentration in the atmosphere is expected in the future, causing the
carbonate compensation depth and the lysocline to rise, thereby further increasing the disso-

lution threshold of carbonates that compose calcareous organisms and sediments.

CO, Time Series in the North Pacific
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Figure 1.5: The longest instrumental records of C'Oy and pH variations, occurring from 1958
to 2019. Data: Mauna Loa https://gml.noaa.gov/webdata/ccgg/trends/co2/co2_mm_
mlo.txt, ALOHA http://hahana.soest.hawaii.edu/hot/hot-dogs/bextraction.html.
ALOHA pH and pCO, are calculated at in situ temperature from dissolved inorganic car-
bon and total alkalinity (measured from samples collected on Hawaii Ocean Time-series (HOT)
cruises) using co2sys (Pelletier, v25b06). Modified from https://www.pmel . noaa.gov/co2/
file/Hawaii+Carbon+Dioxide+Time-Series.

Several studies on the effects of acidification in coralline algae have been conducted [76, 78, 181,
182, 198, 199, 241]. Significant negative effects were reported, including thallus weakening and

altered skeletal mineralogy with high-Mg calcite replaced by gypsum [199]. With decreasing
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seawater pH near C'O, seeps in Ischia (Italy), the abundance of calcifying organisms, including
coralline algae, declines, favouring the settlement of fleshy algae [140]. The same phenomenon
is observed in Methana, where decreasing seawater pH results in a generalized loss of coralline
algae, with an increase in the settlement of canopy-forming macroalgae [37], thus confirming
the susceptibility of coralline algae to changes in seawater carbonate chemistry. Nonetheless,
coralline algae have demonstrated some resistance to the pH drop. Laboratory experiments have
revealed evidence of species-specific biological up-regulation of calcifying fluid pH in response
to ambient pH manipulations [42, 43], as previously observed in corals [43, 172, 234}, implying
that algae could promote calcification even when growing in an acidic environment. The impact
of Climate Change on the Mediterranean Sea is particularly devastating [73, 159, 230, 254]; cli-
mate models predict that it will be one of the regions most affected by the ongoing warming
trend and an increase in extreme events [38, 214]. It has also been proposed that the Mediter-
ranean basin could serve as a model for the World’s Oceans to investigate the consequences
of Climate Change [38], so understanding its future climatic pattern is of particular interest.
Records in temperate regions are primarily based on terrestrial proxies, which do not always
reflect marine environmental conditions [116]. Coralline algae are the marine algae with the
richest fossil record [106, 262], and they play an important role in palaeontology. Their cal-
cified thallus can be preserved over geological time, allowing researchers to investigate their
geochemical interactions with the paleoenvironment [33, 116]. During biomineralization, cal-
careous red algae incorporate major and trace elements that mirror the chemical properties
of their growth environment, becoming important proxy records for paleoecology and palaeo-
ceanography [77, 114, 117, 237]. Coralline algae are well-suited for paleoclimate reconstructions
on weekly to multi-centennial time scales because they are globally distributed and particularly
long-lived, and they lack an ontogenetic growth trend (i.e. they do not slow down growth with
age, unlike bivalves) [33, 116, 200]. Optical microscopy of algal thin sections reveals bands
that reflect the growth pattern [47, 48, 109, 189] (Section 1.1.2), similar to tree rings [79],
which can be targeted for high-resolution geochemical analyses. Geochemical studies of marine
coralline algae have been conducted since the mid-1990s. There are still knowledge gaps in their

calcification and geochemistry, both of which are critical topics for their use in paleoenviron-
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mental reconstructions. This is exacerbated in Mediterranean calcareous red algae, which are

understudied since the majority of the literature is based on high-latitude or tropical species.

1.2.1 Trace and major element/Ca

Trace element variations in marine calcareous species help reconstruct changes in environmental
parameters that characterised seawater during their growth [215, 237]. The high Mg-calcite of
calcareous red algae records ambient seawater temperature [117, 181, 200, 236], primary pro-
ductivity [10, 210] and salinity [202], making it an ideal paleoclimate archive. Most of the data
come from high-latitude [66, 200] and tropical species [4, 196], with mid-latitude coralline algae
receiving less attention. Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-
ICP-MS) on growth bands enables the high-resolution analysis of a wide range of trace elements
in solid-state samples. In biogenic carbonates, this technique has been widely used to extract
records of seawater temperature, salinity, and water chemistry [34, 77, 114, 236, 237, 253].
Chave [156] and Chave and Wheeler [157] discovered cyclic variations in Mg content within the
algal thallus and demonstrated a link between Mg cycles and seasonal temperature fluctuations.
Later, Moberly [225] suggested that Mg variations are affected by growth rates, which are in
turn function of seawater temperature, light, and physiological cycles. In corallines, the Mg/Ca
ratio is a well-established SST (Sea Surface Temperature) proxy [77, 114, 116, 200, 233]. In
Lithothamnion glaciale Kjellman 1883 [200], Clathromorphum spp. [237], Lithophyllum sp. [4]
and Sporolithon sp. [196], Sr/Ca and Li/Ca ratios also showed significant positive correlations
with temperature. In cultured C. compactum (Kjellman) Foslie 1898 [66] and in empirical
studies on Lithophyllum sp., Hydrolithon sp. and Neogoniolithon sp. [130], Mg/Li revealed
an exponential relationship with temperature. On the other hand, the Mg/Li calibration did
not show any improvement in the Mg/Ca or Li/Ca proxies in Lithophyllum spp. from Carag-
nano et al. [3, 4]. In various empirical studies on benthic foraminifera [133, 141, 142] and
synthetic aragonite [171], the boron-to-calcium ratio (B/Ca) proved to be informative about
past seawater CO3~ concentrations. The majority of boron research has focused on its isotopic

composition [42, 77, 114, 151, 188, 204], with less attention paid to B/Ca records, particularly
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in coralline algae. According to recent research, B/Ca is a function of seawater pH as well
as other environmental variables such as temperature, the effect of which should be consid-
ered when attempting to reconstruct surface ocean pH and atmospheric pC O, [149, 155, 191].
It is critical to recognise the influence of multiple factors on a proxy in order to achieve the
highest reliability of climate reconstructions [102, 149]. The effects of temperature and growth
rate on B incorporation have recently been studied using experiments on both synthetic and
biogenic carbonates [102, 124, 142, 149, 191, 229, 260]. A culture experiment on the coralline
alga Neogoniolithon sp., in particular, revealed a positive correlation of B/Ca with growth rate
and a negative correlation with Sr/Ca, the latter being proposed as a proxy for dissolved in-
organic carbon (DIC) [102]. Furthermore, a culture experiment on the high latitude species
C. compactum revealed that temperature had no effect on B/Ca and had a significant inverse
relationship with growth rate [66]. The factors influencing B incorporation in calcareous red
algae are still being debated, and no studies on the correlation between temperature proxies

(Mg, Sr, Li/Ca) and B/Ca have been conducted thus far.

1.2.1.1 TIII Objective: Multiple influences on Mg, Li, Sr and B/Ca

LA-ICP-MS analysis was performed on wild-grown coralline algae belonging to L. corallioides
species and spread across a large geographical area, providing the first data of putative tem-
perature proxies (Mg/Ca, Sr/Ca, Li/Ca, Mg/Li) and B/Ca from various geographic settings
and depths across the Mediterranean Sea and the Atlantic Ocean. The effect of temperature
and growth rate on B incorporation was investigated, which could be important in determining

the accuracy of B/Ca as a proxy for the seawater carbonate system.
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1.2.2 The boron isotope-pH proxy

Boron in the ocean exists in two molecular species: trigonally coordinated boric acid B(OH )3
and tetragonally coordinated borate ion B(OH )y, which are linked by the acid-base equilibrium
reaction:

B(OH)3 + H,0 «» B(OH); + H* (1.1)

that clearly shows the dependence of the two species’ concentrations on pH variations (-

log[H"]), with the relative abundances of B species being pH-controlled (Fig. 1.6).
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Figure 1.6: (a) The relative abundance of dissolved boron species in seawater, where [BT] =
432.6 pumol kg™, pK}% = 8.60 for the surface ocean (with S = 35, T = 25 °C and p = 1 bar,
solid lines) and pK7j, = 8.67 for the deep ocean (with S = 34.8, T = 2 °C and p = 401 bar,
dashed lines) [89, 119]. (b) Boron isotope partitioning between dissolved B(OH )3 and B(OH)y
at T =25°C, S =35, p=1bar, §''By, = 39.61%¢ [95] and [BT] = 432.6 pumol kg~' [152].
aps—ps was either 1.0194 [99], 1.0272 [150] or 1.026 [209]. The grey box in (b) indicates the
boron isotopic composition of modern marine carbonates. Modified from Honisch et al. [31]

The equilibrium constant of the reaction shown in Eq. 1.1, K}, is 10786 which corresponds to
a pKj; of 8.6, very close to seawater pH. As the pH of the surrounding environment decreases
(increases), the equilibrium between the two species shifts in favour of boric acid (borate ion)
(Fig. 1.6). Boron has two stable isotopes: the heavier ' B (80.1% in abundance) and the

lighter '°B (19.9% in abundance), with an enrichment factor eps_p4 of 27.2 + 0.6% [150]. The

15



isotopic composition of seawater (6 B,,) varies with the isotopic composition of B(OH); and
B(OH)y, which in turn vary their concentrations with pH. Given the differences in coordination
between the two species and the corresponding changes in the B-O vibrational frequencies of
chemical bonds, this equilibrium undergoes isotopic fractionation, resulting in boric acid being
isotopically heavier than borate (Fig. 1.6). During calcite precipitation, boron is incorporated
into marine carbonates, particularly the cell walls of calcareous red algae. Carbonates’ B iso-
topic composition (6! Beaco,) is similar to that of borate in seawater (6! Byoraze) [18, 205] (Fig.
1.6); thus, it has been proposed that carbonates preferentially incorporate borate over boric
acid in seawater. As a result, the §'' Boyco, should increase with pH in accordance with the
0" Byorate. This principle underpins the §'' B proxy, which is used to reconstruct past seawater

pH [29, 31, 94, 133], using the equation

1 11
0" Bsw — 0" Beacos
0N By — aps—ps X 0" Beoaco, — €B3— B4

pH = pKj — log(— (1.2)

where: pK7j, is the dissociation constant for the boric acid/borate equilibrium in seawater;
o1 B,,, is the seawater isotopic composition, which is 39.61 4 0.04%o in the modern ocean [95];
aps_p4 is the aqueous boron isotope fractionation factor, which is 1.0272 + 0.0006 [150]; and

€p3_pa 1s the enrichment factor as

€B3—B4 = (0433734 — 1) x 1000 (13)

Several calibrations for foraminifera [94, 125, 133, 187] and corals [67, 240] indicate that marine
organisms exert species-specific control over B incorporation. York fits [63] of the following
equation can be used to calculate species-specific calibrations, with analytical uncertainties in

8" Bouco, and reported uncertainties in 0 Byypqre of solution pH [188]:

5lleorate = <5llBCaCO;g - C)/m (14)
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where c is the intercept and m is the slope of the fit. By replacing Eq. 1.2 with Eq. 1.4, the

calculated 6! Byorqre can be used to reconstruct pH:

511Bsw - 5lleorate

H =pK35 — log(—
b PiB g( O By — aps—pa X 01 Byorate — €B3—B4

(1.5)

Despite the fact that the 5! B-pH theory described above has been widely applied in the liter-
ature for ocean pH reconstructions, the reliability of these calculations has recently been called
into question, highlighting the importance of problems related to isotope fractionation, mech-
anisms of boron incorporation into marine carbonates, so-called “vital effects” (i.e. metabolic
activities that can bias the isotopic signal), analytic methods, and the seawater isotopic com-
position [173]. Several experiments on calcites and aragonites, mostly synthetics, had revealed
differences in the isotopic composition of carbonates and seawater borate [93, 167, 209, 260].
Under low pH conditions, laboratory experiments on synthetic and biogenic calcium carbonate
revealed enrichment of ' B in carbonates compared to borate in solution. This enrichment
is difficult to interpret. As the pH decreases, the concentration of boric acid increases; be-
cause boric acid is more enriched in ' B than borate, boric acid incorporation could explain
the shift in the isotopic composition of seawater borate and carbonate. Spectroscopic studies
have revealed the presence of both BO3 and BO, in carbonates [207, 246], with calcite incor-
porating a higher fraction of BO3 than aragonite [206, 260]. Magic Angle Spinning Nuclear
Magnetic Resonance (MAS NMR) is well suited to provide information on boron speciation
in carbonates [167, 260]. Recent MAS NMR techniques on a limited set of biogenic samples
revealed that corals, foraminifera [40, 129, 151, 207, 250], and calcareous red algae [167] contain
30-48% of BOs5. The amount of BOs in carbonates is unrelated to the concentrations of boron
species in seawater [167] or pH [260]. It has frequently been interpreted as a coordination
change of borate from BO, to BOs during crystal formation without isotopic fractionation
[93, 151, 206, 207, 260]. Indeed, the coordination change would be a quick process in compar-
ison to the carbonate growth rate, limiting potential kinetic fractionation [228]. Nonetheless,
isotopic compositions that are heavier than expected from the exclusive incorporation of bo-
rate molecules could indicate direct boric acid incorporation, as many authors have suggested

[40, 120, 277]. Recent theoretical models did not rule this out [68, 69], particularly in disordered

17



mineral phases where boric acid molecules could be scavenged directly from the solution. As a
result, boron incorporation in biogenic calcites and aragonites remains a source of contention,
with the majority of current knowledge derived from laboratory experiments, synthetic materi-
als, and theoretical models. Boron speciation data are currently only available for the coralline
algae Goniolithon sp. [246] and L. glaciale from Scotland [167], which showed 80% and 30%
of BOj3 incorporation, respectively. Boron concentration in calcite and aragonite artificially
precipitated at 25°C by Mavromatis et al. [260] increases with solution pH (concordant with
previous studies [15, 192, 193, 278]) and is significantly higher in the aragonite (in accordance
with other observations of Kakihana et al. [99] and Hemming et al. [206]). This evidence
suggests that boron is incorporated in carbonate as borate (which increases in solution with
pH) rather than boric acid. Boron incorporation in calcareous red algae can be influenced by
a variety of factors [102], and calibration studies on 6! B have only been conducted on a few
cultured species [42, 43, 102]. Recent research also suggests that coralline algae, like corals
[234], can control the pH of the calcifying fluid (pH.s) [42]. Both organisms can raise pH at
calcification sites in response to changes in ambient pH, which influences precipitation rates
[42]. Differences in carbonate polymorphs were also highlighted [43, 172], with aragonitic corals
having higher pH.; than calcites, indicating the importance of mineralogical control on bio-
logical up-regulation. Naturally acidified environments allow for in situ observations of marine
organisms’ responses to a decrease in seawater pH without resorting to complex manipulative
laboratory experiments that do not account for all of the variables that characterize a real-world
scenario [257]. So far, no studies on pH,.s changes in natural systems have been conducted on

calcareous red algae.

1.2.2.1 IV Objective: The boron isotope calibration

The boron isotope-pH proxy was tested in calcareous red algae grown close to C'O5 seeps, obtain-
ing the first measurements of 6" B in Corallina officinalis Linnaeus 1758 (Corallinophycidae)
and Peyssonnelia sp. (Peyssonneliales) from Ischia (Italy), and Amphiroa sp. (Corallinophyci-
dae) from Methana (Greece). The 6 B results were compared to previously collected data from

cultured calcareous red algae, and they were used to calculate a new multi-specific calibration
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of the proxy in calcareous red algae, broadening the pH range considered for 6'! B calibrations
in the literature thus far. The presence of morphological anomalies on the algal thallus was

also investigated where the highest pH variations were registered.

Figure 1.7: COy seeps in Ischia (Italy) at the highest intensity venting zone (3-6 m depth).
Modified from Gambi et al. [179].

1.2.2.2 'V Objective: Boron speciation

For the first time in the literature, a large dataset of MAS NMR and isotope results in various
aragonitic and calcitic red algal species was provided. Except for one species that has an
Atlantic counterpart, all the algae analysed were grown across the Mediterranean Sea and
belong to different algal families. This valuable collection offered the opportunity to study the
variations in the amount of BO3 and BO, among species grown in different locations. Eventual
differences were discussed in light of a possible species-specific algal control over B speciation
and statistical tools were used to highlight specificities between carbonate polymorphs. Given
the scarcity of data currently available, the findings significantly improve our understanding of

boron incorporation in calcareous red algae.
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Chapter 2

Materials and methods

2.1 Sample collection

Calcareous red algal samples were collected from various locations in the Western and East-
ern Mediterranean Sea (Table 2.1). They were recovered by grab during R/V Minerva Uno
cruises, as part of the Marine Strategy Campaigns, or by SCUBA diving during local surveys.
Sample s10 and s24 were respectively collected in the framework of the “Taphonomy and Sed-
imentology on the Mediterranean shelf” and BIOcostruzioni MArine in Puglia (BIOMAP)”
projects. Morphological analyses of SEM images, which included careful examination of the
thallus organization, reproductive structures, and epithallial and perithallial cells, were used
for species identification following literature classification and dichotomous keys [85, 168] (e.g.
L. corallioides [164, 271], M. philippii [111, 263]). At the Universita Politecnica delle Marche
(Italy), four samples were targeted for a multi-gene molecular phylogeny [6] and identified as L.
racemus and L. pseudoracemus (Table 2.1). The neotype of L. racemus is represented by sample
s1 [57]. Samples s5 and s6, lacking molecular identification, were morphologically classified as
L. cf. racemus [57] (Table 2.1). The samples used for phylogeny are now housed in the Herbar-
ium Universitatis Florentinae, Natural History Museum (Florence, Italy). One sample of L.
corallioides was collected in Morlaix Bay (North Eastern Atlantic Ocean) (Table 2.1), where

this species is the only component of the maerl, together with Phymatolithon spp. [27, 162].
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Table 2.1: Calcareous red algal samples used to run CNN models (I Objective, Section 1.1.1.1)
(s1-11), to investigate calcification traits under SEM (II Objective, Section 1.1.2.1) (s1-6), for
trace element analysis (III Objective, Section 1.2.1.1) (s8, s12-14), for boron isotopes (s2-4,
s8, s12-32), among which s15-23 were used to calibrate boron isotopes near C'Oy seeps (IV
Objective, Section 1.2.2.1), and to investigate boron speciation (V Objective, Section 1.2.2.2)
(s2-4, s8, s10-14, s24-32). For CNN models, the number of SEM images per sample is also

shown.

Sample Site (latitude, longitude) Date Depth (m) Species Images

sl Capri, Italy Aug 1990 50.0 L. racemus 43
(40°34°08”N, 14°13'32”E)

s2 Pontian Islands, Italy Jul 2016 64.9 L. racemus 24
(40°54’47”N, 12°52’58”E)

s3 Villasimius, Italy Jul 2017 40.0 L. pseudoracemus 48
(39°08’32”N, 9°31'14”E)

s4 Pontian Islands, Italy Jul 2016 66.4 L. pseudoracemus 9
(40°54’55” N, 12°53’07"E)

sb Sveta Katarina, Croatia Jul 2004 10.0 L. cf. racemus 28
(45°04’32”N, 13°37'38”E)

sb Torre dell’Orso, Italy Nov 2015 44.0 L. cf. racemus 13
(40°14°00”N, 18°28’00”E)

ST Villasimius, Italy Jul 2017 40.0 L. corallioides 24
(39°08’32”N, 9°31'14”E)

s8 Morlaix, France May 1991 12.0 L. corallioides 25
(48°34’42” N, 3°49’36” W)

s9 Portofino, Italy Jul 2009 40.0 M. philippii 11
(44°17'56”N, 9°13’08”E)

s10 Capraia, Italy Jan 1988 24.0 M. philippii 14
(43°01°04”N, 9°46'26"E)

s11 Cavoli Island, Italy May 2017 31.0 M. philippii 16
(39°05’20” N, 9°32’33”E)

s12 Aegadian Islands, Italy Aug 1991 40.0 L. corallioides

(37°58’10”N, 12°03’26"E)
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Table 2.1  (continue)

Sample Site (latitude, longitude) Date Depth (m) Species

s13 Elba, Italy [53] Dec 1990 45.0 L. corallioides
(42°44’56”N, 10°07'08”E)

s14 Pontian Islands, Italy Jul 2016 66.4 L. corallioides
(40°54’55"N, 12°53°07"E)

s15 Ischia, Italy (S1) May 2012 1.0 C. officinalis
(40°43’48”N, 13°57°49"E)

s16 Ischia, Italy (S2) May 2012 1.0 C. officinalis
(40°43’50”N, 13°57'47"E)

s17 Ischia, Italy (S3) May 2012 1.0 C. officinalis
(40°43'52"N, 13°57°47"E)

s18 Ischia, Italy (S2) May 2012 1.0 Peyssonnelia sp.
(40°43'50"N, 13°57°47"E)

s19 Ischia, Italy (S2) May 2012 1.0 Peyssonnelia sp.
(40°43’50”N, 13°57'47"E)

s20 Ischia, Italy (S3) May 2012 1.0 Peyssonnelia sp.
(40°43'52N, 13°57°47"E)

s21 Methana, Greece (F1) Feb 2012 1.0 Amphiroa sp.
(37°38’18”N, 23°21'34”E)

$22 Methana, Greece (F2) Feb 2012 1.0 Amphiroa sp.
(37°38’18”N, 23°21’34”E)

$23 Methana, Greece (N) Feb 2012 1.0 Amphiroa sp.
(37°38’18”N, 23°21'41”E)

s24 Polignano, Italy May 2013 30.0 M. philippii
(40°59'41”N, 17°14’13"E)

$25 Aegadian Islands, Italy Aug 1993 40.0 L. crispatum
(37°58’10”N, 12°03'26”E)

s26 Villasimius, Italy Jul 2017 40.0 L. minervae

(39°08’32” N, 9°31'14” E)
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Table 2.1  (continue)

Sample Site (latitude, longitude) Date Depth (m) Species

s27 Elba, Italy Dec 1990 45.0 L. minervae
(42°44’56” N, 10°07'08”E)

s28 Pontian Islands, Italy Jul 2016 66.9 L. minervae
(40°54’36”N, 12°52’09”E)

s29 Polignano, Italy May 2013 30.0 L. stictiforme
(40°59’41”N, 17°14’11"E)

s30 Pontian Islands, Italy Jul 2017 65.0 Peyssonnelia sp.
(40°54°00”N, 12°52’00”E)

s31 Pontian Islands, Italy Jul 2017 65.0 Peyssonnelia sp.
(40°54’00”N, 12°52’00”E)

s32 Villasimius, Italy Jul 2017 40.0 Polystrata sp.
(39°08’32” N, 9°31'14” E)

Calcareous red algal samples in Ischia and Methana were collected by SCUBA diving at ap-
proximately 1 m depth (Fig. 2.1). Ischia is located West of the Bay of Naples (Italy) and has
hydrothermal vents ranging in depth from 1 to 48 meters (Fig. 1.7). The area was formed
during the Plio-Quaternary period [13] and is volcanically and tectonically active [179]. The
research was conducted at the South vent of Castello Aragonese, Ischia’s Eastern coast. Here,
gas is emitted at 1.4 x 106 L per day in an area of 3000 m?, with more than five vents per m?
[92, 140]. Samples of C. officinalis and Peyssonnelia sp. were collected in stations S2 and S3,
respectively, along the transect of Hall-Spencer et al. [140], within the venting area (Fig. 2.1).
C. officinalis was also collected at station S1, which was the furthest away from the vents (Fig.
2.1). Methana is located in the hydrothermally active Saronic Gulf area, on the North-Eastern
coast of the Peloponnese (Greece). Volcanic activity first appeared at the Pliocene-Pleistocene
boundary, and geothermal phenomena are common throughout the peninsula [270]. Methane

concentrations (17-26 ppm) are lower in Methana than in Ischia (200-800 ppm) [37, 140]. Am-
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phiroa sp. was collected near the main seeps (N) and in two replicates 200 m west of the seep
area (F1, F2) (Fig. 2.1). Sites N and F correspond to the SEEP and 200 W sites, as defined

by Baggini et al. [37] .
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Figure 2.1: Map of the sampling sites in (a) Ischia, where Corallina officinalis and Peyssonnelia
sp. were collected and (b) Methana, where Amphiroa sp. was collected. In Ischia, the venting
area, including sites S3 and S2, is circled in grey. In Methana, the main venting site is close
to N. Site F is located 200 m westward from the vents. Service Layer Credits: Esri, HERE,
Garmin, (¢) OpenStreetMap contributors and the GIS user community.
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2.2 Environmental data

In the absence of in situ environmental data, the seawater temperature in the collection sites of
L. corallioides samples s8, s12-14 (Table 2.1) was calculated using 11 years of monthly reanal-
ysis spanning 1979-2016 from Ocean ReAnalysis System 5 (ORAS5), at 0.25-degree horizontal
resolution [101]. Each extraction time interval corresponded to 11 years before sample collection
[267]. When discussing temperature proxies in different geographical locations (III Objective,
Section 1.2.1.1), temperature data were used in terms of the amplitude of temperature varia-
tion (AT), and temperature peaks (minimum and maximum). Minimum, maximum, and mean
temperature values refer to the temperature at sampling depth and were measured over the
entire extraction time interval. AT was used to compare the sampling sites and represents
temperature fluctuations during algal growth. It was calculated as the difference between the
temperature peaks over an 11-year period. When comparing the mean elemental ratios of long
and short cells per sampling site, which are related to warm and cold growth periods, respec-
tively (Section 1.1.2), we used the maximum and minimum temperatures over the entire time
interval. The good visibility of the growth bands in L. corallioides sample s8 allowed us to corre-
late the temperature record with the geochemical signal in the alga at annual resolution. Here,
the temperature peaks for each year were used to reconstruct the algal age model. All of the
element ratios were plotted against the seawater temperature values of the coldest and warmest
months of the year, which is a methodology widely applied in the literature [4, 32, 77, 225, 253].
Carbon system parameters were also estimated for the collection sites of L. corallioides samples
s8 and s12-14 (Table 2.1). The EU’s Copernicus Marine Service Information (CMEMS) global
biogeochemical hindcast spanning 1999-2017 was used to calculate monthly mean seawater pH
at 0.25-degree horizontal resolution. CMEMS biogeochemical reanalysis for the Mediterranean
Sea, with a horizontal resolution of 0.042 degrees [17], was used to extract monthly means of
DIC in the same time interval. Similarly, monthly means of DIC in the Atlantic site were
calculated using the CMEMS IBI biogeochemical model at 0.083-degree horizontal resolution.
Environmental parameters in Methana (pH, temperature, salinity), where Amphiroa sp. was

collected (Table 2.1), were derived from in situ data collected by Baggini et al. [37] using a
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multiprobe (YSI 63) calibrated before use with pH 4.01, 7.01 and 10.01 NBS standards. The
pH data from the various sampling sites in Ischia, where C. officinalis and Peyssonnelia sp.
were collected (Table 2.1), were cited from Foo et al. [235], who reviewed several studies that
recorded total pH and provided the standard deviation, representative of the pH variability in
each site. Annual mean temperature and salinity records in Ischia were extracted at sampling
depth from the Mediterranean Sea monthly physical reanalysis, spanning seven years before
sample collection [220]. Previous research in the area found that hydrothermal vents have no
effect on seawater temperature or salinity, which are both stable across sites and similar to
surrounding waters [140, 158, 213|. As a result, Ischia sites have been assigned the same tem-

perature and salinity values. Environmental data extraction was performed in R 4.1.2 software.

2.3 Scanning Electron Microscopy

Specimens were washed and air-dried before microscopical analysis [267]. The samples were
fragmented along the growth direction, mounted on stubs with graphite paste, and finally
chrome-coated for being analyzed on a Gemini 500 Zeiss Field Emission Gun SEM (SEM-FEG)
at the University of Milano-Bicocca. To test the automatic classification of SEM images by deep
learning, a total of 11 specimens were chosen, at least two from each species under consideration
(Table 2.1). The final dataset considered for CNN automatic classification consisted of 255
SEM images from samples s1-11 (Table 2.1). The greyscale images had a resolution of 2046
x 1369 pixels (single channel). According to the morphological features observed (Fig. 2.2),
each image in the dataset was assigned to one or more categories (conceptacles, perithallus,
crystallites, epithallial cell, hypothallus, and surface), and each category information was added
as metadata. Twenty-one images were assigned to more than one category because they show
multiple structures at the same time. The presence of thallus growth over some old conceptacles
revealed the secondary hypothallus [273], where the PC was particularly visible. Ten images,
including those depicting the secondary hypothallus, were not assigned to a specific category.
For a detailed analysis of samples s1-6 (L. racemus, L. pseudoracemus and L. cf. racemus) (Table

2.1), biometry and calcification data were extracted from 370 SEM images of longitudinal or
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transverse sections. Among biometrical data, the size of epithallial and perithallial cells [51] and
cell lumen [267], conceptacle size [54], pore canal length, the number of cells in the pore canal
filament, and the number of epithallial cells were all measured. Other traditional descriptors
included cell, conceptacle, and pore canal shapes, pit connections, conceptacle elevation, and
the presence and development of a calcified columella. For the description of the columella
development, H refers to conceptacle height [273] and h1 refers to the distance between the top
of the columella and the conceptacle roof [57]. Within the calcified cell wall, PC refers to the
outer layer of Mg-calcite crystallites arranged parallel to the cell membrane (PW in Bracchi et

al. [267]), whereas SC refers to the calcified layer made up of crystallites that are radial to the

cell membrane and normal to the PC crystallites (SW in Bracchi et al. [267]) (Section 1.1.2).

Figure 2.2: An example for each morphological category assigned to SEM images. (a) Mesophyl-
lum philippii coaxial hypothallus (hypothallus category), (b) Lithophyllum racemus epithallial
cells (curly bracket) with the underlying perithallus (epithallial cell and perithallus categories),
(¢) a magnification of L. racemus perithallial cells showing secondary crystallites (crystallites
category), (d) a surface view of a Lithophyllum pseudoracemus sample (surface category).

The cell wall area was measured in longitudinal sections as the calcified surface area surrounding
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the cell lumen and delimited by the cell’s outer borders. Each cell’s boundaries run at half of
the PC, which may be very thin. The calcification process was studied primarily in epithallial
and perithallial cells. The SC maximum thickness, PC maximum thickness, and cell wall area
of epithallial and perithallial cells were all measured as calcification traits. Furthermore, the
shape and size of the primary crystallites that form the PC, and the secondary crystallites that
form the SC were described. In L. racemus specimen s2, the same information was extracted
separately for short and long cells. Also, specific observations were conducted by SEM in the
samples collected near C'Oy seeps in Ischia, where the highest pH variation among sites was
expected [235], to evaluate morphological anomalies due to the low pH. Observations were

assessed on several random points both in Peyssonnelia sp. (20 points) and C. officinalis (30

points) (Fig. 2.3).

Figure 2.3: Corallina officinalis (a) and Peyssonnelia sp. (b) collected in Ischia, stations S3
(samples s17 and s20, on the left) and S2 (samples s16 and s19, on the right) (Table 2.1). SEM
observations were aimed at identifying any morphological modification in the calcified thalli
grown in an acidified environment. An example of random points located to guide the analysis
is shown in the left image (plus signs).
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2.4 Deep learning

2.4.1 Data augmentation

A realistic data augmentation [41] was performed to increase the number of SEM images used

for CNN classification and, thus, improve the variance of the available training set (Fig. 2.4).

Figure 2.4: Examples of augmented images of a SEM image showing a Lithophyllum racemus
conceptacle given the original image in (a).

Specifically, during model training, each image in the training set was duplicated five times,
each time with a random change in brightness in the range [0.5-1.8], a random rotation up to
10 degrees, a random zoom to a maximum of 0.7, and a random horizontal flip (Fig. 2.4).
The criteria were chosen in order to obtain realistic augmented images, that is, images that are

compatible with normal variability in SEM images.
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2.4.2 Convolutional Neural Networks

Classification (or, more formally, supervised classification) is a subset of machine learning that
aims to classify objects into one of several predefined classes. In this research, the objects, i.e.
the classification input, are represented by images with categorical metadata (morphological
features), whereas the classes are considered species or genera (Section 1.1.1). A fine-tuned deep
neural network called Visual Geometry Group 16 (VGG16) [154] was adapted, and pretrained
on the “imagenet” dataset [112]. This dataset contains 14 million images assigned to 1000

classes. The modified VGG16 architecture (Fig. 2.5) was made up of:

an input layer of fixed size 224 x 224 Red-Green-Blue image;

a stack of convolutional layers, with filters of 3 x 3 receptive field;

5 max-pooling layers (not all the convolutional layers are followed by max-pooling);

a dense layer, whose input is the output of the previous max-pooling layer and concate-

nated with the one-hot-encoded categories;

a softmax output layer.

VGG16 architecture is well-suited for geometrical recognition, which makes it useful for this
application because the shape of cells and reproductive structures is one of the most important
parameters for species identification in coralline algae (Section 1.1). The VGG16 approach
was also the most promising in terms of diagnostic accuracy compared to other architectures
(ResNet50, InceptionV3, MobileNet). The ReLU activation function [21, 154] was present in
all hidden layers, i.e. the layers between the input and output layers. SEM images were resized
and the same greyscale image was replicated for each of the three RGB channels, before being
injected into the input layer. All of the original VGG16’s convolutional layer parameters were
kept frozen (that is, they were not changed during the learning procedure), while pretraining
the last dense layer and the output layer of the specific classification tasks. In addition, a
new input layer made up of six neurons that map the one-hot encoded representation of the

morphological features seen in each image was added and directly connected to the dense layer.
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Given an image z and a vector of morphological categories ¢, each output neuron o, associated

with algae class g was computed as

0y = softmax(} W7 di);d; = ReLU(Y_ Wiihj +> W) (2.1)
i j I

where d; is the i-th component of the dense layer, h; is the j-th component of the last max-
pooling layer of VGG16’s image x representation, and ¢; is the [-th component of the one-hot
encoded category input layer. W% and W are the weights learned by the model for the dense
and output layers respectively. When the softmax function is applied to the output layer, the
output is projected in the interval [0, 1], such that o, = P(g|x,c) for each class g. As a result,

the predicted class g is assigned to the class g with the highest probability.
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Figure 2.5: Modified Visual Geometry Group 16 (VGG16) architecture adopted for SEM image
classification.

Because L. pseudoracemus and L. racemus are nearly indistinguishable from a traditional mor-
phological approach [6] (Section 1.1), the classification task became more difficult depending on

the taxonomic level considered. As a result, three architectures were built, to address different
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classification tasks, each grouping the SEM images at different levels:

1. the 2 class-CNN model (L. pseudoracemus versus Others, i.e., all the other species), with

a last dense layer of 128 neurons and an output layer of 2 neurons;

2. the 3 class-CNN model, at the genus level (Lithothamnion sp., Mesophyllum sp. and

Lithophyllum sp.), with a last dense layer of 256 neurons and an output layer of 3 neurons;

3. the 4 class-CNN model, at the species level (L. corallioides, M. philippii, L. racemus and

L. pseudoracemus), with a last dense layer of 64 neurons and an output layer of 4 neurons.

The number of epochs was set to 20 for all three architectures, and the learning rate was
set to 107°. We optimized the VGG16 hyperparameters, such as the number of neurons in
the last hidden dense layer, training epochs, and learning rate, to obtain the best weights
for the problem at hand. The best hyperparameters were chosen based on the best cross-
validation performance, as it is common practice [217]. Furthermore, we used a weighted class
assignment, in which the class contributions are inversely proportional to the classes’ different

representativeness.

2.4.3 CNN interpretability

Despite widespread adoption, CNNs are frequently regarded as black boxes due to the difficulty
in interpreting model predictions. Understanding the reasons behind predictions, on the other
hand, is a matter of intuition. To make CNNSs replicable, various approaches from the field of
explainable artificial intelligence were developed, in terms of local approximations of the model’s
behaviour. Three approaches were considered in this project: Saliency [153], Local Interpretable
Model-Agnostic Explanation (LIME) [190] and Gradient-weighted Class Activation Mapping
(Grad-CAM) [232]. The computation of the gradient of an output class with respect to an input
image, as explained in Simonyan et al. [153], provides information on how the output class
value changes in response to a small change in input image pixels. All of the positive gradient

values indicate that a small change to that pixel will increase the output value. As a result, a
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Saliency map is a visual representation of these gradients, which have the same shape as the
image and provide an intuitive representation of the information learned by the model. LIME
[190] is a model-independent explanation technique that attempts to explain the model by
perturbing the input objects and understanding how these perturbations affect the predictions.
LIME masks random regions of an image to define their importance for CNN prediction given
an input image. Grad-CAM, like Saliency, employs the class-specific gradient, but in this case,
takes into account the final convolutional layer of a CNN to produce a coarse location map of
important regions in the image [232]. These explanation techniques were applied to the sampled
SEM images to generate variously explained overlays. As a result, the techniques were assessed
based on their relevance and utility for the classification task. The CNNs and explanation
models were created in Python 3.6 using Keras [74], Keras Vis [223] and Lime [190] packages
with a TensorFlow [165] backend.

2.4.4 CNN evaluation strategy

Two different setups to thoroughly evaluate the effectiveness of the classification tasks were
considered. In the first, Internal Validation, the model’s ability to identify the correct class
for each image in the study was assessed. For this purpose, only the images from samples
for which a certain diagnosis is given as ground truth (based on morphology and molecular
phylogeny) were chosen. As a result, the images referring to L. cf. racemus samples (s5 and
s6 in Table 2.1) were excluded. The dataset eventually included 214 tagged SEM images.
A 4-fold cross-validation was considered to include the entire set of images while avoiding
overfitting [217], in which the original dataset was divided into four disjoint sets (i.e. folders).
A folder was used as a validation set (on which classification metrics were computed) in each
round, while the other folders were used to train the model. The procedure was repeated
until all of the folders (and thus all of the images) were validated. Furthermore, the CNN
models’ performances were compared to average baselines produced by dummy classifiers, whose
random predictions (repeated 1000 times) follow the a priori class distribution, and to a human

classifier, which was interviewed to diagnose each SEM image considered in Internal Validation.
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A post-doc researcher in Paleoecology at Milano-Bicocca University was specifically asked to
identify the species shown in each SEM image (previously anonymized and shuffled) by filling
out a multiple-choice questionnaire and relying on scientific experience and the literature [6,
57, 111, 164, 263, 271]. The comparison of the model’s and expert’s performances allowed us
to assess the method’s practical usefulness in supporting the classification task [26, 224]. To
assess the performance of the model, two well-defined classification metrics were used: Global
Accuracy and Class Recall [217]. The Global Accuracy for each model is the fraction of correctly
predicted images in cross-validation, whereas Class Recall for the g-th class is the fraction of
correctly predicted images in cross-validation of the sample belonging to class g. The Class
Recall fractions for each morphological category (Fig. 2.2) were also given. In the second setup,
External Test, the model was tested in a simulated scenario in which an expert must identify
the correct classes (genus or species) of new unknown samples of coralline algae. This case
study was simulated by training the CNN classification model on all 214 tagged SEM images
and then applying it to each image of the L. cf. racemus samples sb and s6. As a result, the
Class Share (CS) of each class g, for a specific sample s, is:

1 N 1,if g, = g,
CS ﬁz where §, = =9 (2.2)

0, otherwise
where N is the number of SEM images in sample s, d is 1 if the n-th image in sample s is
assigned to class g by the classification model (therefore the predicted class g, is equal to g),
and 0 otherwise. In addition, the Class Share per category was calculated using the various

subsets of SEM images assigned to each morphological category (Fig. 2.2).
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2.5 X-Ray Diffraction

Under the optical microscope, samples for mineralogical analyses (s2-4, s8, s12-32 in Table 2.1)
were carefully cleaned from epiphytes and encrustations. Then, they were rinsed ultrasonically
in distilled water for 10 minutes and dried in the oven for 24 hours at 30°C. Clean samples were
powdered using an agate mortar and pestle and stored at room temperature. At the University
of Milano Bicocca, the mineral composition of the prepared powders was investigated using
powder X-Ray Diffraction (XRD) on a Rigaku Miniflex 600. XRD data were acquired in the
5°-90° angular range with a size step of 0.02° and an averaging time of 0.1 deg/min using Cu K«
radiation. To quantify the aragonite/calcite ratio, Rietveld refinements were performed using
the FullProf suite [122] and multi-phase fitting was considered. The multi-phase refinements
were based on the presence of calcite (reference ICSD 98-018-0349) and aragonite (reference
ICSD 98-016-9893). SiOy (reference 98-001-6335) was introduced to account for all of the
observed peaks in Peyssonnelia sp. and was quantified at < 5% in all samples. For all samples,
the background was fitted by points, and the refined parameters were: cell parameters, scale,

background point, and isotropic thermal factors.

2.6 Mass Spectrometry

2.6.1 Laser Ablation ICP-MS and growth rates

The algal branches of samples s8 and s12-14 were embedded in Epo-Fix resin, which was stirred
for 2 minutes with a hardener (13%), and then dried at room temperature for 24 hours. Fol-
lowing that, the treated branches were cut along the growth direction with an IsoMet diamond
wafering blade 15HC. The sections were polished with a MetaServ Grinder-Polisher (400 RPM)
in the laboratory of the Institute of Geosciences and Earth Resources (IGG) of the National
Research Council (CNR) in Pavia (Italy), then cleaned ultrasonically in distilled water for 10
minutes and dried at 30°C for 24 hours. Laser Ablation Inductively-Coupled Plasma Mass

Spectrometry (LA-ICP-MS) analyses were performed on one algal branch per sampling site
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at the IGG-CNR. The contents of *Ca, "Li, Mg, 3Sr and ' B were determined using an
Agilent ICP-QQQ 8900 quadrupole ICP-MS coupled to an Excimer laser ablation system (193
nm wavelength, MicroLas with GeoLas optics). For these isotopes, element/Ca ratios and
Mg/Li ratios were calculated. The measurements were carried out using laser energy densities
of 4 J/em? and helium as carrier gas. With a spot size of 50 um, the laser transects crossed
the algal growth direction, attempting to target each growth band change that marked the
transition between cells produced in the warm season and those produced in the cold season,
referred to as long and short cells (Section 1.1.2). As an external standard, NIST 612 was used
[113, 212], while Ca was used as an internal standard. Precision and accuracy were better than
4% for NIST 612 and 8% for the Ca standard. Ca = 16.91 ppm, Li = 0.07 ppm, Mg = 0.11
ppm, Sr = 0.004 ppm, and B = 2.64 ppm were the minimum detection limits (99% confidence).
Each analysis was performed in MS/MS mode for 3 minutes, with the laser on the polished
surface acquiring 60 seconds of background before and after the sampling period. To avoid
surface contamination, the first part of the signal was not used for integration. Glitter 4.4.4
software was used for data reduction. Under a light microscope, growth rates were calculated
by measuring the length of the LA-ICP-MS transect and dividing it by the number of annual
growth bands crossed by the transect [267]. The results were expressed in linear extension per
year (mm/yr). The Mg/Ca results were also used to check for the correspondence of Mg peaks

with growth bands in the samples.

2.6.2 Sample pre-purification and cleaning

The same powders prepared for XRD (Section 2.5, samples s2-4, s8, s12-32 in Table 2.1) were
later used for geochemical analyses at the Department of Earth and Ocean Dynamics, University
of Barcelona (Barcelona, Spain). Boron purification was completed at the Laboratori d’Isotops
Radiogenics I Ambientals (LIRA), an ultraclean laboratory facility in the same Department.
Prior to the mass spectrometry purification procedures, all samples were oxidatively cleaned to
remove organic matter. The oxidative protocol was carried out on a clean bench in the presence

of a laminar flow hood. First, 500 ul of a solution 10% H,O, buffered with NaOH was added to
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2 mg of each powdered sample. The solution was then heated for 5 minutes on a hot plate with
boiling water before being sonicated for 15 seconds. Heating and ultrasonic bathing were both
done three times. Oxidation was stopped by adding MilliQQ water to the solution, and samples
were centrifuged for two minutes at 1000 ppm. The supernatant was removed, and the pellet

was rinsed with MilliQQ three times. The samples were then dried on a clean bench.

2.6.3 Micro-sublimation and Multi-Collector ICP-MS

To dissolve organic matter-free carbonate, 40 ul of 0.8 M HNO3 was added per mg of cleaned
sample (Section 2.6.2), resulting in a final HNOj3 concentration of ~0.3 M. After that, the
solution was sonicated for 15 minutes and centrifuged for 5-10 minutes. Boron purification was
accomplished through micro-sublimation, following a protocol adapted from previously pub-
lished contributions [35, 174, 243]. In brief, 40 ul of the sample was loaded into the centre of
the lid of a conical 5 ml PFA beaker (Savillex) and placed upside down on a hotplate at 95°C
for 15 hours. During this step, boron was collected in the condensed solution at the conical tip
of the vial, while matrix elements remained on the lid. After cooling, the beakers were quickly
flipped over and the lids were replaced. The samples were then diluted in 960 ul of 0.3 M
HNOj3. At the CCiT-UB (Scientific and Technological Centres of the University of Barcelona,
Spain), the samples were analyzed using Multi Collector Inductively-Coupled Plasma Mass
Spectrometry (MC-ICP-MS) with a Plasma 3 spectrometer (Nu Instruments-AMETEK). The
instrument has 16 Faraday cup detectors, 2 ion counters, and a switchable preamplifier bin
with one 10  resistor for each Faraday cup preamplifier and six 10'?  resistors in fixed
positions. In this research, !B was found on a Faraday cup with a 10! Q resistor, while
0B was found on a Faraday cup with a 10'?  resistor. A PFA-100 nebulizer (ESI) fitted to
a Peltier-cooled cyclonic spray chamber was used for sample introduction. Background and
procedural blank signals (3-5 per session) were subtracted systematically. After 3 minutes of
rinsing with 0.3 M HNOj;, the background signal dropped to about 1% of the signal for the
previous sample/standard and remained stable throughout the analytical session. By analyzing

the isotopically certified standard SRM 951a (NIST) before and after each sample, mass bias
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was corrected using the standard-sample-standard bracketing method. The matrices and con-
centrations of the samples and standards were matched. The analytical procedure’s accuracy
was demonstrated by analyzing the reference material RM 8301, which consisted of simulated
coral and foraminifera solutions. JCp-1 and JCt-1, two other carbonate materials commonly
used in the literature, were also investigated. The §''B values determined for the RM 8301
(foram) and RM 8301 (coral) were 14.65 £ 0.23 %o (2SD, N = 4) and 24.43 + 0.25 %0 (2SD,
N = 5), respectively. These findings are consistent with those reported by other laboratories
in the characterization of this reference material [131]. The §''B values for JCp-1 and JCt-1
in the unoxidized form were 24.47 + 0.20 %o (2SD, N = 5) and 16.29 £+ 0.63 %0 (2SD, N = 3),
respectively, which agree with values reported in a recent inter-laboratory comparison study
[169]. The method’s external reproducibility (2SD,ueqas) Was determined using the approach
previously published by Rae et al. [133]. A standard solution was made by combining the boric
acid standard SRM 951a with a ' B spike solution, with the resulting solution having a §''B of
about 15 %o. This solution was tested at five different levels of signal intensity (N = 15). The
25D,,.cqs Of the 15 replicates at each intensity level were then plotted against the total boron
signal (SB = signal for '' B + signal for '°B) and fitted to a 2-term exponential model (R? >

0.999). The resulting equation was:

QSDmeas = 0.4606_0'9929><SB + 1_637_19-79><SB (23)

The 2SD,,,cqs Obtained for the samples examined in this research ranged from 0.2 to 0.35 %.
Multiple analyses on a dissolved coral sample confirmed that the micro-sublimation did not
introduce any significant uncertainty to the results. The analysis of this solution resulted in a
2SD of 0.31 % (N = 14) for a signal with a 2SD of 0.30 %, whereas the coral solution resulted in
a 25D of 0.22 % (N = 23) for a higher signal with a 2SD of 0.20 %. However, for some samples,
the procedural blanks significantly contributed to the uncertainty of the results. Because of it,
the reproducibility associated with the procedural blank correction (2SDyank) Was estimated by
calculating n 6B values for each sample by subtracting the signal of n procedural blanks from
the same analytical session (typically 5) individually. The reproducibility of these n 6''B values

was then determined (2SDyjgnk). Finally, 2SD,,e0s and 2SDyqns were propagated, resulting in
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final expanded uncertainties (k = 2) less than 0.6% (i.e., < 0.1 pH units).

2.7 Boron isotope calibrations

To the best of our knowledge, the only data on 6'!B at different ambient pH for calcareous red
algae currently available are from culture experiments on Neogoniolithon sp. [42, 102], Amphi-
roa anceps (Lamarck) Decaisne [42], Sporolithon durum (Foslie) R.A.Townsend & Woelkerling
[42], and Hydrolithon reinboldii (Weber Bosse & Foslie) Foslie [43]. Calibrations of these data
were calculated in this work by York fits [63] in R 4.1.2 software for each species and experi-
ment, deriving the intercept and slope of regression lines as in Eq. 1.4. Published uncertainties
in 0" Boacos, referred to as 0 Byjgae, were used in terms of standard errors of replicate mea-
surements (SE), while mean values and uncertainties (as standard deviation, SD) in 6" Bpyraze
were determined from Eq. 1.5 using 10000 Monte-Carlo simulations in MATLAB R2021b
software, by randomly sampling temperature, salinity, and pH within their given uncertainty
bounds [145]. A multi-specific calibration was also calculated, grouping 5llBalgae measurements
from samples collected near COq seeps (s15-23 in Table 2.1) and previously published data for

cultured calcareous red algae.

2.8 Magic Angle Spinning NMR

Solid-state Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) was used to inves-
tigate boron speciation in samples s2-4, s8, s12-14 and s24-32 (Table 2.1) as it is a particularly
well-suited technique for the task [167, 260]. The B analyses were performed at CEMHTI
facilities (Orléans, France) using a high field Bruker AVANCE III spectrometer (850 MHz-19.9
T), which allowed for complete resolution of the BO3 and BO, contributions even at low boron
concentrations [260]. The spectrometer was outfitted with a Doty probe designed specifically
to acquire the "B signal and a "boron-free” stator. Around 150-200 mg of powdered sample

(the same powder used for XRD and MC-ICP-MS: Sections 2.5, 2.6.3) were loaded into a 3 mm
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rotor, which allowed for magic angle rotation conditions of approximately 18 kHz. After a short
excitation pulse to ensure homogeneous irradiation of boron species, the spectra were acquired
at an observation frequency of 272.8 MHz for 'B. The recycling delay was set to 3 seconds,
and the number of accumulated scans was adjusted based on the sample’s boron content. The
chemical shifts were calculated relative to a BF3 x OEty solution [260]. Using a boron-free
probe and multiple scans, reliable spectra for solids with B concentrations as low as 10 ppm
can be obtained. Peak surface integration with the DMfit software was used to determine the

relative amounts of BO3 and BOy [60].

2.9 Statistical analysis

Principal Component Analysis (PCA) was performed on variously combined datasets of the
measurements taken from SEM images of cryptic species (samples s1-s6, Section 2.3). The
first dataset contained only biometrical data, the second only calcification data, and the third
contained both biometrical and calcification data. The biometrical data included epithallial
and perithallial cell sizes. Instead, calcification data included the SC thickness, cell wall area,
and PC thickness in both epithallial and perithallial cells. Furthermore, for both biometrical
and calcification datasets, parametric and non-parametric univariate analysis of variance was
used to assess the statistical significance of differences in group medians and means. Univariate
analysis was also used to compare the outcomes in biometrical and calcification data of short and
long cells. The PCA was also performed on a dataset including boron isotopes, boron speciation
and XRD data from samples s2-4, s8, s12-14 and s24-32 (Table 2.1) to evaluate possible species-
specific, family-specific or site-specific groupings. Univariate statistics were also run on both
the LA-ICP-MS dataset containing all of the spot analyses and the same dataset containing
records from long and short cells separately (Section 2.6.1). Image analysis on sections used for
LA-ICP-MS was used to distinguish between the cell type in each spot. To provide statistical
comparisons between Mg/Ca, Li/Ca, Sr/Ca, and B/Ca records from LA-ICP-MS analyses in L.
corallioides, Spearman’s correlation was tested. Spearman’s correlations were also calculated to

evaluate the relationships between B speciation and mineralogical content. The Kruskal-Wallis
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test, followed by Dunn’s test, and the One-way ANOVA, followed by Tukey’s test, were used to
compare geochemical signals across sampling sites and to test differences in group medians and
means. The PCA analysis was performed in MATLAB R2020a software using the Ballabio [46]

PCA toolbox. All of the other statistical analyses were carried out using the R 3.6.3 software.
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Chapter 3

Results

3.1 Environmental data

The standard deviation and AT values in Table 3.1 show that the amplitude of the seasonal

temperature change in the Mediterranean samples used for LA-ICP-MS (Section 2.6.1) was

lower than in the Atlantic site.

Table 3.1: Environmental data for the sampling sites where Lithothamnion corallioides for LA-
ICP-MS was collected (Table 2.1, Section 2.6.1). Monthly temperature means were extracted
by 11 years of ORAS5 reanalysis; the pH and DIC for each sampling site were measured over
an 18 years time period from monthly mean biogeochemical data provided by CMEMS (Section

2.2).
Sample Site, depth (m) Temperature (°C) pH DIC (pumol/kg)
min max AT mean+SD mean+SD mean=+SD
s8 Morlaix, 12 83 172 89 124425 8.05+0.04 2155.60+£15.27
s12 Aegadian Isl., 40 13.7 18.8 5.1 15.9+1.3 8.11£0.02 2303.72£11.58
s13 Elba, 45 129 175 4.6 15.0£1.2 8.13£0.02 2322.24+£7.08
s14 Pontian Isl., 66 139 16.7 28  15.04+0.6 8.13+0.01 2321.29+6.71
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This difference is explained by the different sampling depths, with seasonal variations decreasing
as depth increases (Figs. A.1, A2, A.3 and A.4 for the complete time-series of temperature
and carbon data). Temperature variations were greater in Morlaix Bay (sample s8), with an
overall mean seawater temperature of 12.4°C (Table 3.1). Aegadian Isl. (sample s12) had
the highest mean seawater temperatures among Mediterranean sites, followed by Elba (s13)
and Pontian Isl. (s14) (Table 3.1). Aegadian Isl. also had the greatest temperature variations
among Mediterranean sites. Elba had moderate temperature variations and the lowest monthly
mean temperature among Mediterranean sites (Table 3.1). Pontian Isl. had the lowest seawater
temperature variations, which is consistent with the fact that it is the deepest sampling site at
66 m depth (Table 3.1). The Mediterranean pH estimates were all similarly high (~8.13) and
less variable than the Atlantic site (Morlaix Bay: 8.05) (Table 3.1). Pontian Isl. and Elba had
slightly higher mean pH values than Aegadian Isl. (Table 3.1). Similarly, DIC was higher in
the Mediterranean sites and lower in Morlaix, as this is a major determinant of pH (Table 3.1).
The temperature of the seawater in the sites near C'Oy seeps varies significantly seasonally
(>4°C), as expected in shallow coastal waters (Table 3.2). Salinity fluctuates moderately,
being higher in Methana (~0.60 ppt) than in Ischia (~0.20 ppt). As a result of gas venting and
lateral transport currents, the pH varies between 6.8 and 8.08 by mean in Ischia and between
7.57 and 7.77 in Methana (Table 3.2). The highest pH variability is found in the vicinity of
Ischia’s hydrothermal vents (site S3; pH 6.80 £ 0.43), with significant variations also occurring
in site S2 (pH 7.77 + 0.32) (Table 3.2). Site S1, which is the furthest away from the vents
in Ischia, has normal pH and a significantly lower amplitude of variation (8.08 £+ 0.07) (Table
3.2). In Methana, site F and N, which are the furthest and closest to the seeps, have similar

pH variability (~0.30), with mean values of 7.77 and 7.57 units, respectively (Table 3.2).
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Table 3.2: Environmental data for the sampling sites near CO, seeps (Table 2.1, Section 2.7).
In Methana, data were derived from in situ data [37] (Section 2.2). In Ischia, pH was reviewed
from literature data [235], while temperature and salinity were extracted by 7 years of monthly
physical reanalysis [220] (Section 2.2).

Sample Site Species Temperature (°C) Salinity (ppt) pH
mean+SD mean+SD mean+SD
s15 Ischia S1 C. officinalis 19.93+4.48 37.91£0.19 8.08+0.07
s16 Ischia S2 C. officinalis 19.93+4.48 37.9140.19 7.77+0.32
s17 Ischia S3 C. officinalis 19.934+4.48 37.91+0.19 6.80+0.43
s18 Ischia S2 Peyssonnelia sp. 19.9344.48 37.91£0.19 7.77+£0.32
s19 Ischia S2 Peyssonnelia sp. 19.934+4.48 37.91£0.19 7.77£0.32
s20 Ischia S3 Peyssonnelia sp. 19.9344.48 37.91£0.19 6.80%0.43
s21 Methana F1 ~ Amphiroa sp. 21.38+5.42 39.05+0.59 7.774+0.30
s22 Methana F2 ~ Amphiroa sp. 21.3845.42 39.051+0.59 7.77+0.30
s23 Methana N Amphiroa sp. 21.51+5.42 39.00£0.65 7.57£0.31
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3.2 Scanning Electron Microscopy: calcification traits as

a new diagnostic tool?

3.2.1 L. racemus micro-anatomy

Specimens sl and s2 (Table 2.1) were pink, non-geniculate and fruticose, with protuberances up
to 1 cm long (up to 5 mm in s2). A longitudinal section of protuberances revealed perithallial
filaments with a “fountain” pattern, with rows of cells that ran parallel and then diverged in
opposite directions towards the thallus surface (Fig. 3.1). Dark and light growth bands were
also observed (Fig. 3.1) [6]. Three superposed flattened epithallial cells (up to 5 in sl; Fig
3.1), were 2.92-3.72 pym long (L) and 11.48-12.59 pm in diameter (D) (Table 3.3). Primary and
secondary pit connections linked perithallial cells, but there were no cell fusions (Fig. 3.1). In
the longitudinal section, perithallial cells were rectangular, with L 17.87-27.20 ym and D 11.16-
13.23 um (Fig. 3.1; Table 3.3). Trichocytes were not found. Asexual uniporate conceptacles
protruded weakly from the surface, each with a sunken pore aperture (Fig. 3.1). In the
longitudinal medial section, the conceptacle chamber was kidney-shaped, with D 275.34-321.93
pm and H 112.48-120.82 um (Fig. 3.1; Table 3.3), yielding a mean D/H ratio of 2.55. From the
conceptacle floor rose a well-defined calcified columella (Fig. 3.1). Because the columella was
taller than half the height of the conceptacle chamber (H), the distance between the columella
top and the chamber roof (hl in Caragnano et al. [6]) was H/2. Only in the neotype sl, the
pore canal was cut medially. It was conical, triangular in section, ~41 pm long, bordered by
filaments made up of 3-4 cells, and had a rhomboidal enlarged cavity on top (Fig. 3.1; Table
3.3).
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pit-connection

secondary
pit-connection

‘\SC rods’

Figure 3.1: Longitudinal sections of Lithophyllum racemus (samples sl and s2) under SEM.
(a) Fountain pattern in the arrangement of perithallial cells and growth bands (arrowheads).
(b) Four epithallial cells (numbered); note the evidence of meristematic division (arrows). (c)
Magnification of the inset in (b) to show a primary (PC), secondary (SC) and inner calcification
(IC). (d) Perithallial cells with primary and secondary pit-connections; the cell wall area corre-
sponds to the surface included between the two dashed lines. (e) Magnification of (d) to show
perithallial thin PC and rod-shaped crystallites of the SC. (f) Conceptacles weakly protruding
from the surface (white arrows). (g) A conceptacle chamber showing a well-developed calcified

columella (arrow). (h) Magnification of the inset in (g) showing the secondary hypothallus
(arrow).
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3.2.2 L. racemus calcification

The epithallial cells (Fig. 3.1) were highly calcified, with a cell wall area ranging from 30.17 to
174.39 pm? (Table 3.4). The PC between different cell filaments was made up of rod-shaped
crystallites that ran parallel to the cell membrane (Fig. 3.1), whereas the PC between epithallial
cells on the same filament was very thin and barely visible. The SC consisted of one layer of
rods perpendicular to the cell membrane, which appeared locally as flattened, loosely packed
elements (Fig. 3.1). It calculated a maximum SC thickness of 1.54 4+ 0.3 pum (Table 3.4). An
additional, distinct innermost thin calcified layer (IC) in contact with the plasma membrane
was observed, made up of irregular granules with crenate margins and resembling a granular
surface bordering the cell lumen (Fig. 3.1). A meristematic cell with primary and secondary pit
connections lay below several epithallial cells with only primary pit connections (Fig. 3.1). As
seen at the boundary of adjacent cell filaments, the meristem cell and its several generations of
superposed epithallial cells shared the same PC and thick SC. Transversal division of the distal
part of the meristematic cell results in the formation of a new epithallial cell. The IC formed the
weak calcification of the newly formed horizontal portion of the cell membrane (Fig. 3.1), with
the SC forming later and then gradually thickening in older epithallial cells. In the longitudinal
section, the perithallial cells had an oblong lumen and strongly calcified cell walls with an area
of 116.57-174.39 pum? (Fig. 3.1, Table 3.4). Perithallial PC was in the form of packed irregular
rhomboids with smooth indented margins that were oriented parallel to the cell membrane
(Fig. 3.2). The PC thickness measured between two adjacent cell filaments was 0.54-0.87 pm?
(Table 3.4). The perithallial SC was formed in a single layer with a maximum thickness of
2.94 ym?. The SC was composed of rod-shaped crystallites perpendicular to the cell membrane
(Fig 3.1, Table 3.4). The internal surface of the cell lumen had granular calcification. An IC
composed of irregular, more or less blocky granules was observed in the transverse section (s2 in
Fig. 3.2). The primary hypothallus, or the first algal cells growing directly over the substrate,
was not visible, but there were some prostrate cells growing over a conceptacle roof, forming a
secondary hypothallus. The hypothallial primary crystallites appeared as 0.4 x 0.4 4+ 0.1 pum
packed regular and thin rhomboids that clearly progressed between two adjacent cell filaments

(Figs. 3.1 and 3.2). The same thin rhomboids appeared as rod-like structures parallel to the
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cell lumen, perfectly bordering the rounded shape of the outer cell wall, depending on the visual

perspective (Fig. 3.2).

4

PC rhomboids

Figure 3.2: Calcification of Lithophyllum racemus under SEM. (a) Calcified perithallial cells;
(b) magnification of the inset in (a) showing rhomboidal crystallites of the primary calcification
(PC) embedded in organic microfibrils. (c) Transverse section of the perithallus; (d) magnifi-
cation of the inset in (c) showing the innermost calcified layer (IC). (e) Secondary hypothallus
over the conceptacle pore canal in Fig. 3.1; (f) magnification of the inset in (e) showing regular
rhomboidal crystallites of the hypothallial PC.
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Table 3.3: Biometrical data (mean£+SD) measured from SEM images (um).

Species L. racemus L. pseudoracemus L. cf. racemus
Sample sl s2 s3 s4 s5 s6
17.944.3 272446 1544+1.6 16.2842.8 20.54+2.5 21.142.5
Perithallial X X X X X X
cell (LxD) 11.2424  13.243.3  10.5%1.6  10.794+1.2 2.542.5 11.84+1.8
N=39 N=15 N=42 N=22 N=19 N=34
) ) 13.843.2  22.143.7 12.542.0 14.06+2.6 19.44+2.8 19.842.5
Perithallial
1l lumen x x x * x x
(EEXD) 6.3+1.2 7.1£1.9 4.940.9 5.43+1.1  7.6+1.2 7.3£1.1
N=51 N=32 N=63 N=58 N=23 N=34
Sporangial 275.3+35.5 321.9 261.1£5.9 325.1 318.9420.3
conceptacle X X be N=0 X X
chamber 112.5+19.3 120.8 123.7£22.7 136.9 142.0+£11.4
(DxH) N=23 N=1 N=3 N=1 N=3
Pore canal 40.943.0 N=0 41.7 N=0 37.5 46.84+6.4
length N=6 N=1 N=1 N=3
3.7+0.9 2.940.6 3.840.5 5.21+04  4.841.0 5.2
Epithallial cell X X X X X X
(LxD) 11.54+0.7 12.6+0.6  10.1+1.0 9.03+0.7 13.1£1.6 11.3
N=5 N=3 N=3 N=3 N=8 N=1
2.1£0.4 1.3+0.1 2.3+0.4 2.75+£0.5  2.3+0.9 3.040.6
Epithallial cell X X X X X X
lumen (LxD) 7.5+1.4 8.940.1 7.2+1.1 6.16+0.6  8.6+1.4 8.64+2.8
N=18 N=4 N=7 N=5 N=9 N=5
Epithallial cells 3, up to 5 3 1or?2 1or?2 1or?2 1or?2

(number)
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Table 3.4: Calcification data (mean+SD) measured from SEM images (um? for the cell wall
area, um for other measurements).

Species L. racemus L. pseudoracemus L. cf. racemus
Sample sl s2 s3 s4 s5 s6

Perithallial 2.7+0.6 2.9+0.6 2.5+0.4 2.3+04 2.9£0.6 2.4%£0.5

SC thickness N=50 N=31 N=62 N=57 N=23 N=34
Perithallial 0.5+0.2 0.9+0.2 1.04+0.3 1.6+0.5 1.3+0.3 1.240.3
PC thickness N=28 N=35 N=31 N=54 N=24 N=23

Perithallial 116.6+£34.7 174.44+50.2 99.7+£18.9 100.5+21.3 137.8£29.2 117.7£26.0

cell wall area N=39 N=24 N=35 N=23 N=21 N=22
Epithallial 1.54+0.3 1.4+0.2 1.0+0.3 0.9+0.2 1.1+0.2 1.04+0.4
SC thickness N=18 N=3 N=3 N=5 N=4 N=9
Epithallial 30.24+8.4 26.0+£8.2 25.04+9.7 25.0+£8.33 35.8+12.0 27.24+8.3
cell wall area N=6 N=3 N=5 N=6 N=7 N=4

3.2.3 L. pseudoracemus micro-anatomy

Specimens were pink, non-geniculate and fruticose, with protuberances up to 5 mm long (up
to 2 mm in s4). The same “fountain” pattern in the arrangement of perithallial cells was
observed in sample 83, as previously observed in L. racemus (Fig. 3.3). There was no evidence
of perithallial banding. Each cell filament, 3.84-5.21 pm long (L) and 9.03-10.07 pm in diameter
(D), was terminated by one or two epithallial cells (Fig. 3.3, Table 3.3). In longitudinal section,
the perithallial cells were rectangular, with numerous secondary pit-connections, L 15.40-16.28
pm and D 10.55-10.79 pm. The asexual conceptacles’ external surface appeared depressed, with
a sunken pore aperture (Fig. 3.3). The asexual uniporate conceptacles in s3 had a rounded
chamber with a D/H ratio of 2.11 (Table 3.3). The triangular pore canal was 42 um long with
three cells in the pore canal. There was no evidence of calcified columella and trichocytes were

only found on the outskirts of a conceptacle chamber (Fig. 3.3). Sample s4 was sterile.
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Figure 3.3: Longitudinal sections of Lithophyllum pseudoracemus (samples s3 and s4) under
SEM. (a) The fountain-like arrangement of perithallial cell filaments that diverge toward the
thallus surface. (b) Epithallial cells’ primary calcification (PC), secondary calcification (SC),
and the innermost calcified layer (IC). (c) Perithallus. (d) Depressed conceptacle in surface
view (arrow). (e) Conceptacle chamber with no calcified columella and a trichocyte (arrow);
(f) magnification of the inset in (e) showing the secondary hypothallus (arrow) over the pore
canal. (g) PC and SC in the perithallus; (h) magnification of the PC and SC crystallites.
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3.2.4 L. pseudoracemus calcification

The epithallial cells were highly calcified, with a cell wall area ranging from 24.96 to 25.01 pm?

(Table 3.4).

Figure 3.4: Calcification of Lithophyllum pseudoracemus under SEM. (a) Multiple layers of
secondary calcification (SC) forming the thick cell wall; (b) magnification of the inset in (a)
showing the contact of two SC layers (arrow). (c) Secondary hypothallus of the pore canal
in Fig. 3.3; (d) magnification showing the rhomboidal crystallites in the hypothallial primary
calcification (PC), the SC rods and the innermost calcified layer (IC).

The PC was not detectable between the epithallial cell and the underlying meristem cell in
the same filament. Still, it was highly calcified and consisted of irregular granules between two
adjacent cell filaments (Fig. 3.3). The epithallial SC had a maximum thickness of 0.98 pm and
was composed of 1-2 layers of rods with a granular texture that lay perpendicular to the cell
membrane (Fig. 3.3, Table 3.4). The internal surface of the cell lumen was calcified, forming
an IC between the plasma membrane and the perpendicular rods of the SC (Fig. 3.3). The

perithallus contained oblong cells with calcified cell walls (Fig. 3.3). The perithallial cell walls
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measured 99.71-100.48 ym? in the area (Table 3.4). The perithallial PC had a thickness of
0.95-1.55 pm and was made up of packed irregular rhomboids with smooth indented margins
(Fig. 3.3, Table 3.4). The perithallial SC had a maximum thickness of 2.31-2.53 ym and was
composed of long perpendicular rods with a granular texture arranged in 1 to 4 layers (Figs.

3.3 and 3.4, Table 3.4).

3.2.5 L. cf. racemus micro-anatomy

Sample s5 was pink, non-geniculate, and fruticose, with protuberances up to 3 mm long. The
“fountain” pattern of perithallial growth was visible at a small scale, as was the banding pattern
in some areas. One or two flattened epithallial cells were observed, L 4.78 £+ 1.0 um and D 13.12
+ 1.6 um (Fig. 3.5, Table 3.3). In longitudinal sections the perithallial cells were rectangular,
L 20.52 + 2.5 pm and D 12.51 £+ 2.5 um (Table 3.3). Trichocytes were not found. The kidney-
shaped chamber of the asexual uniporate conceptacle was D 325.13 ym and H 136.94 ym and
had a D/H ratio of 2.37 (Fig. 3.5, Table 3.3). The conceptacle chamber had a clearly visible,
calcified columella, which reduced the conceptacle chamber height hl to less than H/2 [57].
The pore canal was 37.5 pm long, triangular in longitudinal section, lined by 3 cells, and had
a cavity on top (Fig. 3.5, Table 3.3). Specimen s6 (Lithophyllum cf. pseudoracemus) was dark
pink in colour, non-geniculate, and fruticose, with protuberances up to 4 mm long. Flattened
one or two epithallial cells were found, with L 5.18 ym and D 11.31 pm (Fig. 3.6, Table 3.3).
L 21.11 + 2.5 pm and D 11.82 £+ 1.8 um were the measures of the perithallial cells (Fig. 3.6,
Table 3.3). The banding pattern of the perithallial zonation was not visible. The kidney-shaped
chambers of the asexual uniporate conceptacles were D 318.95 4+ 20.3 um and H 141.96 4+ 11.4
pm (Fig. 3.6, Table 3.3), and 2.25 in D/H. A calcified columella was observed rising from the
conceptacle floor in some conceptacles (Fig. 3.6). The columella developed differently, but it
never grew taller than half the height of the conceptacle chamber, resulting in h1 H/2. The pore
canal was triangular in shape, about 47 pum long, and made up of 2-3 cells with a rhomboidal
cavity on top (Fig. 3.6, Table 3.3). Some prostrate cells of a secondary hypothallus were clearly

visible over a conceptacle roof, close to the pore canal (Fig. 3.3). This was made up of packed
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rhomboids measuring 0.4 x 0.4 £ 0.1 pm in size (Fig. 3.4). In some places, the rhomboids
appeared as thin slips. The IC was detected as a granular layer at the SC’s inner boundary

(Fig. 3.4).

cuticle

Figure 3.5: Longitudinal sections of Lithophyllum cf. racemus sample s5 under SEM. (a)
Epithallial calcified cells are covered by a thick cuticle and bordered by a primary calcification
(PC), a secondary calcification (SC), and an innermost calcified layer (IC). (b) Conceptacle
with a well-defined calcified columella (white arrow). (c) Secondary hypothallial cells in the
proximity of a pore canal and IC; (d) magnification of the inset in (c¢) showing the SC rhomboidal
crystallites and the PC rhomboids.

3.2.6 L. cf. racemus calcification

The epithallial cells of specimen s5 (Lithophyllum cf. racemus) were strongly calcified, with a
thick cuticle covering their surface (Fig. 3.5). The area of the epithallial cell wall was 35.80
+ 12.0 pm?. (Table 3.4). PC was either undetectable or absent between epithallial cells of

the same filament. Rhomboidal elements made up the thick epithallial PC between adjacent
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cell filaments (Fig. 3.5). The epithallial SC had a maximum thickness of 1.05 £+ 0.2 pym and
was made up of perpendicular rods that were slightly more regular in shape than those in
the perithallial SC (Fig. 3.5, Table 3.4). The internal surface of the cell lumen was made of
granules that formed a very thin IC (Fig. 3.5). The perithallus contained calcified oblong cells
with a cell wall area of 137.79 & 29.2 ym? (Table 3.4). The PC between two adjacent cell
filaments was 1.28 £+ 0.3 pum thick and made up of small irregular granules (Table 3.4). The PC
between cells on the same filament was barely visible. The SC was a single layer of rods oriented
perpendicular to the cell membrane with a maximum thickness of 2.87 £+ 0.6 ym (Table 3.4).
The secondary hypothallus was discovered as prostrate cells growing on a conceptacle roof near
the pore canal (Fig. 3.5). These hypothallial cells had a PC made up of packed rhomboids
measuring 0.3 x 0.3 £ 0.1 gm and running parallel to the cell membrane (Fig. 3.5). The
hypothallial SC was made up of thin granular rods that ran parallel to the cell membrane (Fig.
3.5). From within the cell lumen, the IC in contact with the SC appeared granular (Fig. 3.5).
The epithallial cells of sample s6 were heavily calcified (Fig. 3.6). The area of the cell wall
was 27.18 + 8.3 um? (Table 3.4). The PC between the epithallial and subtending meristematic
cells was undetectable, whereas the PC between adjacent cell filaments was thick and irregularly
formed. The epithallial SC was made up of regular rods perpendicular to the cell membrane,
with a maximum thickness of 0.99 &+ 0.4 um (Fig. 3.6, Table 3.4). The cell membrane separated
the cell lumina, making it impossible to see the calcification (Fig. 3.6). Nonetheless, an IC
of granular elements was found in contact with the SC. The perithallial cells were oblong and
organized in rows. The area of the cell walls was 117.68 4= 26.0 um? (Table 3.4). The PC between
cells on the same filament was barely visible. The perithallial PC was 1.24 4+ 0.3 gm thick and
made up of irregular elements that ran parallel to the cell lumen (Table 3.4). The perithallial
SC was made up of a single layer of rods oriented perpendicular to the cell membrane, with
a maximum thickness of 2.43 £+ 0.5 um (Table 3.4). The internal surface delimiting the cell
lumen was granular, forming a visible IC layer in contact with the SC’s perpendicular rods.
The perithallial cells had a distinct hexagonal perimeter in the transverse section (Fig. 3.6).
The primary hypothallus calcified similarly to the secondary hypothallus cells observed in the

samples described above (Fig. 3.6). The PC was created by packed rhomboidal slips around
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the cell (Fig. 3.6). The SC was made up of perpendicular rods arranged in one or two rows

and had a very granular texture.

Figure 3.6: Longitudinal sections of Lithophyllum cf. racemus sample s6 under SEM. (a) The
epithallial cell is bordered by the rods of the secondary calcification (SC), and the innermost
calcified layer (IC). (b) The calcified perithallus. (c) Conceptacle with a short calcified columella
(arrow). (d) The transverse section shows the SC and the primary calcification (PC). (e) The
primary hypothallus growing over the substrate; (f) magnification of the inset in (e) showing
multiple layers of hypothallial PC rhomboids and SC rods.

The biometrical statistical analyses revealed significant differences in perithallial cell sizes
(p<<0.001) (Fig. 3.7, Table A.G). Perithallial cells in both L. pseudoracemus samples (s4, s3)
were significantly smaller than those in L. racemus s2 and the two non-molecularly classified

sb and s6 (p<<0.001) (Fig. 3.7, Table A.6). Instead, with the exception of L. pseudoracemus
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s4 (p = 0.23), the L. racemus neotype (s1) showed intermediate perithallial cell size (Fig. 3.7),

differing significantly from the other samples (p<0.01) (Fig. 3.7, Table A.G).
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Figure 3.7: Results of the perithallial cell area measurement. The numbers inside the plots
indicate the mean values.

Other biometrical variables measured did not reveal any further distinction between L. pseu-
doracemus and L. racemus. The only statistical test that supported a significant distinction
between L. racemus and L. pseudoracemus was the multivariate analysis on calcification traits.
The first two principal components (PCs) of the PCA model resolved 83% of the total data
variance (Fig. 3.8). The main trend on the PC-1 axis was increasing SC thickness with increas-
ing cell wall area, which was expressed as high negative PC-1 loadings for perithallial cell wall
area and SC thickness (Fig. 3.8). Simultaneously, as the SC became thinner, the PC thickness

increased, as evidenced by the high positive PC-1 loadings. Positive loadings of the cell wall
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area, perithallial PC thickness, and SC thickness were observed on the PC-2 axis, as were high

negative loadings of the epithallial SC thickness (Fig. 3.8).
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Figure 3.8: Principal component analysis (PCA); (a) score plot and (b) loading plot of PCA on
calcification data in both perithallial (P.) and epithallial (E.) cells. The plots model 83% of the
total data variance. Variance proportions are shown along each component axis. Calcification
types are evidenced with circles and classified in Lithophyllum racemus type and Lithophyllum
pseudoracemus type.

Overall, the PCA revealed two distinct calcification types based on natural groupings in the
PC-2 versus PC-1 plot (Fig. 3.8). The L. racemus type had negative PC-1 and negative PC-2
scores (Fig. 3.8) and was distinguished by perithallial cells with high cell wall area and SC
thickness values (Fig. 3.8, Table 3.4). The L. pseudoracemus type was distinguished by pos-
itive PC-1 and negative or neutral PC-2 scores, which corresponded to perithallial cells with
low cell wall area and thin SC. This category also included L. cf pseudoracemus s6. The L.
ct racemus sb sample was distinguished from the others by having highly positive PC-2 and
negative PC-1 scores (Fig. 3.8). Because the PC-1 scores explained 60% of the total data
variance, they support the inclusion of L. cf racemus sb in the type L. racemus. The majority
of the distinction between sample s5 and the other samples of L. racemus type relied on the ep-
ithallial cell wall area, which was especially large (Fig. 3.8, Table 3.4). Given the PCA results,
the role of the variables under consideration in supporting the separation of L. racemus from
L. pseudoracemus was investigated. The only factor that distinguished the two species with
statistical significance was perithallial SC thickness (Fig. 3.9, Table A.7). The PCA assigned

L. cf pseudoracemus s6 to the L. pseudoracemus calcification type, while L. cf racemus sb to the
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L. racemus calcification type (Figs. 3.8 and 3.9, Table 3.3). The mean epithallial SC thickness

differed between L. racemus and L. pseudoracemus (Table 3.4), but the ANOVA results did not

support a statistical significance of this feature.
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Figure 3.9: Results of the perithallial SC thickness measurement. The numbers inside the plots
indicate the mean values.

It was also possible to distinguish between the sizes of short and long cells within the perithallus
in L. racemus s2 (Fig. 3.10). Long cells were significantly longer than short cells (25.25 pm vs.
19.58 pm, p<0.001). Short and long cells had very similar cell lumen areas, but short cells had
more cell wall area and a thicker SC, whereas long cells had a thicker PC (Fig. 3.10). Despite

this, none of the differences were statistically significant (p>0.05).
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Figure 3.10: Mean values of the measurements in short and long cells of Lithophyllum racemus
sample s2. The numbers inside the plots indicate the mean values for the cell wall area, cell
lumen area, SC thickness and PC thickness.
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3.3 Deep learning can support conventional taxonomic

classification?

3.3.1 Internal Validation

Table 3.5 compares the results of the Internal Validation procedure to the performances of
dummy and human classifiers. The 3 class-CNN achieved the highest classification accuracy
(64%), while the 4 class-CNN (species level) achieved the lowest (48%) (Table 3.5). The Global
cross-validation accuracy was similar in the 2 class-CNN (L. pseudoracemus versus Others, 61%)
and the 3 class-CNN (genus level) despite the increased difficulty in the task in the latter, due to
the higher number of classes and thus data sparsity. In terms of Class Recall, the 2 class-CNN
showed a significant improvement in the identification of L. pseudoracemus (61% vs. 27% for
the dummy baseline and 27% for the human classifier), despite a decrease in Recall and Global
accuracy for Others when compared to expert evaluation (Table 3.5). The Global accuracy
and the Class Recall for both 3 and 4 class-CNNs were higher than the baselines, except for
Lithothamnion sp. (or L. corallioides), where a 55% and 57% Recall is achieved, compared to
the 73% of the human classifier. Nonetheless, the models significantly outperformed the expert
classification in Recall (with a maximum of +27% for Lithophyllum sp. Recall) and Accuracy
(+15%) (Table 3.5). The model classified the two genera Lithothamnion and Mesophyllum with
a Recall that was more than twice as high as the dummy classifier. Similar conclusions can be
drawn from the Recall at the species level (4 class-CNN). Another intriguing finding is that,
despite having a sparser classification task, the Lithothamnion genus was predicted slightly
better at the species level (L. corallioides class), with an increased Recall from 55% to 57%
(Table 3.5). Because of their morphological similarity, the classification of L. racemus and L.
pseudoracemus in the 4 class-CNN was the most challenging task, and the model’s results, as
well as the empirical evidence of human evaluation, were consistent with domain-related studies
(Table 3.5). Indeed, the increase in Recall was consistently between 10% and 15% at the genus
and species levels, when compared to the baseline of the dummy classifiers. L. pseudoracemus

was the most difficult class to identify by the model in the 4 class-CNN, with the lowest Recall
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of 37%.

In comparison to the model, high human performances in Recall were limited to the L. coral-
lioides class, while all other classes at both the genus and species levels had significantly lower
Recall (Table 3.5). The computed CNN-based models outperformed in Global accuracy human
diagnosis at both genus and species levels, as well as in Recall of the most difficult distinguish-

able classes, L. racemus and L. pseudoracemus.

3.3.1.1 Categories

Table 3.6 summarizes the Class Recall results for each class and modelling approach based
on the morphological category represented in the image. The 2 class-CNN correctly recog-
nized all images showing the conceptacle and 70% of crystallites and the epithallial cell in L.
pseudoracemus. However, only 14% of the images of the L. pseudoracemus perithallus were cor-
rectly classified. With the exception of L. pseudoracemus (Others), the percentages of images
correctly identified were balanced across classes, with an average accuracy of 64%. Overall,
approximately 61% of the SEM images in both L. pseudoracemus and Others classes were cor-
rectly classified, despite the fact that the class Others had nearly three times more images
(Table 3.6). The images with no category (n.c.) were mostly assigned to the correct class, as
were the images within the class Others with multiple categories (“shared”), which included
five images of the hypothallus, two images of the epithallial cell and perithallus, and one image
of the perithallus and crystallites. In the 2 class-CNN model, the n.c. images included the
conceptacle pore canal and the perithallus with crystallites near the pore canal in L. racemus

(Figure 3.11) and L. pseudoracemus.
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Table 3.5: Resulting performances in each classification task: Lithophyllum pseudoracemus
versus the other species (i.e., Others) (2 classes); diverse genera (3 classes) and diverse species
(4 classes). The Global accuracy and the Class Recall are shown for the proposed model (CNN),
the human classifier (HC) and the dummy classifier (DC).

2 classes 3 classes
Class Recall Class Recall
CNN HC DC CNN HC DC

L. pseudoracemus  0.61 0.21 0.27 Lithothamnion sp.  0.55 0.73 0.23
Others 0.62 092 0.73 Mesophyllum sp. 0.56 0.41 0.19

Lithophyllum sp. 0.69 042 0.58

Global accuracy 0.61 0.73 0.62 Global accuracy 0.64 0.49 0.43

4 classes

Class Recall

CNN HC DC

L. corallioides 0.57 0.73 0.23
M. philippii 0.49 041 0.19 See Section 2.4.4, Evaluation strategy
L. racemus 0.46 0.33 0.31

L. pseudoracemus  0.37 0.21 0.27

Global accuracy 0.48 0.40 0.27
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Table 3.6: Class Recall results per morphological category for each class (Lithophyllum
pseudoracemus versus other species, diverse genera, and diverse species). The total number
of SEM images in each category is also shown, and images not assigned to a category (n.c.)
and showing more than one category (shared) are also included.

2 classes

Class Recall (Images)

L. pseudoracemus Others
conceptacles 1.00 (01) 0.56 (09)
perithallus 0.14 (07) 0.53 (32)
crystallites 0.70 (27) 0.61 (67) See Section 2.4.4, Evaluation strategy
epithallial cell 0.70 (10) 0.71 (24)
hypothallus (00) 0.67 (03)
surface 0.60 (05) 0.57 (07)
n.c. 1.00 (02) 0.75 (04)
shared 0.40 (05) 0.73 (11)

3 classes

Class Recall (Images)

Lithothamnion sp.  Mesophyllum sp.  Lithophyllum sp.

conceptacles (00) 0.75 (04) 0.67 (06)
perithallus 0.65 (20) 0.33 (03) 0.44 (16)
crystallites 0.57 (14) 0.38 (13) 0.85 (67)
epithallial cell 0.42 (12) 0.20 (05) 0.47 (17)
hypothallus (00) 0.67 (03) (00)

surface 0.50 (02) 0.50 (04) 0.17 (06)
n.c. (00) 1.00 (01) 0.80 (05)
shared 0.00 (01) 1.00 (08) 0.57 (07)

4 classes

Class Recall (Images)
L. corallioides M. philippii L. racemus L. pseudoracemus

conceptacles (00) 1.00 (04) 0.80 (05) 1.00 (01)
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Table 3.6 (continue)

perithallus 0.60 (20) 0.33 (03) 0.22 (09) 0.00 (07)
crystallites 0.71 (14) 0.00 (13) 0.48 (40) 0.37 (27)
epithallial cell 0.50 (12) 0.20 (05) 0.57 (07) 0.70 (10)
hypothallus (00) 0.67 (03) (00) (00)

surface 0.00 (02) 0.75 (04) 0.00 (01) 0.40 (05)
n.c. (00) 1.00 (01) 0.33 (03) 0.00 (02)
shared 0.00 (01) 1.00 (08) 0.50 (02) 0.20 (05)

Figure 3.11: Examples of SEM images belonging to the n.c. category: (a) Lithophyllum racemus
pore canal; (b) a magnification showing perithallial cells near the pore canal. These features
proved to be significant contributors to the correct classification of Lithophyllum spp. in the 2
and 3 class-CNNs (Table 3.6).

Among the genera, Lithophyllum sp. had the highest percentage of correctly classified images
(69%). The presence of conceptacles, as well as the perithallus in the Lithothamnion sp. and the
crystallites in both Lithothamnion sp. and Lithophyllum sp. (Table 3.6), were still important
for correct classification. Mesophyllum sp., the only genus with a hypothallus, contributed
significantly to identification, accounting for 67% of correct assignations. The “n.c.” images
were also of significant assistance to the correct classification in the 3 class-CNN model (Table
3.6). The “shared” images correctly identified as Mesophyllum sp. included five hypothallus
images, three of which also show the conceptacle and two of which also show the epithallial cell.
The “n.c.” images correctly identified in the Lithophyllum sp. class included a pore canal of

a conceptacle in L. pseudoracemus, perithallial cells and crystallites near the same pore canal,
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and pore canals in two different conceptacles of L. racemus (as in Figure 3.11). Conceptacles
were also important for identifying algae at the species level (Table 3.6). The perithallus, on the
other hand, only aided in the classification of L. corallioides (with 60% of correct assignations),
to which crystallites also contributed significantly (71%). The epithallial cell images were
mostly correctly classified in L. pseudoracemus (70%) but misclassified in M. philippii (20%).
The hypothallus was a significant contributor to the classification of M. philippii (67%), as well
as images showing the surface (75%). All of the “shared” images of M. philippii were correctly
classified, matching those described for the 3 class-CNN. The SEM images of conceptacles were
the most important contributors to the classification task’s success in each model (Fig. 3.12).
Except for the 4 class-CNN, crystallites also favoured exact classification, accounting for nearly

half of the total number of SEM images in the dataset (Fig. 3.12, Table 3.6).

2 class—-CNN 3 class-CNN

wrong 54% wrong 46%

correct 54%

correct 64% correct 46%

correct 74%
wrong 30%

wrong 40%
correct 70%

correct 60%
Wrong 42% Wrong 67%
correct 58% - correct 33%
¢ wrong 33% wrong 33%
correc2 9603% Correc% 67%
s, wrong =77 wrong 59%
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Figure 3.12: Number of SEM images classified in the 2, 3, and 4 class-CNNs that have been
assigned to different categories. Percentages within each category represent the proportion of
images correctly and incorrectly classified.
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Aside from crystallites and conceptacles, the epithallial cell (71%, the highest value) and the
hypothallus achieved high percentages of images correctly classified in the 2 class-CNN. In
contrast, the epithallial cell, along with the surface, results in the most incorrect classifications
in the 3 class-CNN (Fig. 3.12). Here crystallites, like conceptacles, grew in importance. The
accuracy of the 4 class-CNN decreased, and fewer images showing the perithallus, surface, and
crystallites were correctly classified (Fig. 3.12). Conceptacles were the most robust category
for classification success (90% of images correctly classified), followed by the hypothallus, which

maintained the same significance across models (67%).

3.3.2 External Test

Table 3.7 displays the Class Share for the two test samples, sb and s6. Using the 2 class-CNN
model, we can see how the two samples are classified similarly, with around 70% of the images
in both samples belonging to the Others class. This method appears to imply that the two
samples do not belong to the L. pseudoracemus class. The model in the 3 class-CNN approach
is convincing in assigning the images of the two samples to the genus Lithophyllum. More
specifically, more than 90% of the images in the s6 is classified in that class, while around 80%
of the images in the s5 is classified as Lithophyllum sp., with the remaining 20% classified as
Lithothamnion sp. (Table 3.7). Finally, there is a high similarity between the two samples in
the 4 class-CNN, species-level classification. In both cases, s5 and s6 images are assigned to L.
racemus (around 50%) and L. pseudoracemus (around 30% each), while 20% of s5 images are
assigned to L. corallioides and less than 10% of the images are assigned to L. corallioides and
M. philippii (Table 3.7). The L. racemus class has the highest Class Share with 54%. These
findings are consistent with the expert evaluation of samples s5 and s6, which were identified
as L. cf. racemus, despite the fact that it is impossible to distinguish between L. racemus and
L. pseudoracemus without molecular data. Nonetheless, the 4 class-CNN model favoured L.

racemus over L. pseudoracemus (around 50% versus 30%) (Table 3.7).
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3.3.2.1 Categories

In terms of predictions, the majority of the SEM images showing the L. cf. racemus samples
sb and s6 were classified as Others in the 2 class-CNN, with very similar percentages (68% and
69%, respectively, as shown in Table 3.7). All conceptacles, as well as the majority of images
showing crystallites and the epithallial cell, were assigned to this class, with a lower percentage
for crystallites in sample s6 (67%) (Tables 3.8 and 3.9). The majority of the images showing
the perithallus were classified as L. pseudoracemus, especially in sample s6. The surface image
in this sample was also assigned to the L. pseudoracemus class (Table 3.9). The “n.c.” images
of perithallial cells in the vicinity of a pore canal in sample s5 have been classified as Others.
An image of the epithallial cell and crystallites in sample sb was identified as belonging to L.
pseudoracemus (Table 3.8). At the genus level, 82% and 92% of the images from samples s5
and s6 were correctly classified as Lithophyllum sp., respectively (Table 3.7). In sample s6, the
classification was correct for all categories, but the conceptacle in sample s5 was surprisingly

assigned to Lithothamnion sp. (Tables 3.8 and 3.9).
Table 3.7: Class Share for the Lithophyllum cf. racemus samples sb and s6 in the three clas-

sification tasks: Lithophyllum pseudoracemus versus Others (2 class-CNN), diverse genera (3
class-CNN), and diverse species (4 class-CNN).

2 classes 3 classes 4 classes

Class Share Class Share Class Share
sH s6 sH s6 s5 s6
L. pseudoracemus 0.32 0.31 Lithothamnion sp. 0.18 0.00 L. corallioides 0.18 0.08
Others 0.68 0.69 Mesophyllum sp. 0.00 0.08 M. philippii 0.00 0.08
Lithophyllum sp. 0.82 0.92 L. racemus 0.50 0.54

L. pseudoracemus 0.32 0.30

At the species level, the majority of the images from samples s5 and s6 were assigned to L.
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racemus and L. pseudoracemus, with the first class having a higher percentage (Table 3.7). All of
the conceptacles, as well as crystallites, were identified as belonging to L. racemus, particularly
sample sb. The perithallus images were classified as L. pseudoracemus with a higher probability
in s6 (Tables 3.8 and 3.9). In both samples, the epithallial cell was identified as L. corallioides,
while the surface was assigned to the L. pseudoracemus class in s6. In sample s5, all images
with multiple categories were classified as L. pseudoracemus (Table 3.8). Every “shared” image
showed the epithallial cell, two of which also included crystallites and one of which included

the surface.

Table 3.8: Sample sb’s Class Share for each assigned category and class. The total number of
SEM images is shown after each category. Images that have not been assigned to a category
(n.c.) or that show more than one category (shared) are also included. Note that sample s5
had no images of the hypothallus.

2 classes

Class Share

L. pseudoracemus Others
conceptacles (01) 0.00 1.00
perithallus (03) 0.67 0.33
crystallites (12) 0.17 0.83) See Section 2.4.4, Evaluation strategy
epithallial cell (05) 0.20 0.80
surface (02) 0.50 0.50
n.c. (02) 0.50 0.50
shared (03) 0.67 0.33
3 classes

Class Share

Lithothamnion sp. Mesophyllum sp.  Lithophyllum sp.

conceptacles (01) 1.00 0.00 0.00
perithallus (03) 0.33 0.00 0.67
crystallites (12) 0.00 0.00 1.00
epithallial cell (05) 0.40 0.00 0.60
surface (02) 0.50 0.00 0.50
n.c. (02) 0.00 0.00 1.00
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Table 3.8 (continue)

shared (03) 0.00 0.00 1.00

4 classes

Class Share

L. corallioides M. philippii L. racemus L. pseudoracemus
conceptacles (01) 0.00 0.00 1.00 0.00
perithallus (03) 0.33 0.00 0.00 0.67
crystallites (12) 0.00 0.00 0.83 0.17
epithallial cell (05) 0.80 0.00 0.20 0.00
surface (02) 0.00 0.00 0.50 0.50
n.c. (02) 0.00 0.00 0.50 0.50
shared (03) 0.00 0.00 0.00 1.00

Table 3.9: Sample s6’s Class Share for each assigned category and class. The total number of
SEM images is shown after each category. Images that have not been assigned to a category
(n.c.) or that show more than one category (shared) are also included. Note that sample s6, as
for s5, had no images of the hypothallus.

2 classes

Class Share

L. pseudoracemus Others
conceptacles (02) 0.00 1.00
perithallus (02) 1.00 0.00
crystallites (03) 0.33 0.67) See Section 2.4.4, Evaluation strategy
epithallial cell (01) 0.00 1.00
surface (01) 1.00 0.00
n.c. (02) 0.00 1.00
shared (02) 0.00 1.00
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Table 3.9 (continue)

3 classes

Class Share

Lithothamnion sp. Mesophyllum sp.  Lithophyllum sp.

conceptacles (02) 0.00 0.00 1.00
perithallus (02) 0.00 0.00 1.00
crystallites (03) 0.00 0.00 1.00
epithallial cell (01) 0.00 0.00 1.00
surface (01) 0.00 0.00 1.00
n.c. (02) 0.00 0.00 1.00
shared (02) 0.00 0.50 0.50
4 classes

Class Share

L. corallioides M. philippii L. racemus L. pseudoracemus
conceptacles (02) 0.00 0.00 1.00 0.00
perithallus (02) 0.00 0.00 0.00 1.00
crystallites (03) 0.00 0.00 0.67 0.33
epithallial cell (01) 1.00 0.00 0.00 0.00
surface (01) 0.00 0.00 0.00 1.00
n.c. (02) 0.00 0.00 1.00 0.00
shared (02) 0.00 0.50 0.50 0.00

3.3.3 Explanation

The areas more relevant to CNN classification were detected by analysing images with explain-
able artificial intelligence. Each approach used for explanation highlighted different areas of
the image by displaying positive and negative contributions (LIME), a heat map of the posi-

tive contributions (Grad-CAM), or simply the more relevant pixels (Saliency) (Section 2.4.3)
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(Fig. 3.13). Due to differences in the calculation of the outputs, the information provided by
the three approaches was sometimes counterintuitively different. As a result, combining the
visualisation of the three explanatory techniques could provide more insights into the relevant
features displayed in the images. Given the complexity of the structures shown in the SEM
dataset, recognising common diagnostic structures was not always possible. Nonetheless, the
models correctly identified the shape of cells and conceptacles in the majority of cases (Fig.
3.14). Background areas and starch grains (Fig. 3.14) occasionally “disturbed” the image
classification, resulting in incorrect identifications. Notably, crystallites and, more broadly, cell
wall calcification can be regarded as critical features for the classification task.

Figure 3.13 depicts an example of L. corallioides crystallites in the perithallial cell walls of two
adjacent cells that were correctly classified in all three models used by Internal Validation (2,
3 and 4 class-CNNs). The LIME, Saliency, and Grad-CAM approaches (Fig. 3.13) consistently
revealed a significant contribution of primary calcification [90], i.e., the outermost calcified
layer of the cell wall composed of crystallites oriented parallel to the cell lumen, also known as

“Interfilament,” at the cell filament’s boundary [267] (Section 1.1.2).
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Original image

2 class—-CNN

3 class—-CNN

4 class—CNN

Figure 3.13: An example of the output from the three approaches (LIME, Saliency, and Grad-
CAM) that shows the pixels that contribute the most to the CNN classification in the various
models used (2, 3 and 4 class-CNNs). Positive and negative contributions to classification
are coloured green and red in LIME, respectively. Brighter colour highlights the pixels that
contribute the most to the class attribution in Saliency, whereas the most significant areas for
the final classification have a warmer colour tone in the Grad-CAM visualisation. Every model
correctly identified the SEM image as Lithothamnion corallioides, and it shows a magnification
of the cell wall ultrastructure (crystallites category).
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LIME

(@) rm It

Figure 3.14: LIME, Saliency, and Grad-CAM techniques reveal the pixels that make the most
significant contributions to CNN classification. (a) Magnification of the epithallial cell wall
in Lithophyllum racemus demonstrates the significant contribution of calcification, formed by
rod-shaped crystallites. (b) Mesophyllum philippii conceptacle shape focused by Saliency. (c)
Starch grains within the perithallial cells of L. racemus did not impede correct identification.
(d) The background beyond the epithallial cell of Lithothamnion corallioides was most likely
responsible for this image’s incorrect classification.
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3.4 Laser Ablation ICP-MS: do temperature and growth

rate affect B/Ca?

3.4.1 Temperature proxies

In L. corallioides samples (s8, s12-14 in Table 2.1), both Li/Ca and Sr/Ca records had positive
correlations with Mg/Ca (Figs. 3.15 and A.5). The overall mean Mg/Ca was 225.3 £+ 30.4
mmol/mol, with sample s12 (Aegadian Isl.) registering the lowest value (171.7 mmol/mol),
while the highest value in sample s8 (Morlaix, 311.2 mmol/mol) (Fig. 3.16, Table 3.10). The

Kruskal-Wallis test revealed no significant differences in Mg/Ca between samples (Fig. 3.16,

Table A.1).
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Figure 3.15: Correlation of Mg/Ca with Li/Ca and Sr/Ca. Spearman’s coefficient r, the p-
value, and the line equation are also given.

Sample s12 (Aegadian Isl.) had the highest Mg/Ca mean value among Mediterranean sites,
followed by s13 and s14 (Elba and Pontian Isl.), the last having the lowest Mg/Ca mean value
of all (Fig. 3.16). Sample s8 (Morlaix) had the highest mean Mg/Ca value, as well as a wide
range of data above the median Mg/Ca value (Fig. 3.16). Here, long cells had high Mg/Ca

values, whereas short cells were found in areas with a low Mg/Ca ratio. The ANOVA test,
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followed by Tukey’s test for multiple comparisons, revealed a significant variation in Mg/Ca of
long cells (Fig. 3.17, Table A.2). The Mg/Ca results in long cells of L. corallioides collected
from Aegadian and Pontian Isl. (samples s12 and s14) was quite similar (Fig. 3.17, Table A.2).
In sample s14, the lowest Mg/Ca ratio was found (Fig. 3.17). Sample s8 (Morlaix) had a higher
Mg/Ca mean value, which was significantly different from sample s12 and s14 (Fig. 3.17, Table
A.2). The differences in Mg/Ca between samples in short cells were not statistically significant
(Table A.1). Magnesium incorporation was slightly higher in sample s8 but very similar in s12

and s14 (Fig. 3.17).
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Figure 3.16: Mg/Ca in Lithothamnion corallioides collected at different sampling sites. The
horizontal black lines indicate the median values; the black dots and the numbers inside the
plot indicate the mean values.

Mg/Li values in both long and short cells were within the range discovered by Anagnostou et al.
[66] for cultured C. compactum (Fig. 3.18). Mg/Li results did not reflect seasonal temperature
oscillations when plotted against extracted seawater temperature in Morlaix (s8) (Fig. 3.19).

Conversely, Mg, Li and Sr/Ca proxies accurately mirror the seasonal temperature trend (Fig.
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Figure 3.17: Mg/Ca in the long and short cells of Lithothamnion corallioides collected at
different sites.

Table 3.10: Trace and major element/Ca measured by LA-ICP-MS in Lithothamnion coral-
lioides.

Sample, site B/Ca Mg/Ca Li/Ca Sr/Ca Mg/Li
(pmol/mol) (mmol/mol) (pumol/mol) (mmol/mol) (mol/mmol)
mean+SD mean+SD mean+SD mean+SD mean+SD
s8, Morlaix 726.9+£102.8 239.5+£41.2 113.14+32.9 4.1£0.5 2.240.4
s12, Aegadian Isl.  610.8+63.9 224.9430.3 81.9+18.4 3.7+£0.4 2.8+0.5
s13, Elba 757.7£75.5 223.4+26.4 85.2+14.3 3.6+0.4 2.7+£0.3
s14, Pontian Isl. 462.8+£49.2 216.1+£21.9 79.6+£14.6 3.3£0.3 2.840.4
Total 661.9+138.9 225.3+30.4 89.0+23.3 3.7£0.5 2.6+0.4
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Figure 3.18: Correlation between Mg/Li and seawater temperature. Data are shown for cultured
Clathromorphum compactum from Anagnostou et al. [66] and Lithothamnion corallioides from
this study, which shows results separately in long and short cells per sampling site.

3.4.2 The B/Ca ratio

The B/Ca ratio in the Morlaix sample (s8) showed a moderate positive correlation with all
of the temperature proxies tested (Mg/Ca, Li/Ca, Sr/Ca), with a more defined trend when
plotted against Li/Ca (r = 0.68) and a slightly less defined trend when plotted against Mg/Ca
(r = 0.58) and Sr/Ca (r = 0.57) (Fig. 3.21). On the contrary, Spearman’s correlation analyses
revealed no significant correlations between B/Ca and temperature signals in algae collected
elsewhere (p>0.05). In sample s8, the age model reconstruction allowed the evaluation of the
temperature influence on B/Ca at the seasonal resolution, highlighting the lack of the cyclic

variations typical of temperature proxies (Fig. 3.20).

Overall, the B/Ca ratio in Lithothamnion corallioides was 661.9 £+ 138.9 pmol/mol, with the
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Figure 3.19: Mg/Li in Lithothamnion corallioides collected in Morlaix Bay (sample s8). Note
the lack of cyclic variations. In the timeline, the coldest and the warmest months per year
have been reported. Mg/Li ratios in the missing bands (asterisks) have been calculated as the
means of the values measured in warm and cold periods.

lowest value in the long cells of the Pontian Isl. sample (s14, 356.0 umol/mol) and the highest
value in Elba (s13, 954.1 pmol/mol) (Fig. 3.22; Table 3.10). The Kruskal-Wallis coefficient
revealed a highly significant difference in the B/Ca value among samples, particularly in s14
(Pontian Isl.), which had the lowest boron incorporation (Fig. 3.22, Table A.3). When com-
pared to s13 and s8, the algae collected in Aegadian Isl. (s12) had significantly lower B/Ca
ratios (Fig. 3.22, Table A.3). Sample s13 (Elba) had the highest B/Ca mean value, with me-
dians comparable to s8 (Fig. 3.22, Table A.3). The ANOVA test, followed by Tukey’s test for
multiple comparisons by sample (i.e., site), for long (Table A.4) and short (Table A.5) cells
separately, revealed lower values in Mediterranean sites (s12-14) and higher values in Atlantic
sites (s8) (Fig. 3.23). Sample s14 (Pontian Isl.) had the lowest mean B/Ca in both seasons,
which was significantly different from samples from Morlaix (s8) and Aegadian Isl. (s12) (Fig.
3.23, Tables A.4 and A.5). In both long and short cells, s8 had the highest mean B/Ca (Fig.
3.23, Tables A.4 and A.5).

L. corallioides from Aegadian Isl. (s12) had an intermediate B/Ca mean value in long cells,
which differed significantly from samples s8 and s14 (Fig. 3.23, Table A.4). In short cells,
sample s12 differed slightly from sample s8 (Fig. 3.23, Table A.5). Long cells in all samples
had higher median B/Ca values than short cells (Fig. 3.23), but only in Morlaix (s8) the
differences between B/Ca measured in long and short cells were statistically significant (y? =

8.4899, p<0.01).
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Figure 3.20: Elemental ratios in Lithothamnion corallioides sample s8, collected in Morlaix Bay
(scale bar: 200 pm). Mg, Li, and Sr/Ca exhibit cyclic variations that correspond to the local
seawater temperature. The coldest and warmest months have been reported in the timeline,
which correspond to dark and light bands of growth respectively. The element/Ca ratios in the
missing bands (asterisks) were calculated as the average of the values measured in warm and
cold periods. ORASb5 reanalysis was used to extract monthly temperature means.
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Figure 3.21: Correlation B/Ca with temperature proxies in Lithothamnion corallioides collected
in Morlaix Bay (sample s8). Spearman’s coefficient r, the p-value, and the line equations are
given.
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Figure 3.22: B/Ca in Lithothamnion corallioides collected at different sampling sites. The
horizontal black lines indicate the median values; the black dots and the numbers inside the
plot indicate the mean values.
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Figure 3.23: B/Ca in the long and short cells of Lithothamnion corallioides collected at different
sites.

3.4.3 Growth rates

Growth rates had no linear relationship with Mg, Li, or Sr/Ca, but they were positively corre-

lated with the mean B/Ca values of the samples (Fig. 3.24).
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Figure 3.24: Correlation of growth rates and seawater temperature with B/Ca. Spearman’s
coefficient r, the p-value, and the line equations are given. Temperature variations (AT) are
the differences in maximum and minimum temperatures recorded over 11 years of monthly
reanalysis (ORAS5) (Section 2.2). The B/Ca means in long and short cells correspond to the
maximum and minimum temperature, respectively.

The LA-ICP-MS transect in sample s12 was 1.31 mm long, and 10 years of growth were detected

by coupling microscopical imaging and Mg/Ca peaks, resulting in a 0.13 mm/yr growth rate.

82



The laser transect in sample s13 was 1.15 mm long, crossing 8 years of growth and yielding a
growth rate of 0.14 mm/yr. The Pontian Isl. sample (s14) had 1.08 mm of transect with 11
years of growth, resulting in a growth rate of 0.10 mm/yr. Finally, the transect in sample s8

(Morlaix) was 1.38 mm long, with an 11-year growth rate of 0.13 mm/yr.

3.5 X-Ray Diffraction

In the transverse section, morphological anomalies in the samples near C'Oy seeps in Ischia
(s15-20 in Table 2.1) were identified as irregularly damaged areas where the most surficial part

of the thallus was missing, exposing the underlying layers of perithallial cells (Fig. 3.25).

100 pm

Figure 3.25: (a) Samples s17 (Corallina officinalis) and (b) s20 (Peyssonnelia sp.) collected
near CO, seeps in Ischia (Italy). Surficial damaged areas are indicated by arrows. Here, the
first layers of epithallial cells were removed, exposing the underlying cells.

This feature was detected in 70% and 87% of the regions observed over C. officinalis samples
s16 and s17 (sites S2 and S3), respectively. Only 3% of the regions in C. officinalis sample
s15 (site S1) showed damage. In Peyssonnelia sp. sample s20 (site S3), the 20% of the area
observed by SEM was concerned, and the 5% in sample s19 (site S2) (Fig. 3.25). C. officinalis

sample s17 from site S3 had a lower frond density (the number of branches departing from
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the central axis) (Fig. 2.3) compared to the samples collected in sites S1 and S2 (s15, s16).
Table 3.11 summarises the mineral composition of the samples analysed by XRD, showing the
percentages of the major mineral phases. Mg-calcites had 13-15 % of Mg content. Examples of
XRD spectra are reported in Figure A.6 and an example of refinement is given in Figure A.7.
XRD analysis revealed that the Corallinophycidae L. racemus, L. pseudoracemus, C. officinalis
and Amphiroa sp. were 100% Mg-calcite, whereas L. corallioides and L. minervae had a non-
negligible proportion of aragonite content, up to 35% in L. minervae (Table 3.11). On the
contrary, Peyssonnelia sp. and Polystrata sp., belonging to Peyssonneliales, were predominantly
made of aragonite, with calcite in percentages ranging from 1% to 9% (Table 3.11).

Table 3.11: Results of the Rietveld refinements performed on XRD data, indicating phase
compositions. An example of the refinement is reported in Figure A.7 for sample s18.

Sample Site Species aragonite (%) Mg-calcite (%)
s2 Pontian Isl. L. racemus 0.00 100.00
s3 Villasimius L. pseudoracemus 0.00 100.00
s4 Pontian Isl. L. pseudoracemus 0.00 100.00
s8 Morlaix L. corallioides 0.00 100.00
s12 Aegadian Isl. L. corallioides 2.00 98.00
s13 Elba L. corallioides 0.00 100.00
s14 Pontian Isl. L. corallioides 8.00 92.00
s15 Ischia S1 C. officinalis 0.00 100.00
s16 Ischia S2 C. officinalis 0.00 100.00
s17 Ischia S3 C. officinalis 0.00 100.00
s18 Ischia S2 Peyssonnelia sp. 92.00 8.00
s19 Ischia S2 Peyssonnelia sp. 98.36 1.64
s20 Ischia S3 Peyssonnelia sp. 98.67 1.33
s21 Methana F1 ~ Amphiroa sp. 0.00 100.00
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Table 3.11  (continue)

Sample Site Species aragonite (%) Mg-calcite (%)
s22 Methana F2  Amphiroa sp. 0.00 100.00
s23 Methana N Amphiroa sp. 0.00 100.00
s24 Polignano M. philippii 3.00 97.00
$25 Aegadian Isl. L. crispatum 8.00 92.00
s26 Villasimius L. minervae 3.00 97.00
s27 Elba L. minervae 13.00 87.00
s28 Pontian Isl. L. minervae 35.00 65.00
s29 Polignano L. stictiforme 7.00 93.00
s30 Pontian Isl. Peyssonnelia sp. 91.00 9.00
s31 Pontian Isl. Peyssonnelia sp. 95.00 5.00
s32 Villasimius Polystrata sp. 99.00 1.00
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3.6 Multi-Collector ICP-MS

Boron isotopes in algal samples ranged from 20.07 4+ 0.26%0 to 27.51 + 0.28%0 (Table 3.12).
Overall, 6" Byyqe decreased as the proportion of aragonite over calcite in the alga increased,
reaching the minimum value in the aragonitic Peyssonneliales, and the maximum values in
calcitic Corallinales (Fig. 3.26). The range of §'!'Byqe measured in C. officinalis in Ischia
varied from 23.10 £+ 0.16%0 at pH 6.80 + 0.43, to 26.59 + 0.15%0 at pH 7.77 + 0.32 (Tables
3.2 and 3.12). The 6™ Byjgqe varied from 22.23 £ 0.14%0 at pH 6.80 + 0.43, to 26.00 £ 0.13%o
at pH 7.77 & 0.32 in Peyssonnelia sp. In Methana, Amphiroa sp. 6" Byjgee ranged from 25.41
+ 0.14%0 at pH 7.77 £ 0.30, to 26.33 £+ 0.15%0 at pH 7.57 £+ 0.31 (Tables 3.2 and 3.12). In
the same site (S3, S2), Peyssonnelia sp. always had lower 511Balgae values than C. officinalis.
The two samples of Peyssonnelia sp. collected in site S2 (s18, s19) had significantly different
0" Buigae values: 23.93 + 0.10%0 and 26.00 + 0.13%0 (Table 3.12). The lowest 6 Bygoe was
found in the Peyssonneliaceae Polystrata sp. (sample s32) and Peyssonnelia sp. from Ischia
and Pontian Isl. (samples s20 and s31). The highest 5llBalgae values were measured in the
Corallinophycidae L. corallioides (s8) and M. philippii (s24) (Table 3.12).

Table 3.12: Multi-collector ICP-MS results for 6''B in calcareous red algae (' Bygae)-

Sample Site Species 1B uigac (%o)
mean+SD
s2 Pontian Isl. L. racemus 26.98+0.26
s3 Villasimius L. pseudoracemus 25.384+0.27
s4 Pontian Isl. L. pseudoracemus 24.96+0.27
s8 Morlaix L. corallioides 27.51£0.28
s12 Aegadian Isl. L. corallioides 24.75+0.24
s13 Elba L. corallioides 26.87+0.26
s14 Pontian Isl. L. corallioides 24.89+0.21
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Table 3.12  (continue)
Sample Site Species 5llBalgae (%0)
mean+SD
s15 Ischia S1 C. officinalis 25.5940.28
s16 Ischia S2 C. officinalis 26.59+0.27
s17 Ischia S3 C. officinalis 23.10+£0.28
s18 Ischia S2 Peyssonnelia sp. 23.934+0.13
s19 Ischia S2 Peyssonnelia sp. 26.00+0.17
s20 Ischia S3 Peyssonnelia sp. 22.23+0.15
s21 Methana F1 ~ Amphiroa sp. 25.4140.25
s22 Methana F2  Amphiroa sp. 26.30+0.28
s23 Methana N Amphiroa sp. 26.334+0.27
s24 Polignano M. philippii 27.15£0.27
s25 Aegadian Isl. L. crispatum 24.81+0.27
s26 Villasimius L. minervae 26.58+0.27
s27 Elba L. minervae 26.95+0.27
s28 Pontian Isl. L. minervae 26.24+0.28
s29 Polignano L. stictiforme 26.22+0.29
s30 Pontian Isl. Peyssonnelia sp. 25.09+0.16
s31 Pontian Isl. Peyssonnelia sp. 21.96+0.17
s32 Villasimius Polystrata sp. 20.07£0.26
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Figure 3.26: Spearman’s correlation between §'! Byq. (Table 3.12) and the proportion of arag-
onite over calcite in the algal samples (Table 3.11). Correlation significance at p<0.05. Colours
indicate which order the sample belongs to.
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3.7 Boron isotope calibrations

MC-ICP-MS results of 5nBalgae from samples near CO, seeps (s15-s23), together with data from
previous literature [42, 43, 102], were used to calculate York fit calibrations of the form in Eq.
1.4, using (5113,1;9% uncertainties as standard errors of replicate measurements and calculating
M Byorate by 10000 Monte Carlo simulations randomly varying pH, temperature and salinity
within their uncertainty bounds (Section 2.7) (Table 3.13). Calibration data for calcareous red
algae show that 5nBalgae is always greater than ambient 0! Byy,qte and always plots above the
1:1 line (Fig. 3.27). In comparison to the other calibrations, the regression slope of the samples
examined in this study is closest to one (0.88 £ 0.22). This could imply a pH sensitivity more
akin to solution borate. Except for A. anceps, uncertainty bounds in this study are comparable
to those of cultured algae from the literature (Fig. 3.27). A. anceps had the lowest 6 Byjgae
and the smallest regression slope (0.24 £+ 0.11). For these reasons, and due to the lack of
comparability between its calibration and the others, data from A. anceps were not included in
the multi-specific calibration calculation (Fig. 3.28). The multi-specific regression plots above
the 1:1 line of 51lBalgae versus 0 Byorate, and it is described by the following equation from Eq.

1.4 (p-value < 0.0001):
6" Brorate = 0" Baggae + (3.02 4 4.04) /1.89 % 0.26 (3.1)

The range of 6™ By,rqre values considered in the calibration ranged from 12.68 4= 0.85% to 19.04

+ 3.52%, significantly expanding the range over which 6 Byqe had previously been calibrated.
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Table 3.13: Data used to calculate York fit calibrations in calcareous red algae. See Section 2.7

for details on calculations.

Sample Reference Species 5llBalgae (%0) 0" Biorate (%oo)
mean+SE mean+SD
s15 this study C. officinalis 25.59+0.13 18.05£1.07
s16 this study C. officinalis 26.59+0.12 15.8842.48
s17 this study C. officinalis 23.1040.12 12.68+0.85
s18 this study Peyssonnelia sp. 23.93+0.06 15.9242.52
s19 this study Peyssonnelia sp. 26.00£0.08 15.974+2.52
s20 this study Peyssonnelia sp. 22.23+0.05 12.69+0.86
s21 this study Amphiroa sp. 25.41+0.11 16.01£2.38
s22 this study Amphiroa sp. 26.30+0.13 16.0142.38
s23 this study Amphiroa sp. 26.33+0.12 14.814+1.90
Cornwall et al. [42] A. anceps 19.784+0.30 18.0940.50
Cornwall et al. [42] A. anceps 19.73+0.31 15.66£0.49
Cornwall et al. [42] A. anceps 18.99+0.17 14.6140.50
Cornwall et al. [43] H. reinboldii 27.80+0.19 18.434+0.82
Cornwall et al. [43] H. reinboldii 27.97+0.17 19.0443.52
Cornwall et al. [43] H. reinboldii 26.01+0.26 15.034+0.61
Cornwall et al. [43] H. reinboldii 26.4940.33 15.84+2.97
Cornwall et al. [42] Neogoniolithon sp.  27.554+0.33 15.664+0.49
Cornwall et al. [42] Neogoniolithon sp. 29.1140.59 18.09+£0.50
Cornwall et al. [42] Neogoniolithon sp.  27.00+0.46 14.6140.50
Donald et al. [102]  Neogoniolithon sp. 34.10+2.01 19.56£0.61
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Table 3.13

(continue)

Sample Reference Species 511Balgae (%0) 0" Biporate (%oo)

mean+SE mean+SD
Donald et al. [102]  Neogoniolithon sp. ~ 33.58+1.08 17.97+0.81
Donald et al. [102]  Neogoniolithon sp.  33.45+1.06 16.58=+0.56
Donald et al. [102]  Neogoniolithon sp. ~ 26.75+0.78 13.984+0.49
Cornwall et al. [42] S. durum 26.66+0.23 18.09+0.50
Cornwall et al. [42] S. durum 25.87+0.10 15.66£0.49
Cornwall et al. [42] S. durum 25.05+0.34 14.614+0.50
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Figure 3.27: Calibration data showing MC-ICP-MS measurements of o HBalgae versus solution
0" Byorate for published calcareous red algal cultures [42, 43, 102] and wild-grown algae (this
study). Shaded polygons show 0.90 confidence intervals, considering standard errors of replicate
measurements in the 6llBalgae and one standard deviation of 10000 Monte Carlo simulations
in the 0! Byorate. Uncertainties for points other than A. anceps are shown in Figure 3.28. Note
that all the calibrations plot above the 1:1 line (dotted line). Data are shown in Table 3.13.
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Figure 3.28: Multi-specific calibration proposed in this study grouping all published MC-ICP-
MS measurements of calcareous red algae. The shaded polygon shows 0.90 confidence intervals,
considering standard errors of replicate measurements in the 5llBalgae and one standard devi-
ation of 10000 Monte Carlo simulations in the ' By,qte. Note that all the points plot above
the 1:1 line (dotted line). Data are shown in Table 3.13.
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3.8 Magic Angle Spinning NMR: is trigonal boron being

incorporated?

The "B MAS NMR spectra of Mg-calcite and aragonite calcareous red algae analysed in this
study are shown in Figures 3.30, 3.31, 3.32, 3.33, 3.34 and 3.35. Estimates of the relative
proportions of the different B species obtained by integrating the spectral peaks are given in
Tables 3.15 and 3.14. In some cases, the BOj signal exhibits the characteristic line shape of
a quadrupolar nucleus (I(**B) = 3/2), characterized by a quadrupolar coupling constant (Cp)
besides a chemical shift (d;5,). The NMR parameters are given in Table 3.14 as a short summary
for Mg-calcites and aragonite. The complete record is given in Table A.8. The results highlight
high variability in B speciation, especially in aragonite samples. Almost the 40% of B in Mg-
calcite samples occurs as BO3 (Table 3.14), and the 60% occurs as BO,. In aragonitic algae,
about 30% occurs as BO3 and 64% as BOy, with high variability among samples and a non-
negligible percentage of hardly interpretable signal (i.e., “n.c.”) (Table 3.14). These statistics
consider results on sample s31 after oxidation following the procedure described in Section 2.6.2,
which resulted in a much lower proportion of trigonal boron, with 18.1% of BO3 (d;5, = 12.9
ppm) and 81.9% BOy (d;s0 = 27% at 1.1 ppm and 54.9% at 2.9 ppm), compared to the 41.7%
BOj; and 48.5% BO, before the treatment (Tables 3.15 and A.8). Organic compounds could
possibly explain the ambiguous “n.c.” signals in aragonite samples (and Mg-calcite sample s25)
and eventually bias the relative proportion of B species incorporated. Encrusting forms such as
Peyssonnelia sp. and Polystrata sp. are reasonably more prone to external contamination. The
first two principal components (PCs) of the PCA model resolved 92% of the total data variance
(Fig. 3.29) and considered NMR results of sample s31 after oxidation. The primary trend on
the PC-1 axis was increasing Mg-calcite with increasing 6! B values (Fig. 3.26), expressed as
positive PC-1 loadings (Fig. 3.29). As the proportion of Mg-calcite decreases, the % of aragonite
increases, as well as the proportion of ambiguous NMR signals (i.e., “n.c.”) (Fig. 3.29). This is
evidenced by negative PC-1 loadings. On the PC-2 axis, positive loadings of the proportion of
tetragonal boron (BO,) were observed, and negative loadings of trigonal boron (BO3). The PCA

revealed two main distinctions based on natural groupings in the PC-2 versus PC-1 plot (Fig.
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3.29). Calcareous red algae belonging to the calcitic Corallinales and Hapalidiales had positive
PC-1 and were distinguished by higher 6B values (Table 3.12). Most of the Corallinales
plotted with positive PC-1 and positive PC-2 being more enriched in BO, than BO3. The only
two samples belonging to L. crispatum (Corallinales) and M. philippi (Hapalidiales) species were
distinguished from the other calcitic algae by having negative PC-2 scores (Fig. 3.29) due to
the higher percentage of BO3 (Table 3.15). The aragonitic Peyssonneliales were distinguished
by negative PC-1, having lower §'' B values (Figs. 3.26). Two samples out of three also had
positive PC-2 loadings, with high percentages of BO4 (Table 3.15). Sample s30, Peyssonnelia
sp. (non-oxidized), was clearly different from the other Peyssonneliales by having a higher

proportion of BO3 and ambiguous (“n.c.”) signals (Table 3.15).
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Figure 3.29: Principal component analysis (PCA); (a) score plot and (b) loading plot of PCA
on XRD (Table 3.11), MC-ICP-MS (Table 3.12) and "B MAS NMR (Table 3.15) data of
calcareous red algae. The plots model 92% of the total data variance. Variance proportions
are shown along each component axis. Peyssonnelia sp. and Polystrata sp. belong to the order

Peyssonneliales; Mesophyllum philippit belongs to the order Hapalidiales; all the other species
are Corallinales.
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Table 3.14: 'B MAS NMR parameters from spectra in Figures 3.30, 3.31, 3.32, 3.33, 3.34
and 3.35. Trigonal boron (BOj) in samples s4, s14 and s32 was simulated by a quadrupolar
line shape characterized by a chemical shift (d;5,) and the quadrupolar coupling constant (Cp).
In all other cases, gaussian line shapes were used for simulations, characterized by a chemical
shift and width. Relative proportions between BO3 ad BO, are also indicated (mean+SD %).
Ambiguous signals are indicated as “n.c.” (Table A.8 for the complete record).

CaC03 B03 BO4 n.c.
polymorph iso Co % Oiso % iso %

Mg-calcite 10.6-20.3 1.50-1.57 39.2+£9.2 0.2-3.1 60.3£10.3 6.1 0.5£1.7

Aragonite 12.9-13.3 1.01 30.5£29.2 2.9 64.3+£31.2 7.2-7.7 5.2£4.5

Table 3.15: Relative proportion of trigonal (BO3) and tetragonal boron (BOy) in calcareous
red algae determined from peak surface integration of their "B MAS NMR spectra (1% error
bar). Ambiguous signals (6.1-7.7 ppm) are indicated as “n.c.” (Table 3.14 for NMR parameters,
Table A.8 for the complete dataset).

Sample  Site Species BO3(%) BO4(%) n.c. (%)
s2 Pontian Isl. L. racemus 42.9 57.1

s3 Villasimius L. pseudoracemus 38.0 62.0

sd Pontian Isl. L. pseudoracemus 35.1 64.9

s8 Morlaix L. corallioides 45.4 54.6

s12 Aegadian Isl. L. corallioides 35.6 64.4

s13 Elba L. corallioides 38.3 61.7

s14 Pontian Isl. L. corallioides 37.0 63.0

s24 Polignano M. philippii 54.7 45.3

s25 Polignano L. crispatum 56.4 37.5 6.1
s26 Villasimius L. minervae 28.6 71.4

s27 Elba L. minervae 22.6 77.4
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Table 3.15

(continue)

Sample  Site Species BO3(%) BO4(%) n.c. (%)
s28 Pontian Isl. L. minervae 36.9 63.1

s29 Polignano L. stictiforme 38.6 61.4

s30 Pontian Isl. Peyssonnelia sp. 63.9 28.2 7.9
s31 Pontian Isl. Peyssonnelia sp. 41.7 48.5 9.8
s31* Pontian Isl. Peyssonnelia sp. 18.1 81.9

$32 Villasimius Polystrata sp. 9.6 82.7 7.7

*sample s31 after oxidation following the cleaning protocol in Section 2.6.2.
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Figure 3.30: "B MAS NMR spectra and deconvolution of Mg-calcite samples s2-4. The blue
line indicates the experimental spectra, the red line the simulated spectra and the overlapping
bottom lines indicate the deconvolution. Note the presence of two components in the BO,
peaks. The determined NMR parameters are reported in Table 3.14 and A.8.
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Figure 3.31: ''B MAS NMR spectra and deconvolution of Mg-calcite samples s8, s12-23. The
blue line indicates the experimental spectra, the red line the simulated spectra and the overlap-
ping bottom lines the deconvolution. Note the presence of two components in both BO3; and
BO, peaks. The determined NMR parameters are reported in Table 3.14 and A.8.
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Figure 3.32: 'B MAS NMR spectra and deconvolution of Mg-calcite samples s14, s24-25.
The blue line indicates the experimental spectra, the red line the simulated spectra and the
overlapping bottom lines indicate the deconvolution. Note the presence of two components in
both BO3 and BOy4 peaks. Sample s24 has two BO3 peaks in one of the two BO3 components.
The 6.1 ppm signal in sample s25 was ambiguous and not classified (n.c.). The determined
NMR parameters are reported in Table 3.14 and A.S.
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Figure 3.33: 1'B MAS NMR spectra and deconvolution of Mg-calcite samples s26-28. The blue
line indicates the experimental spectra, the red line the simulated spectra and the overlapping
bottom lines the deconvolution. Note the presence of two components in both BO3 and BOy4
peaks. The determined NMR parameters are reported in Table 3.14 and A.S.
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Figure 3.34: 1'B MAS NMR spectra and deconvolution of Mg-calcite sample s29 and aragonite
samples s30-31. The blue line indicates the experimental spectra, the red line the simulated
spectra and the overlapping bottom lines indicate the deconvolution. Note the 7.7 ppm signal
in samples s30-31, ambiguous and not classified (n.c.). The determined NMR parameters are
reported in Table 3.14 and A.8.
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Figure 3.35: !B MAS NMR spectra and deconvolution of aragonite sample s32. The blue
line indicates the experimental spectra, the red line the simulated spectra and the overlapping
bottom lines indicate the deconvolution. Note the 7.2 ppm signal, ambiguous and not classified
(n.c.). The determined NMR parameters are reported in Table 3.14 and A.8.
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Chapter 4

Discussion

4.1 The taxonomic value of the cell wall calcification

Given their morphological plasticity, new diagnostic tools for calcareous red algae species iden-
tification could significantly assist experts, particularly for fossil samples with poorly preserved
morphological features. This is important for paleontological applications since the reconstruc-
tion of the paleoecology and the paleoclimate based on organisms and associations must rely
on species-specific calibrations. Indeed each organism, including coralline algae, has a species-
specific geochemical signature [42, 77] and ecological niche [88], that can be used as a proxy for
environmental reconstructions. The identification of species in calcareous red algae is frequently
ambiguous, and advances in molecular phylogeny have revealed numerous cases of cryptic and
pseudo-cryptic species. Traditional taxonomic identification relies on thallus organisation and
morphometrical measurements of biological structures such as epithallial, perithallial, and hy-
pothallial cells and conceptacles. Statistical analysis revealed a significant difference in the size
of perithallial cells between L. racemus and L. pseudoracemus (Fig. 3.7). However, the molec-
ularly identified samples of L. racemus exhibit a very wide range of perithallial cell area values
(Fig. 3.7; Table 3.4), putting the applicability of this single character for species separation in
jeopardy. The longitudinal medial section of L. pseudoracemus’s asexual conceptacle chambers

was more rounded than that of L. racemus, with a lower D/H ratio (2.11 against 2.55). This
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pattern was also observed in non-molecularly identified samples (2.25 in s6 vs. 2.37 in sb).
According to Caragnano et al. [6], a calcified columella rising from the asexual conceptacle
floor was observed in most samples but not in L. pseudoracemus. In L. pseudoracemus s6, it
appeared variably developed and its height was less than half the height of the conceptacle
chamber, so hl [57] was typically >H/2 (Fig. 3.6). However, the small number of observations
precludes any statistical analysis of this feature, which merits further investigation to deter-
mine its potential value. In agreement with Caragnano et al. [6], these observations revealed
high variability in microanatomy among samples and even within the same specimen, prevent-
ing a reliable distinction of the two species solely based on the microanatomy and biometrical
analysis. Aside from the uncertainty associated with classification based solely on these tools,
traditional morphological parameters are frequently poorly preserved due to diagenetic pro-
cesses, reducing their taxonomic value in fossil samples where molecular techniques cannot be
applied. Recently, there has been renewed interest in the calcification patterns of coralline
algae, revealing cell wall ultrastructure as the phenotypic expression of genotypic information
[84]. At least at the family level, there is taxon-specific regulation of the morphology of crys-
tallites that compose the cell wall. Auer and Piller [84] examined Lithophyllum incrustans, L.
kotschyanum, L. lichenoides, L. pygmaeum and L. byssoides (as Titanoderma byssoides) among
Lithophylloideae. The defining characteristics of this subfamily are rhombic plates as the dom-
inant morphotype of epithallial cell wall crystallites and perpendicular rod-shaped crystallites
in the SC [84]. The cell walls of Lithothamnion sp. are rather ultrastructurally composed of
fan-like rods in the secondary calcification and blocks and granules in the primary calcification
[84]. Mesophyllum sp. cell wall ultrastructure has never been thoroughly studied. The detailed
SEM observations of L. racemus and L. pseudoracemus conducted in this research revealed
rhomboid-shaped crystallites in the PC and perpendicular rod-shaped crystallites in the SC of
both species. Three distinct calcified layers in L. racemus and L. pseudoracemus were observed:
the outer calcification (PC), the median one with perpendicular rods (SC), and the innermost
granular layer (IC) (Figs. 3.1 and 3.4). The IC was composed of granular elements (Fig. 3.1); it
was located between the plasma membrane and the SC and was frequently covered by organic

plasma membrane residue. Regular rhomboids were particularly obvious in both primary and
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secondary hypothallial cells (Figs 3.2, 3.4, 3.5 and 3.6). The PC rhomboids were apparently
absent between epithallial cells of the same filament and were not visible elsewhere, except
between adjacent filaments of epithallial cells of L. cf. racemus sample s5 (Fig. 3.5). Deep
learning methods were used to automatically classify L. racemus, L. pseudoracemus, L. coral-
lioides and M. philippii found in Mediterranean waters in order to investigate a new potential
tool for coralline algae identification. The use of CNNs allowed us to look into the diagnostic
value of morphology as a whole, including both traditional parameters and the mineralized
ultrastructure. In this way, machine learning has acted as an unbiased operator, able to estab-
lish its own classification features and potentially suggest significant diagnostic parameters to
the real operator, even more than conventional ones. To maximise species variance, images for
each specimen (two/three samples per species) were included in the dataset (Table 2.1). By
doing so, we reduced the error associated with the sample’s features rather than the species
itself. The specific classification task involving the discrimination between L. racemus and L.
pseudoracemus was especially difficult for the machine, given their morphological similarity [6].
The computed CNN-based models outperformed human diagnosis in Global accuracy at both
the genus and species levels, as well as in Recall of the most challenging discernable classes, L.
racemus and L. pseudoracemus, demonstrating the effectiveness of this technique in supporting
coralline algae classification. The 3 class-CNN model demonstrated to be the best choice for
coralline algae classification, with the highest Global accuracy and solid Class Recall for each
genus (Table 3.5). Nonetheless, when a more fine-grained diagnosis (i.e., at the species level) is
required, the 4 class-CNN model would be more convenient. In fact, despite the lower Global
accuracy, this model could include more classes and still provide reasonable classification sup-
port, even in the presence of very similar classes such as L. pseudoracemus and L. racemus.
Background areas and starch grains (Fig. 3.14) may “disturb” the classification in epithallus
and perithallus images, leading to incorrect identifications. As a result, the model performances
could be implemented by avoiding the use of images with these interferences. The analysis of
the various explanatory techniques enabled us to demonstrate the image areas that have had
the greatest influence on identification at both the genus and species levels. The explanatory

approaches consistently revealed a significant contribution of the calcification features in the
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classification task (Fig. 3.13). Some traditional morphological parameters were easily recog-
nised, such as conceptacle and cell morphometry, thanks to the explanation comparison, but
crystallite morphology undoubtedly contributed to the classification results (Fig. 3.13). Indeed,
crystallites were given special consideration, accounting for nearly half of the total images used
to run the CNN models (Fig. 3.12). The PCA results (Fig. 3.8) enabled the circumscription
and separation of two groups of samples based on calcification traits, which included the ge-
netically classified L. racemus (s1, s2) and L. pseudoracemus (83, s4). Overall, perithallial cells
in L. racemus had a larger cell wall area (145.48 um? by mean) and thicker SC (2.84 um);
perithallial cells in L. pseudoracemus had a smaller cell wall area (100.09 pum? by mean) and
thinner SC (2.42 um) (Fig. 3.8; Table 3.4). There was a direct relationship between SC thick-
ness and cell wall area in the perithallus of the samples analysed (Fig. 3.8). L. racemus sample
s2 and L. pseudoracemus sample s4 occurred sympatrically and at similar depths (Table 2.1),
but showed a highly significant difference in terms of calcification traits (Fig. 3.8). Sample s2
had a thin PC and high SC thickness and cell wall area values, whereas s4 had a thick PC,
thin SC, and a small cell wall area (Fig. 3.8; Table 3.4). L. racemus s2’s distinct zonation
(= banding) allowed us to focus on calcification traits in short and long cells separately (Fig
10) [4, 201]. Our findings show that L. racemus short perithallial cells have higher SC thick-
ness and thus a larger cell wall area than long perithallial cells while maintaining an almost
stable cell lumen area (Fig. 3.10). Long cells produced in the warm months had thicker PC
observed between two cells of adjacent filaments, whereas short cells had larger cell wall area
due to thicker SC (Fig. 3.10) [267]. As a result, we can speculate that primary crystallites were
formed as a result of warmer temperatures and/or longer light periods. The low PC thickness
values in short cells could be explained by an SC that grows at the expense of the PC during
the cold months. Concerning the identification of the two L. cf. racemus samples, sb and s6, the
model agreed with the expert in the 3 class-CNN on attributing the Lithophyllum class and was
leaning towards L. racemus in the 4 class-CNN. According to the PCA, sample s6 belonged to
the L. pseudoracemus calcification type (Fig. 3.8). Surprisingly, samples with thick perithallial
SC also had thick SC in epithallial cells (Table 3.4). The epithallial cells in specimen s5 had

the largest diameter (Fig. 3.5; Table 3.3), which explains why the cell wall area was so large
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despite the relatively thin SC. The cell wall area in the perithallus was large, and the SC was
thick, which corresponded to the major defining characteristics of L. racemus (Fig. 3.8; Table
3.4) The inclusion of L. cf. racemus sb in the L. racemus calcification type is supported by the
PC-1 axis of the PCA, which explained 60% of the data variance (Fig. 3.8). This specimen
was collected at the shallowest depth (10 m), whereas all of the other specimens were collected
at depths greater than 40 m, raising the possibility of an epithallial cell size response to light
availability or other undefined oceanographic controls. To achieve satisfactory classification
results, intra-class variability must be lower than inter-class variability. In our case, however,
increasing the number of classes reduced inter-class variability (due to the two similar classes
L. racemus and L. pseudoracemus). This was clearly not offset by an increase in intra-class
variability, resulting in lower performance. Also, while the number of images among classes was
reasonably balanced in the 4 class-CNN, the Lithophyllum sp. class accounted for more than
half of the total number of images in the 3 class-CNN (Table 2.1), potentially favouring the
accuracy of its classification. Despite accounting for roughly one-third of the total images, the
Class Recall of L. pseudoracemus in the 2 class-CNN was comparable to the class Others (60%)
(Table 3.5). As a result, the model demonstrated the ability to identify some morphological
features of L. pseudoracemus, as evidenced by a Class Recall value much higher (60%) than
both the dummy classifier (27%) and, most notably, the human classifier (21%) (Table 3.5).
Future research on CNNs applied to SEM imagery for identifying coralline algae should rely
more on standard magnifications for SEM images within each morphological category, with
an even distribution of image numbers across classes. Variable sample orientation should be
avoided, and SEM images should be collected on longitudinal sections, as in Section 2.1. The

following magnifications for SEM images are recommended for the purpose:

Conceptacles: ~250X, ~500X;

Perithallus: ~1000X, ~2500X, ~5000X;

Crystallites: ~10000X, ~20000X, ~30000X;

Epithallial cell: ~1000X, ~2500X, ~5000X;
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e Hypothallus: ~250X; ~1000X;

e Surface: ~1000X.

4.2 Biomineralization in calcareous red algae

Calcification in calcareous red algae has traditionally been thought to be a controlled process
involving cell wall mineralization [110, 175, 177]. The report of different Mg/Ca ratios associ-
ated with distinct anatomical structures in these algae [184], and in particular, of higher-Mg
calcite detected in wound repairs, primary calcification, and hypothallial cells of Phymatolithon
sp. and Clathromorphum sp. [180, 183], called this view into question. Based on the significant
Mg/Ca ratio variation observed in Mg-calcite within single specimens, as well as the observed
relationship of Mg/Ca with ambient temperature, Nash et al. [180] proposed a biologically
induced origin of calcareous red algae calcification. The secondary precipitation of minerals
caused by interactions between biological activity and the environment is referred to as biolog-
ically induced mineralization [248]. In contrast to the idea of biologically induced calcification
in calcareous red algae [184], it has recently been demonstrated that the ultrastructural shape
and arrangement of crystallites in cell walls are shared by species from the same phylogenetic
clade [84, 267]. Furthermore, Bracchi et al. [267] discovered species-specific distinct styles of
PC calcification within the genus Lithothamnion. Despite the variable and distinct cell size in
L. racemus and L. pseudoracemus, the ultrastructures observed and analysed in this research
confirm the recently described pattern of Lithophylloideae [84], as well as the phylogenetic
control over the calcification process and the morphology and orientation of the crystallites
produced (Fig. 3.8). The cell walls between adjacent filaments that contain the meristem cell
and the epithallial cells issued from it appeared as a pre-existing calcite “envelope” with a
well-developed and relatively homogeneous thickness (Fig. 3.1). The pattern of calcification
of the new epithallial cells differs in the congeneric species Lithophyllum kotschyanum Unger,
with an increasing thickness of the SC toward the lower base of the meristem cell observed by

Auer and Piller [84]. This finding lends support to the idea that species control calcification
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traits in calcareous red algae. DNA sequencing combined with calcification trait analysis on a
broader range of species could elucidate the diagnostic potential of the meristem calcification
pattern cutting off the new epithallial cells. The loss of definition in the primary crystallite
shape observed in perithallial cells of L. racemus and L. pseudoracemus could be attributed to
solution/precipitation or recrystallization processes, as previously reported in L. kotschyanum
along with progressively increasing calcification [84]. Raz et al. [245] demonstrated experi-
mentally that high-Mg calcite forms via an amorphous precursor phase composed of spherical
particles. Later, similar findings were made in corals [255], where amorphous calcium carbon-
ate (ACC) precursors precipitated before being transformed into crystalline calcium carbonate
(CCCQ) after about a day. Similar amorphous to crystalline pathways have been reported in
crustaceans, annelids and mollusc larval shells [138]. According to this theory, the inner layer of
calcified grains seen in the samples analysed in this study (Fig. 3.1) could be an intermediate
precursor phase preceding the formation of the rod-shaped crystallites. The IC is the only
calcification that occurs immediately after the meristem is cut off, and we frequently observed
multiple layers of perpendicular rods within the SC (Fig. 3.4). As a result, the IC is most
likely the first step in the formation of SC, with SC multiple-layer thickening resulting from
the deposition of a new layer following IC reactivation. According to this theory, the only
plausible explanation for Nash et al. [180] is coralline algal calcification progressing from the
inner part of the cell wall to its periphery. The Mg/Ca ratio in calcareous red algae varies
not only between specimens but also within a single specimen. At a finer level, NanoSIMS
analysis of the Mg/Ca ratios in L. glaciale revealed higher values in summer cells, with pro-
nounced variation within a single cell wall, both in the natural environment and in controlled
conditions with constant temperature, to a lesser extent [79]. This observation would imply
that the Mg/Ca ratio is primarily controlled by environmental temperature, as assessed across
phyla at a global scale [156], but that living calcareous red algal cells also mediate the calcite
Mg/Ca ratio at the ultrastructural scale. The highest ratios were recorded in the PC and at
the cell lumen boundary of L. glaciale, with NanoSIMS evidence of further high Mg/Ca values,
localised concentrically in the SC [79] (Fig. 3.2). This pattern of concentric higher Mg/Ca

values lends support to the hypothesis of successive IC activations, which may have resulted
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in the formation of additional SC crystallite layers. Surprisingly, the best-developed calcite
rhomboids were found in the PC between adjacent cell filaments and in the hypothallial cell
walls of both the primary and secondary hypothallus. We also found thicker PC in longer cells,
which explains why longer perithallial cells produced during the warm season have a higher
Mg/Ca ratio [4, 79, 117, 180]. These findings support the hypothesis that primary and sec-
ondary calcification are controlled by different processes: calcification of actively (likely fast)
developing anatomical parts (hypothallial cells, wound repairs), particularly the PC and IC,
could be mediated by a higher Mg/Ca phase regulated by the distinct physiological activity of
calcareous red algal cells and their organic templates [183, 186]; on the contrary, calcification of
the SC would occur from the IC, partially at the expense of the PC, through the incremental

growth of one or more generations of crystallites with a lower Mg/Ca ratio.

4.3 Temperature and growth rate influences on B/Ca

Temperature variations, in general, affect many physiological processes involved in biominer-
alization, and the rate of calcification, along with the preservation state of mineral structures,
influences the content of trace elements in carbonates [120, 136, 149, 197, 226]. The concentra-
tions of trace elements measured in the four L. corallioides branches studied in this study were
consistent with previously published values for other calcareous red algae [156, 196, 205, 237].
The Mg/Ca ratio ranged from 172 to 311 mmol/mol, which is comparable to previous studies on
Lithothamnion glaciale Kjellman rhodoliths grown at 6-15 °C (148-326 mmol/mol) [200]. The
B/Ca ratio in L. corallioides range from 356 to 954 umol/mol, which is greater than the range
measured by solution ICP-MS on bulk samples of Neogoniolithon sp. (352-670 pmol/mol) [102]
and C. compactum (320-430 pmol/mol) [66] cultured at a pH ranging from 7.2 to 8.2. Because
of the high resolution provided by laser ablation, the results accounted for the heterogeneity
of B/Ca across the thallus, explaining the wider range of our data. As expected, the Mg/Ca
results showed a strong relationship with the seawater temperatures extracted from ORASSH
(Fig. 3.20). L. corallioides from Aegadian Isl. (s12) had slightly higher Mg/Ca values, followed

by Elba (s13) and Pontian Isl. (s14) (Fig. 3.16). This was consistent with local temperature
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values in the Mediterranean (Table 3.1), as Pontian Isl. had the lowest mean temperature and
AT, while Aegadian Isl. had the highest mean temperature and AT. In contrast, the Morlaix
sample (s8), collected at a depth of 12 m, revealed high Mg/Ca values in both long and short
cells (Table A.2; Fig. 3.17). Because of the shallower depth (12 m) and geographical location,
the monthly mean temperatures varied the most throughout the year (AT in Table 3.1). Tem-
perature correlates with seasons, influencing primary production, respiration, and calcification
in L. corallioides [44, 242], and other calcareous red algae [227]. The high seasonality of the
Morlaix sample, as represented by the high AT (Table 3.1), was most likely responsible for
the greatest variation in Mg/Ca values and undoubtedly accounted for the majority of the
differences with Mediterranean samples. For the first time, we validated the temperature prox-
ies Li/Ca and Sr/Ca on a wild-grown coralline alga collected at various depths and locations.
Li/Ca and Sr/Ca records in L. corallioides were positively correlated with Mg/Ca (Fig. 3.15),
which in turn had a strong relationship with seawater temperature. Furthermore, both Li and
Sr/Ca showed periodic oscillations in relation to long and short cells, which were related to
seasonal temperature variations (Fig. 3.20). As a result, Li/Ca and Sr/Ca, as Mg/Ca, could be
used as temperature proxies in L. corallioides. The coupling of the Mg/Ca ratio with Li/Ca and
Sr/Ca ratios can be regarded as a useful tool for gathering information about past temperature
for paleoclimate reconstructions [4, 32, 115, 148, 251]. The B/Ca ratio in coralline algae has
rarely been measured, and it is unclear how environmental factors influence its incorporation.
Changes in B incorporation are primarily driven by the carbonate system [141, 205]. B/Ca
increases with [CO37] [141], whereas there is no agreement on the effect of [CO37] on Mg/Ca
and Sr/Ca [8, 276]. Inorganic calcite experiments revealed a positive relationship between B/Ca
and [DIC] [124]. Nonetheless, [DIC] had a negative effect on B/Ca in culture experiments with
the coralline algae Neogoniolithon sp. [102] and corals [20]. DIC and B/Ca values showed a
negative relationship in all the samples except for Elba (s13) (Fig. 3.22; Table 3.1). Signifi-
cant differences in B/Ca values were not expected in the Mediterranean samples because DIC
concentrations were comparable (Table 3.1). This evidence suggests that factors other than
DIC have an impact on the B signal. The mean estimated growth rate of L. corallioides was

0.13 £ 0.02 mm/yr and was expected to decrease with increasing depth as a direct result of
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lower light availability [115]; in fact, the growth rate of the Pontian Isl. sample (s14) was the
lowest (0.10 mm/yr). Previous research on both synthetic and biogenic calcite has suggested
that B incorporation is likely affected by growth rate [120, 124, 149, 229, 260]. Indeed, the
B/Ca ratio in the cultured calcareous red alga Neogoniolithon sp. increases with increasing
growth rate [102]. The slowest growth rate found in sample s14 may have contributed to the
lowest B/Ca value; similarly, the fastest growth rate (0.14 mm/yr) in the sample s13 (Elba)
may have contributed to the highest B/Ca value (Figs. 3.22 and 3.23). The shallowest sam-
ple’s mean annual growth rate (s8, Morlaix) was intermediate (0.13 mm/yr), and was most
likely not constant throughout the year. Here, the alga probably slowed growth during the
cold months, when the monthly mean seawater temperature was the lowest of all sampling sites
(Table 3.1). Nonetheless, because of the abundant light availability at shallow depths and the
warming of seawater (Table 3.1), its growth rate likely accelerated during the warm season,
contributing to the significantly higher B/Ca values in long cells (Fig. 3.23). The effect of the
growth rate on B/Ca may be significant across depths and geographical regions, according to
this interpretation (Fig. 3.24). B/Ca had a weak positive correlation with temperature proxies
(Mg/Ca, Li/Ca, and Sr/Ca,; Fig. 3.21) in Morlaix. In planktonic foraminifera [142, 191], a pos-
itive correlation between B/Ca and Mg/Ca was observed. In order to highlight the influence
of temperature, we reconstructed the elemental variations during algal growth in the Morlaix
sample at annual resolution (Fig. 3.20). Unlike Mg, Li, and Sr/Ca, B/Ca did not accurately
reflect seasonal temperature variations like the other proxies. Seasonal DeltaT, Mg/Ca, and
B/Ca values were the lowest among sites in sample s14. B/Ca in particular was significantly
low (Fig. 3.22), differing from the other samples more than Mg/Ca (Fig. 3.16). This implies
that in this sample, B incorporation should be influenced by factors other than Mg. In general,
the poor correlation with seawater temperature (Fig. 3.20), and especially the lack of distinct
seasonal oscillations in B/Ca across the algal thallus, rule out B/Ca as a temperature proxy and
point to a more direct relationship with growth rate rather than temperature. Understanding
the biogeochemistry and variation of seawater environmental variables is critical for gaining a
more complete picture of the reliability of geochemical proxies like the ones investigated here

(Mg, Li, Sr/Ca, and B/Ca). More research on L. corallioides and other calcareous red algae is
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needed to understand the environmental factors that influence B/Ca in these organisms and to

ensure the reliability of this proxy for paleoclimate reconstructions.

4.4 The multi-specific calibration of the boron isotope-

pH proxy

Biological controls, also known as vital effects, are thought to be responsible for significant ' B
differences between species [18, 205]. As a result, the application of the B isotope-pH proxy
(as for most of the other geochemical proxies) is dependent on precise calibrations derived
from laboratory culture experiments or field samples. A regression tuned on multiple species
(Eq. 3.1) could be useful for calcareous red algae for which calibrations are not available,
or for difficult taxonomic identification. The 6llBaZgae results from samples collected near
COg seeps were compared to previously collected data from cultured calcareous red algae that
were combined to broaden the range of ' Byyrqre for which 51lBalgae had been calibrated so
far. Indeed, the multi-specific calibration proposed here (3.28, 3.1) includes algae collected in
naturally acidified sites at very low pH (6.8 £+ 0.86) and algae cultured at high pH (8.19 +
0.06). Figure 3.27 compares the uncertainty bounds of species-specific calibration, with the
exception of A. anceps, which is excluded from the calibration. When comparing Peyssonnelia
sp. and C. officinalis grown in the same sites, i.e. S3 and S2 in Ischia, species-specific differences
among the algal samples analysed in this study are evident (Figs. 3.27 and 3.28; Table 3.12).
Samples of Peyssonnelia sp. s18 and s19 were both collected in Ischia, site S2, but at a
distance of 30 metres one from the other. As a result, we cannot rule out a different set of
environmental factors influencing algal growth and geochemical composition in this case, which
could explain the different environmental signals between the two (Table 3.12). The carbonate
chemistry within a living organism’s microenvironment can be altered by metabolic processes
such as photosynthesis, respiration, and calcification [30, 62], resulting in a site of calcification
restricted from ambient seawater. Recent research found that the calcifying fluid pH (pH,s) of

calcareous red algae increases in experiments mimicking the ongoing ocean acidification [42, 43],
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as previously suggested for corals [19, 82, 170, 172]. Cultured calcareous red algae appeared
to have species-specific control over pH.¢, with S. durum and Neogoniolithon sp. elevating it
up to 1 unit above seawater pH and A. anceps increasing it up to 0.6 unit [42]. The pH.; is
thought to be solution pH dependent, with 0.13-0.30 unit declines in pH.s per seawater pH
unit [42, 43]. The calculated calibrations in this work consistently plot above the 1:1 line in the
8" Brorate /0™ Baigae space (Fig. 3.27), indicating that algae register higher ' B than solution
borate. The proposed multi-specific calibration clearly shows this up-regulation (Fig. 3.28),

confirming a species-specific biologically controlled up-regulation of pH in the calcifying fluid.

4.5 Boron incorporation in calcareous red algae

Boron incorporation in marine carbonates remains controversial, raising concerns about its
isotopic fractionation, the seawater isotopic composition, and especially the so-called “vital
effects” (i.e. the metabolic activities that can bias the proxy record). According to published
data, inorganic aragonite has lower §'! B values than calcite [15, 120, 149, 206]. The aragonitic
species analysed in this study measured lower §'!' B, .. than Mg-calcites (Fig. 3.29). This
evidence supports calcareous red algae actively regulating the deposition of carbonate crys-
tals within their cell walls [84, 267] through controlled biomineralization [120, 176]. It is still
unclear whether this enrichment in 'B is due to different B speciation between polymorphs
[68, 260]. Boron speciation in calcareous red algae was investigated to provide insights into B
incorporation and to test the B isotope proxy, since accounting for a non-zero percentage of
B(OH)3 incorporation could possibly change the 6'' B proxy calculations [40]. In our samples,
the relative abundance of BO3 over BO, was similar in aragonite and Mg-calcite (Table 3.15).
Peyssonnelia sp. after oxidation revealed the 82% of BO,, similarly to Polystrata sp., both
made of aragonite. These were the highest amounts of BO, registered in the analysed algae
(Table 3.14). The mean BO, value in aragonite (64 + 31%) dropped because of the NMR
analysis on Peyssonnelia sp. sample s30, which was particularly low in BO, (28.2 %). Given
the significantly different results of Peyssonnelia sp. sample s31 before and after oxidation

(Table 3.14), a similar outcome cannot be excluded in sample s30 as well, which is a crustose
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form belonging to the same genus. The mean BO,% in the aragonitic samples could therefore
be underestimated. Theoretical models investigated the most stable B-containing molecular
species to be incorporated in biogenic carbonates [68, 69]. These models predict that BOj
could enter the carbonate lattice as either BOo(OH)?*~ or BO3~ groups. Nonetheless, the ' B
MAS NMR parameters discovered in previous studies on aragonitic corals were distinctive of
fully protonated B(OH)s [40, 151]. The presence of disordered mineral phases in corallines
[194, 195] could explain the direct incorporation of B(OH)s3, which could be scavenged directly
from seawater and encapsulated by amorphous phases similar to those observed in the IC (Figs.
3.1 and 3.4). If a preferential bound to carbonate growth sites as B(OH ), is assumed, the NMR
results would suggest that a significant proportion of boron undergoes a change in coordination
from BO4 to BOs3 during its incorporation in the mineral lattice, as commonly hypothesized

[93, 151, 206, 207, 246, 260], involving an energy barrier to the B uptake (Section 1.2.2).
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Chapter 5

Conclusions

Part of this research was dedicated to the problem of taxonomy in calcareous red algae, which
was addressed by testing new unconventional diagnostic tools for species identification (I and IT
Objectives, Sections 1.1.1.1 and 1.1.2.1). Indeed, a reliable identification should be preliminary
to paleo-environmental studies, since proxy variability is often species-specific. Then, much
effort has been dedicated to investigating the suitability of some common environmental proxies
in Mediterranean calcareous red algae (Objectives III, IV and V, Sections 1.2.1.1, 1.2.2.1 and

1.2.2.2). The contribution of this research can be summarized as follows:

e A detailed description of biometrical and calcification traits in the cryptic species L. race-
mus and L. pseudoracemus was conducted under SEM to investigate the contribution of
both traits in species identification. Morphological identification based solely on detailed
biometry of cells and reproductive structures was found to be ineffective for distinguish-
ing the two species. No differences in the ultrastructure of crystallites were found at the
species level and the crystallite shape in the cell walls agreed with previous observations
on other species in the same genus. A distinction was possible in terms of the degree of
cell calcification, highlighting the L. racemus and L. pseudoracemus calcification types
that account for the SC thickness, PC thickness, and cell wall area. The perithallial SC
thickness, which was higher in L. racemus and lower in L. pseudoracemus, explained most

of the differences.
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e A novel deep learning approach was proposed to support and improve expert capa-
bility in the taxonomic identification of a wide range of calcareous red algal species.
CNNs were applied to SEM images for the automated identification of four species
at different taxonomic levels, and classification models are open-sourced on GitHub at

. The resulting performances were promis-
ing for obtaining a tool that could assist the expert in the classification of coralline algae,
even with the limited number of images and samples and the high intra-class variability.
Further research should include a larger and more standardised image dataset to ensure

method reproducibility and model accuracy.

e There is a taxon-dependent hierarchy of ultrastructural patterns and calcification traits
in coralline red algae, which is consistent with the concept of biologically controlled cal-
cification. It was also possible to derive some important information about the biomin-
eralization mechanism in calcareous red algae. SEM images revealed the presence of a
granular calcified layer in the innermost part of the cell wall (IC), in addition to the
SC and PC previously described. This could be the precursor phase in the formation
of secondary crystallites. Cell elongation in both the perithallus and the hypothallus is
associated with increased production of PC with a higher Mg/Ca ratio, possibly triggered
by warmer temperatures and/or longer light periods. Furthermore, the inverse relation-
ship between perithallial SC and PC thickness, as well as the absence of PC in the newly
formed wall that cuts off an epithallial cell from the meristem, supports the existence of

two distinct pathways for PC and SC formation.

e Trace elements (Mg, Sr, Li, and B) from the coralline alga L. corallioides were measured
by LA-ICP-MS, providing the first geochemical data of a wild-grown coralline algal species
sampled at different oceanographic settings and depths (12 m, 40 m, 45 m, and 66 m).
Mg/Ca, Sr/Ca, and Li/Ca records showed a similar trend, which was primarily controlled
by seawater temperatures in the algal habitat. Mg/Li, on the other hand, did not provide
a useful temperature proxy in this species. To assess the influence of temperature on
B incorporation, we examined the relationship between B/Ca and temperature proxies.

Unlike Mg, Li, and Sr/Ca oscillations, B/Ca oscillations across algal growth showed a
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poor relationship with seasonal variations in seawater temperature. The estimation of
growth rate, which was positively correlated with B/Ca values, led to the conclusion that
B/Ca is related to growth rate rather than seawater temperature. Boron incorporation
is thus subject to specific algal growth patterns and rates, which must be understood in

order to assess the accuracy of B/Ca in tracing seawater carbon variations.

The 6B has been used as a proxy for pH in diverse taxa. Calcareous red algae grown
in naturally acidified environments showed evidence of up-regulation in the ' B signal,
revealing a common trend of internal pH elevation. Aragonitic species (Peyssonneliales)
revealed a lower ' B than calcitic species (Corallinales and Hapalidiales), corroborating
previous research that suggests a mineralogical control over the B signal. A multi-specific
calibration of the 6B proxy in calcareous red algae was proposed in this study. Since
laboratory calibrations on extinct or uncertainly classified species are not possible, the
proposed calibration can be used in paleoclimate reconstructions using fossil algae and

historical archives.

To obtain more insights into the mechanisms of B incorporation, the B speciation in
calcareous red algae belonging to diverse genera and species and collected in different
environments was investigated. A significant proportion of boron in the algae was present
in the trigonal form: ~40% of BOj3 in calcite and ~30% in aragonite, the last being
possibly overestimated. Given the scarcity of data currently available in the literature, the
MAS NMR results add significant information for the understanding of B incorporation
in calcareous red algae. Adapting theoretical atomic-scale models to biogenic carbonates
and particularly calcareous red algae, would yield additional insights on B speciation in
these organisms and would allow a more comprehensive discussion on proxy validation in
this taxon. As opposed to bulk analyses, in the future, highly resolved analyses of §'' B
and B speciation at the micron-scale (50-100 pm), investigating the variations across the
growth bands (long and short cells), would shed light into the growth rate, seasonal and

external influences, similarly to what has been done in this research using LA-ICP-MS.
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Appendix A

Supplementary materials

c)

Temperature

s 1993-01 1992-01 1991-01 1990-01 1989-01 1988-01 1987-01 1986-01 1985-01 1984-01 1983-01
ime

2017-01 2016-01 2015-01 2014-01 2013-01 2012-01 2011-01 2010-01 2009-01 2008-01 2007-01 2006-01 2005-01 2004-01 2003-01 2002-01 2001-01 2000-01 1999-01
Time

Figure A.1: Temperature and carbon data in Aegadian Isl. at sampling depth (40 m). The
temperature was extracted by 11 years of ORAS5 monthly mean reanalysis preceding the date of
sample collection (August 1993). Dissolved inorganic carbon (DIC) and pH data were extracted

by CMEMS biogeochemical models spanning 1999-2017.
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Figure A.2: Temperature and carbon data in Elba at sampling depth (45 m). The temperature
was extracted by 11 years of ORAS5 monthly mean reanalysis preceding the date of sample
collection (December 1990). Dissolved inorganic carbon (DIC) and pH data were extracted by
CMEMS biogeochemical models spanning 1999-2017.
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Figure A.3: Temperature and carbon data in Pontian Isl. at sampling depth (66 m). The
temperature was extracted by 11 years of ORAS5 monthly mean reanalysis preceding the date
of sample collection (July 2016). Dissolved inorganic carbon (DIC) and pH data were extracted
by CMEMS biogeochemical models spanning 1999-2017.
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Figure A.4: Temperature and carbon data in Morlaix at sampling depth (12 m). The tem-
perature was extracted by 11 years of ORAS5 monthly mean reanalysis preceding the date of
sample collection (May 1991). Dissolved inorganic carbon (DIC) and pH data were extracted
by CMEMS biogeochemical models spanning 1999-2017.
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Figure A.5: Li/Ca, Sr/Ca and Mg/Li in Lithothamnion corallioides collected in different sam-
pling sites. The horizontal black lines indicate the median values; the black-filled circles and
the numbers inside the plot indicate the mean values.
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Table A.1: Statistical tests performed to evaluate the differences of Mg/Ca in Lithothamnion
corallioides (Kruskal-Wallis) and the differences of Mg/Ca in the short cells of L. corallioides
collected at different sampling sites (ANOVA). Test significance at o = 0.05.

Kruskal-Wallis test (Mg/Ca)

Df x> P

Site 3 3.799 0.284

One-way ANOVA test (Mg/Ca)

Short cells

Df  Sumsq. Meansq. Fvalue Pr( F)

Site 2 788.1 394.0 1.4647  0.2496

Residuals 26 6994.5 269.0

Shapiro-Wilk normality test P =0.6442
Barlett’s K squared P = 0.5856
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Table A.2: Statistical tests performed to evaluate the differences of Mg/Ca in the long cells
of Lithothamnion corallioides at different sampling sites (Morlaix Bay = sample s8; Aegadian
Isl. = sample s12; Pontian Isl. = sample s14) (Table 2.1). Statistically significant p-values are
highlighted in bold. ANOVA test significance at o = 0.05. Tukey’s test significance at p < a.

One-way ANOVA test (Mg/Ca)

Long cells
Df Sum sq. Mean sq. Fvalue Pr ( F)
Site 2 10897.7 5448.9 16.413 0.0001
Residuals 20 6639.8 332.0
Shapiro-Wilk normality test P =0.1440
Barlett’s K squared P = 0.5826

Tukey’s test

Multiple comparisons of means

Site Mean difference 95% confidence interval P.adjusted
Site lower bound upper bound

$8-s12 38.32918 15.09816 61.56019 0.00130

s14-s12 -10.84361 -35.48382 13.79661 0.51716

s14-s8 -49.17278 -72.40380 -25.94177 0.00009
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Table A.3: Statistical tests performed to evaluate the differences of B/Ca in Lithothamnion
corallioides collected at different sampling sites (Morlaix Bay = sample s8; Aegadian Isl. =
sample s12; Pontian Isl. = sample s14) (Table 2.1). Statistically significant p-values are high-
lighted in bold. Kruskal-Wallis test significance at v = 0.05; Dunn’s test significant at p < a/2.

Kruskal-Wallis test (B/Ca)

Df x> P

Site 3 79.816 < 2.2 x 10716

Dunn’s test
Comparisons by site (Bonferroni)

7Z s12 s13 s8
P.adjusted
s13 -4.64580
0.00000
s8 -3.07755  1.17249

0.00630 0.72300

s14 2.80564  8.38673 6.15663

0.01510 0.00000 0.00000
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Table A.4: Statistical tests performed to evaluate the differences of B/Ca in the long cells of
Lithothamnion corallioides at different sampling sites (Morlaix Bay = sample s8; Aegadian Isl.
= sample s12; Pontian Isl. = sample s14) (Table 2.1). Statistically significant p-values are
highlighted in bold. ANOVA test significance at o = 0.05. Tukey’s test significance at p < a.

One-way ANOVA test (B/Ca)

Long cells
Df Sum sq. Mean sq. Fvalue Pr ( F)
Site 2 428364 214182 36.066  0.0000
Residuals 20 129546 6477
Shapiro-Wilk normality test P = 0.5527
Barlett’s K squared P =0.5470

Tukey’s test

Multiple comparisons of means

Site Mean difference 95% confidence interval P.adjusted
Site lower bound upper bound

$8-s12 190.11730 87.50374 292.73094 0.00040

s14-s12 -135.42490 -244.26303 -26.58672 0.01342

s14-s8 -325.54220 -428.15581 -222.92862 0.00000
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Table A.5: Statistical tests performed to evaluate the differences of B/Ca in the short cells
of Lithothamnion corallioides at different sampling sites (Morlaix Bay = sample s8; Aegadian
Isl. = sample s12; Pontian Isl. = sample s14) (Table 2.1). Statistically significant p-values are
highlighted in bold. ANOVA test significance at o = 0.05. Tukey’s test significance at p < a.

One-way ANOVA test (B/Ca)

Short cells

Df Sum sq. Mean sq. Fvalue Pr ( F)
Site 2 216232 108116 35.360  0.0000
Residuals 26 79497 3058
Shapiro-Wilk normality test P =0.1699
Barlett’s K squared P =0.0576

Tukey’s test

Multiple comparisons of means

Site Mean difference 95% confidence interval P.adjusted
Site lower bound upper bound

$8-s12 43.09640 -19.61932 105.81212 0.22146

s14-s12 -156.90170 -223.66771 -90.13574 0.00001

s14-s8 -199.99810 -260.58727 -139.40898 0.00000
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Figure A.6: X-ray powder diffraction patterns for samples s15-23.
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Figure A.7: Rietveld refinement results for Peyssonnelia sp. sample s18 based on the presence
of aragonite and calcite phases.
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Table A.6: Statistical tests performed to evaluate the differences of the perithallial cell area in
Lithophyllum racemus (s1, s2), Lithophyllum pseudoracemus (s3, s4) and Lithophyllum cf. race-
mus (s5, s6). Statistically significant p-values are highlighted in bold. ANOVA test significance
at a = 0.05. Kruskal-Wallis test significance at a = 0.05; Dunn’s test significant at p < «/2.

Kruskal-Wallis test (Perithallial cell area)

Df x> P

Sample 5 88.104 < 2.2 x 10716

Dunn’s test
Comparisons by sample (Bonferroni)

Z s4 s3 sl s2 sD
P.adjusted
s3 1.609
0.807
sl 2.121  4.250
0.254  0.000
s2 -5.464 -7.646 -3.996

0.000 0.000 0.000

sH -4.321  -6.290 -2.758 0.971
0.000 0.000 0.044 1.000

s6 -4.076  -6.055 -2.467 1.284 0.291
0.000 0.000 0.102 1.000 1.000
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Table A.7: Statistical tests performed to evaluate the differences of the perithallial SC thick-
ness in Lithophyllum racemus (s1, s2), Lithophyllum pseudoracemus (s3, s4) and Lithophyllum
cf. racemus (s5, s6). Statistically significant p-values are highlighted in bold. ANOVA test
significance at a = 0.05. Tukey’s test significance at p < a.

One-way ANOVA test

(Perithallial SC thickness)

Df Sum sq. Mean sq. Fvalue Pr( F)
Sample 5 0.326 0.065 9.432 0.000
Residuals 251 1.735 0.007
Shapiro-Wilk normality test P =0.838
Barlett’s K squared P =0.103

Tukey’s test

Multiple comparisons of means

Sample Mean difference 95% confidence interval P.adjusted
Sample lower bound upper bound
s4-s1 -0.070 -0.116 -0.023 0.000
s3-s1 -0.031 -0.076 0.015 0.383
s2-s1 0.033 -0.022 0.088 0.509
s5-s1 0.021 -0.039 0.081 0.916
s6-s1 -0.053 -0.106 0.000 0.054
$3-s4 0.039 -0.005 0.083 0.110
s2-s4 0.103 0.049 0.156 0.000
sb-s4 0.091 0.032 0.150 0.000
s6-s4 0.017 -0.035 0.069 0.933
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Table A.7

s2-83

$5-s3

s6-s3

sH-s2

s6-s2

s6-s5

(continue)

0.064
0.052
-0.022
-0.012
-0.086

-0.074

0.011

-0.007

-0.073

-0.078

-0.145

-0.138

0.116

0.110

0.029

0.054

-0.026

-0.009

0.008

0.115

0.816

0.995

0.001

0.015

Table A.8: ''B MAS NMR parameters in calcareous red algae. Trigonal boron (BO3) in samples
s8, s24, s25, s27, s28, 830, s31, s32 was simulated by a quadrupolar line shape characterized by
a chemical shift (0;s,, [ppm]), width and the quadrupolar coupling constant (Cg, [MHz]). In all
other cases, gaussian line shapes were used for simulations, solely characterized by a chemical
shift and width. Relative proportions between BO3 ad BO, are also indicated (mean £+ SD
%). The error bar is 0.2 ppm for ;5,, 0.02 MHz for Cg and 1% for the proportion. Ambiguous
signals are indicated as “n.c.”.

BO."

BO”

BO."

BO?

Sample, site Species n.c.
s2, Pontian Isl. L. racemus 17.4 ppm 1.5 ppm 2.6 ppm
42.9 % 11.7 45.4 %
s3, Villasimius L. pseudoracemus 17.9 ppm 0.3 ppm 1.7 ppm
38.0 % 121 % 499 %
s4, Pontian Isl. L. pseudoracemus 19.1 ppm 2.9 ppm
1.50 MHz 64.9 %
35.1 %
s8, Morlaix L. corallioides 17.0 ppm 11.2 ppm 0.4 ppm 1.8 ppm
32.3 % 13.1 % 10.6 %  44.0 %
s12, Aegadian Isl. L. corallioides 16.9 ppm 0.1 ppm 1.6 ppm
35.6 % 108 % 535 %
s13, Elba L. corallioides 17.4 ppm 0.7 ppm 2.3 ppm
38.3 % 17.1 44.6 %
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(continue)

Sample, site Species BOS) BO:())Q) BOZ(E) BOf) n.c.
s14, Pontian Isl. L. corallioides 18.3 ppm 1.1 ppm 2.4 ppm
1.57 MHz 191 % 439 %
37.0 %
s24, Polignano M. philippi 16.6-20.3 ppm 11.3 ppm 0.2 ppm 1.6 ppm
38.2 % 16.5 % 8.5 % 36.8 %
s25, Polignano L. crispatum 17.0 ppm 10.6 ppm 0.4 ppm 1.5 ppm 6.1 ppm
21.7 % 34.7 % 8.7 % 28.8 % 6.1 %
526, Villasimius L. minervae 18.3 ppm 1.5 ppm 3.1 ppm
28.6 % 151 %  56.3 %
s27, Elba L. minervae 17.2 ppm 11.8 ppm 0.7 ppm 2.2 ppm
16.0 % 6.6 % 348 % 427 %
s28, Pontian Isl. L. minervae 16.8 ppm 11.1 ppm 0.4 ppm 1.7 ppm
22.3 % 14.6 % 173% 457 %
529, Polignano L. stictiforme 16.6 ppm 1.5 ppm
38.6 % 61.4 %
s30, Pontian Isl. Peyssonnelia sp. 12.9 ppm 2.9 ppm 7.7 ppm
63.9 % 28.2 % 7.8 %
s31, Pontian Isl. Peyssonnelia sp. 13.6 ppm 2.9 ppm 7.7 ppm
1.56 MHz 48.5 % 9.8 %
41.7 %
s31*, Pontian Isl.  Peyssonnelia sp. 12.9 ppm 1.1 ppm 2.9 ppm
18.1 % 270 % 549 %
s32, Villasimius Polystrata sp. 13.3 ppm 29 ppm 7.2 ppm
1.01 MHz 82.7 % 7.7 %
9.6 %

*sample s31 after oxidation following the cleaning protocol in Section 2.6.2.
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Abstract: The classification of coralline algae commonly relies on the morphology of cells and repro-
ductive structures, along with thallus organization, observed through Scanning Electron Microscopy
(SEM). Nevertheless, species identification based on morphology often leads to uncertainty, due to
their general plasticity. Evolutionary and environmental studies featured coralline algae for their
ecological significance in both recent and past Oceans and need to rely on robust taxonomy. Research
efforts towards new putative diagnostic tools have recently been focused on cell wall ultrastruc-
ture. In this work, we explored a new classification tool for coralline algae, using fine-tuning pre-
trained Convolutional Neural Networks (CNNs) on SEM images paired to morphological categories,
including cell wall ultrastructure. We considered four common Mediterranean species, classified at
genus and at the species level (Lithothamnion corallioides, Mesophyllum philippii, Lithophyllum racemus,
Lithophyllum pseudoracemus). Our model produced promising results in terms of image classification
accuracy given the constraint of a limited dataset and was tested for the identification of two am-
biguous samples referred to as L. cf. racemus. Overall, explanatory image analyses suggest a high
diagnostic value of calcification patterns, which significantly contributed to class predictions. Thus,
CNN:s5s proved to be a valid support to the morphological approach to taxonomy in coralline algae.

Keywords: machine learning; CNNs; SEM images; coralline algae; taxonomy; ultrastructure;
Lithophyllum pseudoracemus

1. Introduction

Calcareous red algae belong to the phylum Rhodophyta and include a multitude
of diverse marine species, acknowledged for their ecological importance as ecosystem
engineers [1-4]. They are common in Mediterranean benthic communities, constituting
biodiversity hotspots known as maerl beds and coralligenous habitats [2,5,6].

Species identification in this taxon can be challenging. A reliable taxonomy is imper-
ative, especially for paleontologists, in the attempt to reconstruct both the paleoecology
and the paleoclimate [7-10]. Thallus organization and the morphological characteristics of
cells and reproductive structures are generally used to discriminate among species [11-14],
either by light microscopy of thin sections or by high-resolution Scanning Electron Mi-
croscopy (SEM) [15]. Nevertheless, the increasing application of molecular systematic tools
has been revealing many cases of cryptic diversity and has given way to several systematic
revisions [16-20]. Recent investigations into coralline algal cell walls and their calcified
nanostructures embrace the hypothesis that a biological control exerted by the alga drives
the crystallite shape [21]. Particularly, the shape of the nanostructures composing the
so-called primary and secondary calcification is diagnostic at the level of family [21].

Recently, a new species of non-geniculate coralline alga, Lithophyllum pseudoracemus
sp. nov. Caragnano, Rodondi & Rindi, was discovered by molecular phylogeny [16]. Due
to their morphological similarity, an expert cannot unequivocally distinguish this species
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from Lithophyllum racemus (Lamarck) Foslie 1901 [16,22]. Common in the Mediterranean
Sea, L. racemus usually constitutes maerl beds [23,24]. It is a non-geniculate, fruticose
alga with many protuberances densely spaced and apically broadened [22]. It is often
found in association with Lithothamnion corallioides (P. Crouan & H. Crouan) P. Crouan &
H. Crouan 1867 [25-30], which grows in the form of free-living branchlets or nodules,
often sterile [31]. Another common species of coralline alga in Mediterranean waters
is Mesophyllum philippii (Foslie) Adey 1970, which is one of the main bioconstructors of
the Mediterranean coralligenous concretions, occurring in the form of layered crusts [32],
sometimes with protuberances.

Convolutional Neural Networks (CNNs) have been successfully applied for the clas-
sification of fish species [33,34], bivalves [35] and foraminifera [36]. In such cases, the
classified images were photographs of the entire organism. Liu and Song [37] used fine-
tuning on pretrained CNNss for the recognition of different taxonomic groups of microfossils
observed in thin sections and obtained a model accuracy comparable to human classifiers.
To the best of our knowledge, the application of CNNs to SEM images has never been
used for taxonomic identification, and there are no previous attempts to classify calcareous
red algae by CNNs. Indeed, Modarres et al. [38] used CNN for SEM image recognition
of generic nanostructures, mostly of non-biological origin. Given their morphological
plasticity, new diagnostic tools for species identification could provide significant support
to the experts, especially for fossil samples with poorly preserved morphological features.

In this work, we used CNNs to classify a set of SEM images belonging to the calcareous
red algae L. corallioides, M. philippii, L. racemus, and L. pseudoracemus. The models were
enriched by processing each image together with the vectorized representation of the
observed morphological features (or categories). Six relevant morphological categories
were considered, which were manually paired to each image (Figure 1). Three models were
trained on the same images, which were grouped at different taxonomic levels to:

1.  Discriminate L. pseudoracemus from all the other species (2 class-CNN);
2. Classify the three genera (3 class-CNN);
3. Classify the four species (4 class-CNN).

Finally, we tested the model potential as a diagnostic tool for the classification
of two uncertain samples, non-molecularly identified and generically referred to as
L. cf. racemus. The experimental results proved that the proposed CNN-based approach
could potentially support and improve the expert capability in the taxonomic identification
of diverse calcareous red algal species. Thus, we summarize the contribution of this
research as follows:

1.  We presented a new classification tool for coralline algae diagnosis, by applying
a deep learning technique to SEM images for the automated identification of four
species at different taxonomic levels;

2. We developed and evaluated CNN-based classification models (open-sourced on
GitHub as reported in the Data Availability Statement) against two baselines, namely
a dummy classifier and a human-reported classification. Then, our model was tested
in a practical scenario, to support the classification of two uncertain samples of
coralline algae;

3. Weinvestigated and discussed the contribution of six main morphological categories,
shown in the SEM images, to the classification task;

4. We explored a set of explanation methods, which justify the class assignment of the
proposed model by visually highlighting the contribution of portions of the processed
SEM image.

137



Diversity 2021, 13, 640

3 0f 20

Figure 1. SEM images showing: (a) a longitudinal section through Mesophyllum philippii coaxial
hypothallus assigned to the hypothallus category; (b) a longitudinal section through Lithophyllum
racemus epithallus (curly bracket) with the underlying perithallus assigned to both perithallus
and epithallus categories; (c) a magnification of L. racemus perithallial cells showing crystallites
composing the cell walls (crystallites category); (d) a Lithophyllum pseudoracemus sample in surface
view (surface category).

2. Materials and Methods
2.1. Samples and Data Collection

Samples were collected at different locations in the Western and Eastern Mediterranean
Sea, and one sample was collected from the NE Atlantic Ocean (Table 1). They were
recovered by grab during the cruises of the R/V Minerva Uno, in the framework of the
Marine Strategy Campaigns, or by SCUBA diving during local surveys. The sample from
Capraia, Tuscany (Italy) was collected in the framework of “Taphonomy and Sedimentology
on the Mediterranean shelf ” project. A total of eleven specimens were selected, at least
two for each species considered (Table 1).

Species identification for Lithothamnion sp. and Mesophyllum sp. was assessed by
morphological analyses of the SEM images. Two samples (iv1, iv2 in Table 1) were iden-
tified as L. corallioides [31,39]. Three more samples (iv3-5) (Table 1) were identified as
M. philippii [13,32]. Four samples (iv6-9) (Table 1) were targeted for a multigene molecular
phylogeny at Universita Politecnica delle Marche (AN) [16], and are currently deposited
in the Herbarium Universitatis Florentinae, Natural History Museum (Florence, Italy)
with codes FI058894, F1058887, F1058890 and FI058891. They were identified as L. racemus
(samples iv6, iv7 in Table 1) and L. pseudoracemus (samples iv8, iv9 in Table 1). The last
two samples considered (DB865 and DB866) (Table 1) were referred to as L. cf. racemus [22],
since they were not molecularly identified, and, thus, they could be used as a real-case
test study.
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Table 1. Summary of the samples used, site of collection, and the number of SEM images per sample.

Sampling Site

Sample Species (Latitude, Longitude) Images (n)

. . . L. Villasimius, Sardinia (Italy)

ivl Lithothamnion corallioides (39°08'32" N, 9°31'14" ) 24

. Morlaix, Brittany (France)

iv2 (48°34'42" N, 3°49/36" W) 2

. P Portofino, Liguria (Italy)

iv3 Mesophyllum philippii (44°17'56" N, 9°13/08" E) 11

. Capraia, Tuscany (Italy)

iva (43°01704” N, 9°46/26" E) 14

iv5 Cavoli Island, Sardinia (Italy) 16
(39°05'20" N, 9°32'33" E)

. . Pontian Islands (Italy)

ivé Lithophyllum racemus (40°54'47" N, 12°52/58" E) 24

w7 Capri, Gulf of Naples (Italy) 43
(40°34/08" N, 14°13'32"" E)

. . Pontian Islands (Italy)

iv8 Lithophyllum pseudoracemus (40°11/43" N, 12°53/07" E) 9

ivo Villasimius, Sardinia (Italy) 48

v (39°08'32" N, 9°31/14” E)

. Santa Catarina, Rovinj (Croatia)
DB865 Lithophyllum cf. racemus (45°04/32" N, 13°37'38" E) 28
DBS66 Torre dell’Orso, Puglia (Italy) 13

(40°14/00” N, 18°28'00" E)

The selected algae were cleaned of sediment and epiphytes, and then prepared for
SEM as per Basso [12]. Samples were fragmented along the growth direction to observe
morphologies in longitudinal sections, they were mounted on stubs by means of graphite
paste, and finally, chrome coated. SEM analysis was performed by a Field Emission Gun
Scanning Electron Microscope (SEM-FEG) Gemini 500 Zeiss (Milan, Italy).

The final dataset included 255 SEM images, belonging to the eleven samples listed
in Table 1. The images had a resolution of 2046 x 1369 pixels in greyscale (single chan-
nel). Furthermore, each image in the dataset was assigned to one or more categories
(i.e., conceptacles, perithallus, crystallites, epithallus, hypothallus and surface) according to
the morphological features observed (Figure 1), and each category information was added
as metadata. Among those, 21 images were assigned to more than one category since they
present multiple structures together. Ten images, including those showing details of the
conceptacle pore canal (Figure A1), were not attributed to any specific category.

2.2. Data Augmentation

To increase the number of images, and, hence, improve the variance of the available
training set, an ‘on-the-fly’ realistic data augmentation [40] was performed. Namely, during
model training, each image in the training set was duplicated five times, each time with
some random changes according to the following criteria: a random change in brightness
in the range [0.5, 1.8], a random rotation up to 10 degrees, a random zoom to a maximum
of 0.7, and a random horizontal flip. Figure 2 shows eight examples of augmented images
obtained from the original image located in the upper left corner. The criteria were chosen
to obtain realistic augmented images, i.e., images compatible with SEM images.
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Figure 2. Examples of augmented images of a Lithophyllum racemus conceptacle given the original
image in the first position (upper left).

2.3. Convolutional Neural Networks

Classification (or, more formally, supervised classification) is the specific area of
machine learning that aims at assigning objects to one of several predefined classes. In our
case, the objects, i.e., the input of classification, are represented by images associated with
categorical metadata (i.e., morphological features), while the classes are the considered
species or genera. Artificial neural networks are popular machine learning algorithms
whose goal is to determine the set of weights (i.e., the edges connecting neurons of the
network) that minimize a defined loss function over the predicted classes and the real
classes [41]; this is achieved by an iterative process which alternated a feedforward step,
in which weights connecting different layers are used to compute the output (i.e., the
predicted classes), to a backpropagation step, whose aim is to adjust the weights by
computing the gradient of the loss function. Deep learning usually refers to artificial neural
networks with more than two hidden layers.

In the image classification context, deep learning avoids the time-consuming and
challenging feature extraction process which is required for other classification methods
(such as SVM and kNN) [42,43]. Indeed, deep learning provides end-to-end learning
and eliminates all extra overheads of selecting feature descriptors and feature selection
by automatically extracting information from the raw data. In particular, Convolutional
Neural Networks (CNNs) have become the state-of-the-art image recognition method [44].

Several different variations in CNN architectures have been applied, but in general,
they consist of stacked convolutional and pooling layers, followed by one or more fully
connected layer(s). The convolutional layers are the core of CNNs and are based on a set
of trainable filters or kernels; basically, they can be seen as a pattern extractor. The inputs
are convolved over those filters, whose weights are optimized in the training phase to
obtain a new representation of the original images, i.e., a new feature map. The pooling
layer reduces these feature maps through information compression, usually keeping the
maximum value (i.e., maxpooling layer). Convolutional and pooling layers are followed by
fully connected or dense layers, which consist of neurons connected to all the neurons of the
previous and following dense layers. For classification purposes, the number of neurons in
the output layer is equal to the number of classes to be predicted, and each of these neurons
provides as output the probability that the image belongs to the corresponding class.
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CNNs are data-hungry; that is, they need to be trained on a huge number of training
images [44]. Thus, for small datasets (i.e., less than a thousand images) it is convenient to
start from a pretrained network, which is a CNN whose weights have been already trained
on thousands of images [45,46]. Unlike random weights, the weights of a pretrained CNN
have been already trained to distinguish some simple and common geometrical patterns.
Typically, the last fully connected layer of the pretrained CNN will be substituted to obtain
the desired output, which may imply a different number of classes. Then, the CNN can
be trained on the images of interest, and depending on the training procedure, we can
speak of transfer learning and/or fine-tuning. In the former case, all or only some layers of
the CNN will be trained on the images of interest for a few numbers of epochs, while the
latter involves the tuning of some hyperparameters (such as the learning rate) to adapt the
network to the new classification purpose.

We adapted and fine-tuned a deep neural network named Visual Geometry Group 16
(VGG16) [47] pretrained on the “imagenet” dataset [48], which includes 14 million images
belonging to 1000 classes. Figure 3 depicts the adapted VGG16 architecture, which is
constituted by:

1. An input layer of fixed size 224 x 224 Red-Green-Blue image;

2. Astack of convolutional layers, where the filters were used with a very small receptive
field: 3 x 3;

3. Five maxpooling layers (not all the convolutional layers are followed by max-pooling);

4. A dense layer, whose input is the output of the previous maxpooling layer and
concatenated with the one-hot-encoded categories, and;

5. A softmax output layer.

~ ~B s ! il Convolutional Layer
_— = [ =g il |y (2 5
E’L§°> EE | EE EE% EE EEE ] ’E‘* “MaxpoolingLayer
g | R ; s
=8 S|S|&| [S|S|E [S|S|ISIM S| S|S|S 2 6 .
v
=
4
5E 2
/4 i ) Others
B E L. pseudoracemus

3 classes

L. corallioides
M. philippii

4 classes

L. racemus

Lithothamnion sp.
Mesophyllum sp.
Lithophyllum sp.

L. pseudoracemus

Figure 3. Adapted architecture from Visual Geometry Group 16 (VGG16).

All hidden layers, i.e., the layers between the input and the output layers, are equipped
with the ReLU activation function [47,49]. VGG16 architecture is particularly suited for
the recognition of geometries, which makes it effective for our application since the shape
of cells and reproductive structures is one of the most significant parameters for species
identification in coralline algae. In a preliminary analysis, we further considered a set of
other CNN-based architectures (namely ResNet50, InceptionV3, MobileNet), where the
VGG16 resulted as the most promising approach in terms of diagnostic accuracy.

We resized our sampled SEM images and replicated the same greyscale image for
the three RGB channels, to be injected into the input layer. All the convolutional layers’
parameters of the original VGG16 are kept frozen (i.e., are not modified during the learning
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procedure), while we trained the last dense layer and the output layer of our specific
classification tasks. Furthermore, we added a new input layer constituted by six neurons,
mapping the one-hot encoded representation of the morphological features observed in
each image, and directly connected with the dense layer.

Formally, given an image x with a morphological categories vector ¢, each output
neuron oy, associated to algae class g, is computed as:

0g = softmax <Z W;fgdi>; d; = ReLU (Z W]ffz-hj + ZWﬁicl> ,
i j 1

]

where d; is the i-th component of the dense layer, ; is the j-th component of the image x
representation provided by the last maxpooling layer of VGG16, and ¢ is the I-th compo-
nent of the one-hot encoded category input layer. W¢ and W° are the matrices of weights
learned by the model for the dense and output layers respectively.

We stress the fact that the softmax function, applied to the output layer, projects the
output in the interval [0, 1], such that o = P(g | x, ¢) for each class g. The predicted class § is
hence assigned to the class g with the highest probability.

Since L. pseudoracemus and L. racemus are almost undistinguishable from a traditional
morphological approach [16], the difficulty of the classification task changed according to
the taxonomic level considered. Therefore, we constructed the following three architectures
addressing different classification tasks, each grouping the SEM images at diverse levels
(as shown in Figure 3):

1. 2 class-CNN (L. pseudoracemus versus Others, i.e., all the other species), last dense
layer of 128 neurons, output layer of two neurons;

2. 3class-CNN, at the genus level (Lithothamnion sp., Mesophyllum sp. and Lithophyllum sp.),
last dense layer of 256 neurons, output layer of three neurons;

3. 4class-CNN, at the species level (L. corallioides, M. philippii, L. racemus and L. pseudoracemus),
last dense layer of 64 neurons, output layer of four neurons.

For all three architectures, the number of epochs was set to 20 and the learning rate
t0107°.

We optimized the VGG16 hyperparameters, i.e., the number of neurons in the last hid-
den dense layer, the training epochs and the learning rate in order to obtain suitable weights
for the problem under study. As per common practice, the best hyperparameters were
chosen according to the highest performance in cross-validation [50]. In addition, we used
a weighted class assignment, in which the class contributions are inversely proportional to
the different representativeness of the classes.

2.4. Interpretability

Despite widespread adoption, CNNs are often considered as black boxes, because
the interpretation of the model predictions is not trivial. However, understanding the
reasons behind predictions is a matter of intuition, which is fundamental to act based on
the prediction. In order to make CNNSs replicable, different approaches belonging to the
so-called explainable artificial intelligence were developed, i.e., local approximations of the
model’s behavior. In this work, we considered three approaches: Saliency [51], LIME [52]
and Grad-CAM [53].

As explained in [51], the computing of the gradient of an output class with respect to
an input image provides information on how the output class value changes with respect
to a small change in input image pixels. All the positive values in the gradients tell us that
a small change to that pixel will increase the output value. Hence, a saliency map is the
visualization of these gradients, which have the same shape as the image and provide an
intuition of the information learned by the model.

Local Interpretable Model-Agnostic Explanation (LIME) [52] is a model-independent
explanation technique that attempts to explain the model by perturbing the input sam-
ples and understanding how these perturbations affect the predictions. Given an in-
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put image, LIME masks random regions of the image to define their importance for the
CNN prediction.

Like Saliency, Gradient-weighted Class Activation Mapping (Grad-CAM) also uses
the class-specific gradient, but in this case, considers the final convolutional layer of a CNN
to produce a coarse location map of important regions in the image [53].

We applied these explanation techniques to the sampled SEM images to obtain differ-
ent explained overlays. Thus, they were evaluated according to their meaningfulness and
helpfulness for the classification task.

The CNNs and the explanation models were built by means of Keras [54], Keras
Vis [55] and Lime [52] packages with TensorFlow [56] backend in Python v3.6.

2.5. Evaluation Protocol

To extensively evaluate the effectiveness of our approach for the task of coralline algae
classification, we considered two different setups.

In the first one, Internal Validation, we measured the capability of the model in identi-
fying the correct class for each image involved in the study. For this purpose, we selected
only the images belonging to the samples for which a sure diagnosis is given as ground
truth (based on morphology and molecular phylogeny, as described in Section 2.1). Thus,
we excluded the images referred to the L. cf. racemus samples (i.e., DB865 and DB866). We
ended up with a dataset of 214 tagged SEM images. In order to consider the whole set
of images while avoiding overfitting, we applied a k-fold cross validation approach [50].
Specifically, we considered a four-fold cross validation, in which the original dataset was
partitioned into four disjoint sets (i.e., folders). In each round, a folder was used as a
validation set (on which classification metrics were computed), while the other folders
were used to train the model. The procedure iterated until all the folders (and thus all the
images) were used for validation. Furthermore, we compared the performances obtained
by the CNN models with average baselines produced by dummy classifiers, whose ran-
dom predictions (repeated 1000 times) follow the a priori class distribution, and with a
human classifier, required to diagnose each SEM image considered in Internal Validation.
Specifically, a post-doc researcher in paleoecology at Milano-Bicocca University was invited
to identify the species shown in each SEM image (previously anonymized and shuffled),
by filling a multiple-choice questionnaire, and relying on scientific experience and pro-
vided literature [13,16,22,31,32,39]. The comparison between the model and the expert’s
performances allowed us to evaluate the practical usefulness of our method in supporting
the classification task [57,58].

We applied two well-defined classification metrics to evaluate the performance of our
model, namely Global Accuracy and Class Recall [50]. For each model, the Global accuracy
is the fraction of correctly predicted images in cross validation, while Class Recall for the
g-th class is the fraction of correctly predicted images of the sample belonging to class g in
cross validation. The Class Recall fractions were also given for each morphological category,
added as metadata (Figure 1).

In the second setup, External Test, we tested our model in a simulated scenario, namely,
where an expert is required to identify the correct classes (i.e., genus or species) of new
unknown samples of coralline algae. We simulated this case study by training our CNN
classification model on the whole set of 214 tagged SEM images, then we applied the model
to each image belonging to the L. cf. racemus samples DB865 and DB866. Therefore, we can
measure the Class Share (CS) of each class g, for a specific sample s, as follows:

1 Lifgn=2g
CSs(8) = N, "; On where 0y = { 0, other;wise

where N; is the number of SEM images belonging to sample s, J, is equal to 1 if the

n-th image of sample s is assigned to class g (i.e., the predicted class §; is equal to g) by
our classification model and 0 otherwise. Furthermore, the Class Share per category was
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computed on the different subsets of SEM images assigned to each morphological category
(Figure 1).

3. Results
3.1. Internal Validation

In Table 2, we report the results for the Internal Validation procedure compared to the
results provided by dummy and human classifiers.

Table 2. Model performances in the 3 classification tasks: L. pseudoracemus versus the other species (2 classes); diverse
genera (3 classes) and diverse species (4 classes). The Global accuracy is shown, as well as the Class Recall for each class for
the proposed approach (CNN), for the human classifier (HC) and dummy classifiers (DC).

2 classes 3 classes 4 classes

Class Recall Class Recall Class Recall
CNN HC DC CNN HC DC CNN HC DC
L. pseudoracemus ~ 0.61 0.21 0.27  Lithothamnionsp. 055  0.73 023 L. corallioides 057 073 023
Others 0.62 092 073 Mesophyllumsp. 056 041 019 M. philippii 049 041 019
Lithophyllum sp. 069 042 058 L.racemus 046 033 031
L. pseudoracemus ~ 0.37  0.21 0.27
Global accuracy 061 073 0.2 064 049 043 048 040 027

The global cross-validation accuracy was similar in the 2 class-CNN (L. pseudoracemus
versus Others) and in the 3 class-CNN (genus level), despite the increased difficulty in the
task, given the higher number of classes (three rather than two) and thus, data sparsity.
The highest classification accuracy was in fact achieved by the 3 class-CNN (accuracy 64%),
and the lowest by the 4 class-CNN (species level), with an accuracy of 48% (Table 2).

With respect to the Class Recall, in the 2 class-CNN we observe a significant improve-
ment in the identification of L. pseudoracemus (61% against the 27% of the dummy baseline
and the 27% of the human classifier), despite registering a decrease in the Recall for Others,
and in the Global accuracy, compared to expert evaluation.

For both 3 and 4 class-CNNs the Global accuracy and all the Class Recall were higher
than both the baselines, except for Lithothamnion sp. (or L. corallioides), where a 55% and
57% Recall is achieved, against the 73% of the human classifier. Nevertheless, our models
significantly outperform the expert classification on the Recall of the two other classes (with
a maximum of +27% for Lithophyllum sp. Recall) and Accuracy (+15%). Furthermore, the
two genera Lithothamnion and Mesophyllum were classified by our model with a Recall that
is more than twice as high as the dummy classifier. Similar observations can be drawn
from the Recall at the species level (4 class-CNN). Another interesting finding is that the
Lithothamnion genus is predicted slightly better at the species level (i.e., L. corallioides), with
an increased Recall from 55% to 57%, despite having a sparser classification task. The
classification of L. racemus and L. pseudoracemus in the 4 class-CNN corresponded to the
most difficult task due to their morphological similarity, and our analysis, as well as the
empirical evidence of human evaluation, was in line with the domain-related studies. In
fact, both at genus and species levels the increment in Recall was consistently between
the 10% and 15%, compared to the dummy classifiers” baseline. L. pseudoracemus in the
4 class-CNN was the most difficult class to be identified by our model, with the lowest
Recall of 37%. Compared to the model, the human performances showed a better in Recall
limitedly to L. corallioides class, while all the other classes at both genus and species levels
had a notably lower Recall. Concluding, our CNN-based models outperformed the human
diagnosis at both genus and species level Global accuracy, as well as in the Recall of the
hardest distinguishable classes, L. racemus and L. pseudoracemus, proving the effectiveness
of our technique in support of coralline algae classification.

Finally, the 3 class-CNN thus appeared to be the best model for coralline algae classifi-
cation, with the highest Global accuracy and solid Class Recall for each genus. Nevertheless,
it would be convenient to adopt the 4 class-CNN model when a more fine-grained diagno-
sis (i.e., at species level) is required. This model, indeed, despite the smaller Global accuracy,
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could include more classes and still provide reasonable support for classification even in
the occurrence of very similar classes, such as L. pseudoracemus and L. racemus.

Morphological Categories Analysis

Table 3 is a summary of the results of Class Recall for each class and each modeling
approach conditioned on the morphological category represented in the image.

Table 3. The total number of SEM images in each class (columns) and categories (rows) according to the three modeling
approaches (L. pseudoracemus versus other species, diverse genera, and diverse species) is listed, together with the Class

Recall. Images not assigned to a category (n.c.) and showing more than one category (shared) are also included.

2 class-CNN
L. pseudoracemus Others

Category Images (n) Class Recall Images (n) Class Recall
conceptacles 1 1.00 9 0.56
perithallus 7 0.14 32 0.53
crystallites 27 0.70 67 0.61
epithallus 10 0.70 24 0.71
hypothallus 0 - 3 0.67
surface 5 0.60 7 0.57
n.c. 2 1.00 4 0.75
shared 5 0.40 11 0.73

3 class-CNN

Lithothamnion sp. Mesophyllum sp. Lithophyllum sp.

Category Images (n) Class Recall Images (n) Class Recall Images (n) Class Recall
conceptacles 0 — 4 0.75 6 0.67
perithallus 20 0.65 3 0.33 16 0.44
crystallites 14 0.57 13 0.38 67 0.85
epithallus 12 0.42 5 0.20 17 0.47
hypothallus 0 - 3 0.67 0 -
surface 2 0.50 4 0.50 6 0.17
n.c. 0 - 1 1.00 5 0.80
shared 1 0.00 8 1.00 7 0.57

4 class-CNN

L. corallioides M. philippii L. racemus L. pseudoracemus

Category Images (n) Class Recall Images (n) Class Recall Images (n) Class Recall Images (n) Class Recall
conceptacles 0 - 4 1.00 5 0.80 1 1.00
perithallus 20 0.60 3 0.33 9 0.22 7 0.00
crystallites 14 0.71 13 0.00 40 0.48 27 0.37
epithallus 12 0.50 5 0.20 7 0.57 10 0.70
hypothallus 0 - 3 0.67 0 - 0 -
surface 2 0.00 4 0.75 1 0.00 5 0.40
n.c. 0 - 1 1.00 3 0.33 2 0.00
shared 1 0.00 8 1.00 2 0.50 5 0.20

As shown in Table 3, considering L. pseudoracemus, the 2 class-CNN correctly recog-
nized all the images showing the conceptacle and 70% of crystallites and the epithallus.
On the other hand, only 14% of the images of the L. pseudoracemus perithallus were assigned
to the correct class. Within the class including all the species except for L. pseudoracemus
(Others), the percentages of images correctly identified were balanced among classes with
an average accuracy of 64%. Overall, about 61% of the SEM images in both classes had
been correctly classified, despite the class Others had almost three times more images than
L. pseudoracemus (Table 3). The images with no category (n.c.) were mostly assigned to the
correct class, as well as the images within the class, others showed more than one category
(shared), which included five images showing the hypothallus, two images showing both
epithallus and perithallus and one image showing both perithallus and crystallites. The
n.c. images in both classes included the conceptacle pore canal and the perithallus with
crystallites in the proximity of the pore canal in L. racemus (Figure A1) and L. pseudoracemus.

Among genera, Lithophyllum sp. had the highest percentage of images correctly
classified (69%). The identification of conceptacles, when present, was still significant for
the correct classification, as well as the perithallus in Lithothamnion sp. and the crystallites
in both Lithothamnion sp. and Lithophyllum sp. (Table 3). In Mesophyllum sp., the only
genus showing the hypothallus, this contributed significantly to the identification with 67%
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of correct assignations. In the 3 class-CNN models as well, the non-categorized images
have been of significant support to the correct classification (Table 3). The shared images
correctly identified as Mesophyllum sp. included five images of the hypothallus, three of
which also show the conceptacle, and two showing also the epithallus. The n.c. images
correctly identified in the Lithophyllum sp. class included the pore canal of a conceptacle in
the L. pseudoracemus, the perithallial cells and crystallites at the proximity of the same pore
canal, and the pore canals in two different conceptacles of L. racemus (Figure AT).

Conceptacles were determinants for the identification of the algae also at the species
level (Table 3). The perithallus, instead, aided only the classification of L. corallioides
(with 60% of correct assignations), in which also the crystallites made a significant con-
tribution (71%). The images showing the epithallus were mostly correctly classified in
L. pseudoracemus (70%) and misclassified in M. philippii (20%). As for the 3 class-CNN, also
in the 4 class-CNN the hypothallus was a significant contributor for the classification of
M. philippii (67%), as well as the images showing the surface (75%). All the shared images in
M. philippii were correctly classified, corresponding to those described for the 3 class-CNN.

The SEM images showing conceptacles were the major contributors to the success
of the classification task in each model (Figure 4). Except for the 4 class-CNN, the exact
classification was significantly favored by crystallites as well, which represented almost
half of the total number of SEM images in the dataset (Table 3, Figure 4). In the 2 class-CNN,
besides crystallites and conceptacles, high percentages of images correctly classified were
achieved by the epithallus (71%, the highest value), and the hypothallus. Conversely, in the
3 class-CNN, the epithallus, together with the surface, led to the most incorrect classifi-
cations (Figure 4). Crystallites further increased in significance, as well as conceptacles.
In the 4 class-CNN, the accuracy decreased and a reduced number of images showing
the perithallus, the surface and the crystallites had correctly been classified (Figure 4).
Conceptacles represented the most robust category for the classification success (90% of
images correctly classified), together with the hypothallus which kept the same significance
across models (67%).

2 class-CNN 3 class-CNN
____wrong 54% __ wrong 46%

N

-correct 54%

correct 64% - correct 46%

correct 74%

®_wrong 30%

L wrong 40%
correct 70%

- correct 60%
 wrong 42%

- wrong 67%
- correct 58% 4

correct 33%

5 Wmﬂ? 33% wronfé 33%
y correc2 (g;% correct 67%
S WISREa wrong 59%
B correct 71% wrong 26% “correct 41%
4 class—CNN
wrong 62% ® conceptacles
P =
correct 41% g = perithallus
) L
~correct 38% = crystallites
-
- wrong 10% m epithallus
- t 90% =
B ’ = hypothallus
- wrong 58% = surface
correct 42% =
- wrong 33%

correct 67%

wrong 59%
wrong 47%

‘correct 53%

Figure 4. Total number of SEM images assigned to different categories that have been classified in
the 2, 3 and 4 class-CNNSs. Percentages within each category indicate the proportion between images
correctly and wrongly classified.
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3.2. External Test

In Table 4, we show the Class Share for the two test samples, namely DB865 and DB866.
Considering the 2 class-CNN model, we notice how the two samples are classified in a
similar way by identifying around 70% of the images in both samples belonging to the
Others class. This approach seems to suggest that the two samples do not belong to the
L. pseudoracemus class.

Table 4. Class Share for the L. cf. racemus samples (DB865, DB866) in the 3 classification tasks:
L. pseudoracemus versus Others (2 class-CNN), diverse genera (3 class-CNN), and diverse species
(4 class-CNN).

2 class-CNN
Sample DB865 Sample DB866
L. pseudoracemus 0.32 0.31
Others 0.68 0.69
3 class-CNN
Sample DB865 Sample DB866
Lithothamnion sp. 0.18 0.00
Mesophyllum sp. 0.00 0.08
Lithophyllum sp. 0.82 0.92
4 class-CNN
Sample DB865 Sample DB866
L. corallioides 0.18 0.08
M. philippii 0.00 0.08
L. racemus 0.50 0.54
L. pseudoracemus 0.32 0.30

In the 3 class-CNN approach, the model is convincing in assigning the images of the
two samples to the Lithophyllum genus. Specifically, for the DB866, more than 90% of the
images are classified in that class, while for DB865 around 80% of the images are classified
as Lithophyllum sp., and the remaining 20% to Lithothamnion sp. class.

Finally, in the 4 class-CNN, species level classification, again there is a high similar-
ity between the two samples. In both cases, DB865 and DB866 images are assigned to
L. racemus (around 50%) and L. pseudoracemus (around 30% each), while 20% of DB865 are
identified as belonging to the L. corallioides species and less than 10% of the images are
assigned to the L. corallioides and M. philippii for sample DB866. The highest Class Share is
achieved by the L. racemus class with 54% (sample DB866).

These findings are in line with the expert evaluation of samples DB865 and DB866,
which were identified as L. cf. racemus, being impossible to clearly discriminate between
L. racemus and L. pseudoracemus without molecular data. Nevertheless, the 4 class-CNN
model favored the L. racemus class over L. pseudoracemus (around 50% versus 30%).

Morphological Categories Analysis

In the 2 class-CNN most of the SEM images showing the L. cf. racemus samples
DB865 and DB866 were classified in the class Others, with very similar percentages (68%
and 69%, respectively as shown in Table 4). All the conceptacles were assigned to this
class, as well as most of the images showing crystallites and the epithallus, with a lower
percentage for the crystallites in sample DB866 (67%) (Tables 5 and 6). Most of the images
showing the perithallus were rather classified as L. pseudoracemus, this is particularly true
in the sample DB866. In this sample, also the image showing the surface was assigned to
L. pseudoracemus class (Table 6). The n.c. images showing the perithallial cells in the
proximity of a pore canal in sample DB865 have been assigned to the Others class. In
sample DB865, an image showing both the epithallus and the crystallites was identified as
belonging to L. pseudoracemus (Table 5).
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Table 5. The Class Share of sample DB865 has been reported for each assigned category (rows) and class (columns). The
total number of SEM images in every predicted class of the three models (L. pseudoracemus versus other species, genus level
and species level) are listed. Images not assigned to a category (n.c.) and showing more than one category (shared) are
also included.

DB865 2 class-CNN

Category Images (n) L. pseudoracemus Others
conceptacles 1 0.00 1.00
perithallus 3 0.67 0.33
crystallites 12 0.17 0.83
epithallus 5 0.20 0.80
hypothallus 0 - -
1 surface 2 0.50 0.50
nc. 2 0.50 0.50
shared 3 0.67 0.33

3 class-CNN
Category Images (n) Lithothamnion sp. Mesophyllum sp. Lithophyllum sp.
conceptacles 1 1.00 0.00 0.00
perithallus 3 0.33 0.00 0.67
crystallites 12 0.00 0.00 1.00
epithallus 5 0.40 0.00 0.60
1 surface 2 0.50 0.00 0.50
n.c. 2 0.00 0.00 1.00
shared 0.00 0.00 1.00

4 class-CNN
Category Images (n) L. corallioides M. philippii L. racemus L. pseudoracemus
conceptacles 1 0.00 0.00 1.00 0.00
perithallus 3 0.33 0.00 0.00 0.67
crystallites 12 0.00 0.00 0.83 0.17
epithallus 5 0.80 0.00 0.20 0.00
! surface 2 0.00 0.00 050 050
n.c. 2 0.00 0.00 0.50 0.50
shared 3 0.00 0.00 0.00 1.00

! no hypothallus in the sample DB865.

Table 6. The Class Share of the sample DB866 was reported for each assigned category (rows) and class (columns). The total
number of SEM images in every predicted class of the three models is listed. Images not assigned to a category (n.c.) and
showing more than one category (shared) are also included.

DB866 2 class-CNN
Category Images (n) L. pseudoracemus Others
conceptacles 2 0.00 1.00
perithallus 2 1.00 0.00
crystallites 3 0.33 0.67
epithallus 1 0.00 1.00
hypothallus 0 - -
! surface 1 1.00 0.00
n.c. 2 0.00 1.00
shared 2 0.00 1.00

3 class-CNN

Category Images (n) Lithothamnion sp. Mesophyllum sp. Lithophyllum sp.
conceptacles 2 0.00 0.00 1.00
perithallus 2 0.00 0.00 1.00
crystallites 3 0.00 0.00 1.00
epithallus 1 0.00 0.00 1.00
1 surface 1 0.00 0.00 1.00
n.c. 2 0.00 0.00 1.00
shared 2 0.00 0.50 0.50
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4 class-CNN
Category Images (n) L. corallioides M. philippii L. racemus L. pseudoracemus
conceptacles 2 0.00 0.00 1.00 0.00
perithallus 2 0.00 0.00 0.00 1.00
crystallites 3 0.00 0.00 0.67 0.33
epithallus 1 1.00 0.00 0.00 0.00
1 surface 1 0.00 0.00 0.00 1.00
n.c. 2 0.00 0.00 1.00 0.00
shared 2 0.00 0.50 0.50 0.00

I no hypothallus in sample DB866.

At the genus level, most of the images of samples DB865 and DB866 were correctly
classified as Lithophyllum sp. (82% and 92%, respectively, as shown in Table 4). The
classification was correct for all categories in sample DB866, while the conceptacle in
sample DB865 was, surprisingly, assigned to Lithothamnion sp. (Tables 5 and 6).

At species-level, most of the images of samples DB865 and DB866 were assigned to
L. racemus and L. pseudoracemus, with a higher percentage for the first class (Table 4). All the
conceptacles were identified as belonging to L. racemus, as well as crystallites, especially
for sample DB865. The images of the perithallus were rather classified as L. pseudoracemus,
with a higher probability in DB866 (Tables 5 and 6). The epithallus in both samples was
identified as L. corallioides, while the surface was assigned to the L. pseudoracemus class in
DB866. In sample DB865, all the images showing more than one category were classified as
L. pseudoracemus (Table 5). Every shared image showed the epithallus, two with also the
crystallites and one with the surface.

3.3. Explanation

Image analyses using explainable artificial intelligence allowed us to detect the areas
more relevant to CNN classification.

Each explanation approach used highlighted different areas of the image by showing
positive and negative contributions (LIME), a heat map of the positive contributions
(Grad-CAM), or simply the more relevant pixels (Saliency) (Figure 5). In some cases, the
information given by the three approaches was counterintuitively different, due to the
differences in the calculation of the outputs. For this reason, the visualization of the three
explanatory techniques together could provide more insights into the relevant features
displayed in the images.

Given the complexity of the structures shown in the SEM dataset, it was not always
possible to recognize common diagnostic structures. Nevertheless, in most cases, the
shape of cells and conceptacles were identified by the models (Figure A2). In images
showing the epithallus and the perithallus, background areas and starch grains (Figure A2)
sometimes “disturbed” the classification, resulting in erroneous identifications. The model
performances could, therefore, be implemented by avoiding the use of images containing
these interferences.

Notably, crystallites and cell wall calcification, in general, have been considered to be
important features for the classification task. Figure 5, which was correctly classified in all
three models used by the Internal validation (2, 3 and 4 class-CNNs), shows an example of
L. corallioides crystallites in the perithallial cell walls of two adjacent cells. LIME, Saliency
and Grad-CAM approaches (Figure 5) consistently revealed a significant contribution of the
primary calcification [59,60], i.e., the outermost calcified layer of the cell wall composed by
crystallites oriented parallel to the cell lumen, also called “interfilament”, at the boundary
between cell filaments [61]. Thus, this calcification feature appeared to have a particular
significance for the classification task, as already observed recently by Auer and Piller [21],
and Bracchi et al. [60].
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Original image

Salienc Grad-CAM

d

2 class-CNN

3 class-CNN

4 class-CNN

Figure 5. An example of the output obtained from the three approaches (LIME, Saliency, Grad-CAM)
that show the pixels giving the major contributions to the CNN classification in the different models
used (2, 3 and 4 class-CNNs). In LIME, positive and negative contributions to classification are
respectively colored in green and red. In Saliency, brighter color highlights the pixels contributing
the most to the class attribution, while in the Grad-CAM visualization the most significant areas
for the final classification have a warmer color tone. The SEM image was successfully classified as
Lithothamnion corallioides by every model and shows a magnification of the cell wall ultrastructure
(crystallites category).

4. Discussion

The main goal of this work was to explore a new putative tool for coralline algae
identification, by applying deep learning methods to the automatic classification of four
algal species common in Mediterranean waters.

Species identification in this taxon is often ambiguous, and advances in molecular
phylogeny revealed striking cases of cryptic and pseudocryptic species. The traditional mor-
phological approach to taxonomic identification relies on thallus organization and on the
morphometrical measurements of biological structures, including epithallial, perithallial
and hypothallial cells and conceptacles. Besides the uncertainty related to the classification
based solely on these tools (e.g., L. racemus and L. pseudoracemus) [16], in fossil samples,
where molecular techniques cannot be applied, traditional morphological parameters are
often poorly preserved due to diagenetic processes, which reduce their taxonomic value.
Recently, new attention has arisen on the calcification patterns of coralline algae, revealing
the cell wall ultrastructure as the phenotypic expression of genotypic information [21].
Indeed, there is a taxon-specific regulation of the morphology of crystallites composing the
cell wall, also observed at the genus level [60].

The use of CNNs has offered the opportunity to investigate the diagnostic value
of morphology as a whole, including both traditional parameters and the mineralized
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ultrastructure. In doing so, machine learning has played the role of an unbiased operator,
which could establish its own classification features and possibly suggest to the real
operator significant diagnostic parameters, even more than conventional ones.

The analysis of the different explanatory techniques allowed us to highlight the image
areas that have most influenced identification at both genus and species levels. Concerning
the morphology of biological structures, an elementary description of the species is given
as follows: L. corallioides is often sterile lacking conceptacles, it has rectangular perithallial
cells connected by multiple fusions and the epithallus is characterized by multiple layers
of flattened cells, typically flared in the first layer below the surface [12]. M. philippii has a
thick coaxial hypothallus and a single layer of rounded to flattened epithallial cells. The
perithallial cells commonly present cell fusions and the buried multiporate sporangial
conceptacles, hemispherical in shape, are typically infilled with large, irregular cells [11,32].
In L. racemus and L. pseudoracemus, sporangial conceptacles are rounded and uniporate,
secondary pit connections join the perithallial cells of adjacent cell filaments and there can
be up to five layers of flattened epithallial cells [16,22]. The two Lithophyllum spp. have
been unequivocally distinguished from each other only by molecular tools so far since the
morphological approach was poorly effective. Therefore, the specific classification task
involving their discrimination was particularly challenging. From an ultrastructural point
of view, the cell walls in Lithothamnion corallioides are constituted by flattened squared
bricks with roundish outlines in the secondary calcification and rectangular tiles in the
primary calcification [60]. The secondary calcification in Lithophyllum sp. is organized in
perpendicular rods, while the primary calcification presents rhombohedral crystallites [21].
Mesophyllum sp. cell wall ultrastructure has never been specifically characterized. Thanks
to the explanation comparison, we recognized some traditional morphological parameters,
such as conceptacle and cells morphometry (Figure A2), but also the crystallite morphology
undoubtedly contributed to the outcomes of the classification (Figure 5). A particular
relevance, indeed, was given to crystallites, which alone constituted almost half of the
total images used to run the CNN models. Concerning the identification of the two
L. cf. racemus samples, DB865 and DB866, the model agreed with the expert on attributing
the Lithophyllum sp. class in the 3 class-CNN and was leaning towards L. racemus in the
4 class-CNN.

To maximize the species variance, we included in the dataset the images for each spec-
imen (two/three samples per species) (Table 1). By doing so, we reduced the error related
to the features characterizing the sample more than the species itself. To achieve satisfying
classification performances, intra-class variability is required to be lower than inter-class
variability. However, in our case increasing the number of classes led to a decrease in
inter-class variability (due to the two similar classes L. racemus and L. pseudoracemus).
This was clearly not balanced by an increase of intra-class variability and, thus, led to
lower performance.

It is essential to remark that the SEM images used were not taken specifically for the
purpose of this work. Indeed, while in the 4 class-CNN the number of images among
classes was reasonably balanced, in the 3 class-CNN the Lithophyllum sp. class accounted
for more than half the total number of images, potentially favoring the accuracy of its
classification. Nevertheless, even accounting for about one-third of the total images, the
Class Recall of L. pseudoracemus in the 2 class-CNN was similar to the class Others (60%,
Table 2). Therefore, the model proved to be able to identify some morphological features
of L. pseudoracemus, as suggested by a Class Recall value much higher (60%) than both the
performances of the dummy classifier (27%) and, most notably, the human classifier (21%)
(Table 2).

Future experimentation on CNNs applied to SEM imagery for the identification of
coralline algae should better rely on standard magnifications for SEM images within each
morphological category, with an even distribution of the number of images among classes.
We propose the following standards:

o  Conceptacles: ~250x, ~500x;
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Perithallus: ~1000x, ~2500x, ~5000 % ;
Crystallites: ~10000x, ~20000x, ~30000x;
Epithallus: ~1000x, ~2500 %, ~5000x;
Hypothallus: ~250x; ~1000x;

Surface: ~1000x.

Variable sample orientation should be carefully avoided, and the collection of SEM
images should be carried out on longitudinal sections, as explained in Section 2.1. Overall,
our performances offered promising results for obtaining a useful model that could support
the expert for the classification of coralline algae, also considering the reduced number
of images and samples, and the high intra-class variability. Further investigations should
involve an image dataset wider and standardized, to guarantee the reproducibility of the
method and enhance model accuracies.
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Figure Al. Examples of SEM images that were not assigned to a specific category: (a) Lithophyllum racemus pore canal;

(b) a magnification showing perithallial cells near the pore canal. These features proved to be significant contributors to the

correct classification of Lithophyllum spp. in the 2 and 3 class-CNNs.
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Saliency Grad-CAM

Figure A2. LIME, Saliency and Grad-CAM techniques show the pixels giving the major contributions
to CNN classification: (a) magnification of the epithallial cell wall in Lithophyllum racemus evidence the
significant contribution of calcification, formed by rod-shaped crystallites; (b) Mesophyllum philippii
conceptacle shape focused by Saliency; (c) starch grains within the perithallial cells of L. racemus
did not hamper correct identification; (d) the background beyond the epithallus of Lithothamnion
corallioides was likely responsible for the erroneous classification of this image.
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Abstract. The B/Ca ratio in calcareous marine species is in-
formative of past seawater CO? concentrations, but scarce
data exist on B/Ca in coralline algae. Recent studies sug-
gest influences of temperature and growth rates on B/Ca,
the effect of which could be critical for the reconstructions
of surface ocean pH and atmospheric pCO,. In this paper,
we present the first laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) analyses of Mg, Sr, Li,
and B in the coralline alga Lithothamnion corallioides col-
lected from different geographic settings and depths across
the Mediterranean Sea and in the Atlantic Ocean. We pro-
duced the first data on putative temperature proxies (Mg/Ca,
Li/Ca, Sr/Ca, Mg/Li) and B/Ca in a coralline algal species
grown in different basins from across the photic zone (12,
40, 45, and 66 m depth). We tested the B/Ca correla-
tion with temperature proxies and growth rates in order to
evaluate their possible effect on B incorporation. Our re-
sults suggested a growth rate influence on B/Ca, which
was evident in the sample with the lowest growth rate of
0.10mmyr~! (Pontian Isl., Italy; 66m depth) and in Elba
(Italy; 45 m depth), where the algal growth rate was the high-
est (0.14 mmyr~'). At these two sites, the measured B/Ca
was the lowest at 462.8 +49.2 umolmol~! and the high-
est at 757.7 £75.5 umol mol ™!, respectively. A positive cor-
relation between B/Ca and temperature proxies was found
only in the shallowest sample from Morlaix (Atlantic coast
of France; 12 m depth), where the amplitude of temperature
variation (AT) was the highest (8.9 °C). Still, fluctuations
in B/Ca did not mirror yearly seasonal temperature oscilla-

tions as for Mg/Ca, Li/Ca, and Sr/Ca. We concluded that
growth rates, triggered by the different AT and light avail-
ability across depth, affect the B incorporation in L. coral-
lioides.

1 Introduction

Warming and acidification are major anthropogenic pertur-
bations of present-day oceans (Callendar, 1938; Fairhall,
1973; Brewer, 1997; Gattuso, 1999; Caldeira, 2005; Honisch
et al., 2012; Masson-Delmotte et al., 2021). Ocean acidi-
fication reduces the saturation state of calcite and arago-
nite, lowering the dissolution threshold of biominerals and
threatening habitat-forming species of critical ecological im-
portance such as coralline red algae and corals (Morse et
al., 2006; Hoegh-Guldberg et al., 2007; Andersson et al.,
2008, 2011; Basso, 2012; Ragazzola et al., 2012; Ries et
al., 2016). Coralline algae, which precipitate high-Mg cal-
cite (> 8mol %—12mol % MgCO3) (Morse et al., 2006),
are particularly suitable as proxy archives for paleoclimate
reconstruction because of their worldwide distribution and
longevity. Importantly, they show indeterminate growth with
no ontogenetic trend (Halfar et al., 2008), which means the
growth trend of coralline algae does not slow down asymp-
totically with age, as in bivalves, thus preserving the resolu-
tion of the geochemical signals in all stages of growth (Adey,
1965; Frantz et al., 2005; Halfar et al., 2008). Moreover,
coralline algae thin sections under optical microscopy reveal
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bands that reflect the growth pattern (Cabioch, 1966; Basso,
1995a, b; Foster, 2001), similar to tree rings (Ragazzola et
al., 2016) that can be targeted for high-resolution geochem-
ical analyses. Seasonal growth bands, indeed, consist of the
perithallial alternation of dark and light bands that together
constitute the annual growth patterns (Freiwald and Henrich,
1994; Basso, 1995a, b; Kamenos et al., 2009). Dark bands
correspond to slow-growing cells produced in the cold sea-
son, which are shorter, thick-walled, and with lower Mg con-
tents, while light bands are fast-growing cells produced in
the warm season, which are longer, less calcified, and with
higher Mg concentrations (Kamenos et al., 2009; Ragazzola
et al., 2016). The high-Mg calcite of calcareous red algae
records ambient seawater temperature (Halfar et al., 2000;
Kamenos et al., 2008; Nash et al., 2016; Hetzinger er al.,
2018), primary productivity (Chan et al., 2017; Hou et al.,
2019), and salinity (Kamenos, 2012), proving to be a suitable
paleoclimate archive. Most of the data were collected from
high-latitude (Kamenos et al., 2008; Anagnostou et al., 2019)
and tropical species (Caragnano et al., 2014; Darrenougue et
al., 2014), whereas less attention has been given to coralline
algae from mid-latitudes.

Trace element variations in marine calcareous species in-
form the reconstruction of changes in the environmental
parameters which characterized the seawater during their
growth (Hetzinger et al., 2011; Montagna and Douville,
2017). Boron is incorporated into the mineral lattice of cal-
careous marine species during calcite precipitation. In the
ocean, B occurs in two molecular species: boric acid B(OH)3
and borate ion B(OH), (Dickson, 1990), which are related
by the following acid-base equilibrium reaction:

B(OH)3 + H,0 <> B(OH); +HT, (R1)

which shows the dependence of the two species concentra-
tions on pH. The first analyses of the isotopic signal of ma-
rine carbonates evidenced a strong similarity with the iso-
topic composition of B(OH), in solution, suggesting that
borate would preferentially be incorporated into marine car-
bonates (Vengosh et al., 1991; Hemming and Hanson, 1992;
Zeebe and Wolf-Gladrow, 2001; DeCarlo et al., 2018). The
B content and its isotopic signature (§''B) in calcareous ma-
rine species record information about the seawater carbon-
ate system. The §!'B is used to reconstruct past seawater
pH (Honisch and Hemming, 2005; Foster, 2008; Douville et
al., 2010; Paris et al., 2010; Rae et al., 2011). The boron-
to-calcium ratio (B/Ca) proved to be informative about past
seawater CO3™ concentrations in different empirical studies
on benthic foraminifera (Yu and Elderfield, 2007; Yu et al.,
2007; Rae et al., 2011) and in synthetic aragonite (Holcomb
et al., 2016). Most of the literature on boron studies is fo-
cused on its isotopic composition (Hemming and Honisch,
2007; Klochko et al., 2009; Henehan et al., 2013; Fietzke
et al., 2015; Cornwall et al., 2017; Ragazzola et al., 2020),
whereas less attention has been given to B/Ca records, espe-
cially in coralline algae. Recent studies suggest that B/Ca is
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a function of seawater pH, as well as of other environmen-
tal variables such as temperature, the effect of which should
be considered in the attempt to reconstruct surface ocean pH
and atmospheric pCO, (Wara et al., 2003; Allen et al., 2012;
Kaczmarek et al., 2016).

To achieve the best reliability of geochemical proxies for
climate reconstructions, it is important to recognize the in-
fluence of multiple factors on a single proxy (Kaczmarek
et al.,, 2016; Donald et al., 2017). For instance, more re-
cently the effects of temperature and growth rate on B in-
corporation have been investigated through experiments on
both synthetic and biogenic carbonates (Wara et al., 2003; Yu
et al., 2007; Gabitov et al., 2014; Mavromatis et al., 2015;
Uchikawa et al., 2015; Kaczmarek et al., 2016; Donald et
al., 2017). In particular, a culture experiment on the coralline
alga Neogoniolithon sp. showed a positive correlation of
B/Ca with growth rate and a negative correlation with Sr/Ca,
which was proposed as a proxy for dissolved inorganic car-
bon (DIC) (Donald et al., 2017). Moreover, a culture ex-
periment on the high-latitude species Clathromorphum com-
pactum (Kjellman) Foslie 1898 revealed non-significant tem-
perature influences on B/Ca and a significant inverse rela-
tionship with growth rate (Anagnostou et al., 2019). The fac-
tors which influence the B incorporation in calcareous red
algae are therefore still debated. Recent experiments also
suggest that coralline algae can control the calcifying fluid
pH (pH¢r) (Cornwall et al., 2017), as already observed in
corals (Comeau et al., 2017). Both organisms have a species-
specific capability to elevate pH at calcification sites in re-
sponse to variations of ambient pH, also influencing precipi-
tation rates (Cornwall et al., 2017). Differences between car-
bonate polymorphs were also highlighted (McCulloch et al.,
2012; Cornwall et al., 2018), showing more elevated pHcr in
aragonitic corals than calcites, pointing to the relevance of
the mineralogical control on biological up-regulation. So far,
no investigations on pH¢s modifications in natural systems
have been performed on calcareous red algae.

No studies have been conducted so far on the correlation
between temperature proxies (Mg, Sr, Li/Ca) and B/Ca. The
Mg/Ca ratio is extensively used as a temperature proxy in
coralline algae (Halfar et al., 2008; Kamenos et al., 2008;
Fietzke et al., 2015; Ragazzola et al., 2020), since the substi-
tution of Mg?* with Ca>* ions in the calcite lattice is an en-
dothermic reaction. Accordingly, Mg incorporation increases
with temperature (Moberly, 1968; Berner, 1975; Ries, 2006;
Caragnano et al., 2014, 2017). Sr/Ca and Li/Ca ratios in
calcareous red algae have also been investigated as climate
proxies, showing significant positive correlations with tem-
perature in different species (Kamenos et al., 2008; Het-
zinger et al., 2011; Caragnano et al., 2014; Darrenougue et
al., 2014). The Mg/Li ratio showed a strong correlation with
seawater temperature in cultured C. compactum (Anagnos-
tou et al., 2019) and in empirical studies on high-Mg cal-
cites, including coralline algae (Stewart et al., 2020). Con-
versely, the Mg/Li calibration did not reveal improvements
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in the Mg/Ca or Li/Ca proxies in Lithophyllum spp. (Carag-
nano et al., 2014, 2017).

Here, we present laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) conducted on a wild-
grown coralline alga with a wide geographic scope. This
technique, which allows high-resolution analysis of a broad
range of trace elements in solid-state samples, has been
widely used in biogenic carbonates to extract records of sea-
water temperature, salinity, and water chemistry (Schone et
al., 2005; Correge, 2006; Hetzinger et al., 2009, 2011; Fi-
etzke et al., 2015; Ragazzola et al., 2020). Measurements
were made on the non-geniculate coralline alga Lithotham-
nion corallioides (P. Crouan and H. Crouan) P. Crouan and
H. Crouan 1867, which is widely distributed in the Mediter-
ranean Sea and in the north-eastern Atlantic Ocean from
Scotland to the Canary Islands (Irvine and Chamberlain,
1999; Wilson et al., 2004; Carro et al., 2014), usually con-
stituting maerl beds (Potin et al., 1990; Foster, 2001; Martin
et al., 2006; Savini et al., 2012; Basso et al., 2017). It forms
rhodoliths as unattached branches (Basso et al., 2016) with
obvious banding in longitudinal sections (Basso, 1995b).
These characteristics combine to make this species a suit-
able model for the measurement of geochemical proxies by
comparing different environmental settings.

In this paper, we provide the first LA-ICP-MS data on pu-
tative temperature proxies (Mg/Ca, Sr/Ca, Li/Ca, Mg/Li)
and B/Ca measured on L. corallioides collected from differ-
ent geographic settings and depths across the Mediterranean
Sea and in the Atlantic Ocean. We test the influence of tem-
perature and growth rate on the B/Ca ratio, which could be
crucial in assessing the reliability of B/Ca as a proxy for the
seawater carbonate system.

2 Materials and methods

2.1 Sampling sites and collection of Lithothamnion
corallioides

Samples of the coralline alga L. corallioides were collected
in the western Mediterranean Sea and in the Atlantic Ocean
(Fig. 1). In the Mediterranean Sea, the samples collected in
the Pontian Islands (Italy) at 66 m depth were gathered by
grab during the cruises of the R/V Minerva Uno in the frame-
work of the Marine Strategy Campaigns 2016 (Table 1). The
last two Mediterranean samples were collected by one of the
authors (DB) by scuba diving during local surveys at 45 m
off the coasts of Pomonte (Elba Island, Italy) (Basso and Bru-
soni, 2004) and at 40 m depth in the Aegadian Islands (Maret-
timo, Italy). The Atlantic sample was collected by grab at
12 m depth in Morlaix Bay (Brittany, France) (Table 1).

The identification of the algal samples was achieved by
morphological analyses of epithallial and perithallial cells
using a field emission gun scanning electron microscope
(SEM-FEG) Gemini 500 Zeiss. Samples were prepared for
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Figure 1. Map showing the distribution of sampling sites
where Lithothamnion corallioides samples were collected: Morlaix
Bay (48°34’42" N, 3°49'36” W), Aegadian Islands (37°97'36” N,
12°1412” E), Elba (42°44'56.4" N, 10°07'08.4” E), and Pon-
tian Islands (40°54’N, 12°45’'E). Service layer credits: source
Esri, GEBCO, NOAA, National Geographic, Garmin, https://www.
geonames.org/ (last access: 21 December 2021), and other contrib-
utors.

SEM according to Basso (1995a). Morphological identifica-
tion was based on Adey and McKibbin (1970) and Irvine and
Chamberlain (1994). Other information about maerl species
distribution in Morlaix was provided by Carro et al. (2014)
and Melbourne et al. (2017). L. corallioides was selected as
the target species because of its presence in both Mediter-
ranean and Atlantic waters. The Atlantic sample (Morlaix)
was used as voucher specimen for the subsequent identifica-
tion of the Mediterranean samples, since Phymatolithon spp.
and L. corallioides are the only components of the Morlaix
maerl (Carro et al., 2014; Melbourne et al., 2017). Hence,
once its inclusion under the genus Phymatolithon was ex-
cluded, the Morlaix sample identified as L. corallioides was
used as a reference for the most reliable identification of the
other Mediterranean samples.

2.2 Sample preparation

The selected algal branches were embedded in Epo-Fix resin,
which was stirred for 2 min with a hardener (13 % w/w);
they were then left to dry at room temperature for 24 h. Af-
terwards, the treated branches were cut by an IsoMet dia-
mond wafering blade 15HC along the direction of growth.
In the laboratory of the Institute of Geosciences and Earth
Resources of the National Research Council (IGG-CNR) in
Pavia (Italy), the sections were polished with a MetaServ
grinder—polisher (400 RPM) using a diamond paste solution,
finally cleaned ultrasonically in distilled water for 10 min,
and dried at 30 °C for 24 h.

Biogeosciences, 19, 1047-1065, 2022
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Figure 2. (a) Thalli of Lithothamnion corallioides collected in Morlaix (scale bar: 5 mm). (b) Longitudinal section through the L. corallioides
branch sampled in Morlaix showing the LA-ICP-MS transects targeting each growth band (scale bar: 200 um).

2.3 Trace elements analyses and environmental data

LA-ICP-MS analyses were carried out at the IGG-CNR lab-
oratory on one algal branch per sampling site. **Ca, 7Li,
25Mg, 38Sr, and ''B contents were measured using an Ag-
ilent ICP-QQQ 8900 quadrupole ICP-MS coupled to an Ex-
cimer laser ablation system (193 nm wavelength, MicroLas
with GeoLas optics). Element / Ca ratios were calculated for
these isotopes, as was the Mg/Li ratio. Measurements were
performed with laser energy densities of 4 J cm™2 and helium
as a carrier gas.

The laser transects crossed the algal growth direction with
a spot size of 50 um, attempting to target each growth band
change which marked the transition between the cells usu-
ally produced in the warm season and those usually produced
in the cold season, hereinafter referred to as long and short
cells (Figs. 2, S1, S2, S3). NIST 612 was used as an exter-
nal standard (e.g. Fietzke et al., 2010; Jochum et al., 2012),
whereas Ca was adopted as an internal standard. Accuracy
and precision were better than 4 % for NIST 612 and 8 % for
Ca standard. Minimum detection limits (99 % confidence) of
measured elements were Ca=16.91, Li=0.07, Mg=0.11,
Sr=0.004, and B =2.64 ppm. Each analysis was carried out
in MS/MS mode for 3 min by acquiring 60 s of background
before and after the sampling period by the laser on the pol-
ished surface. The first part of the signal was not used for the
integration to avoid surface contamination. The Glitter soft-
ware (v. 4.4.4) was used for data reduction.

In the absence of in situ environmental data, the seawater
temperature has been extracted by 11 years of monthly re-
analysis spanning 1979-2016 from from the Ocean ReAnal-
ysis System 5 (ORASS) at 0.25° horizontal resolution (Zuo et
al., 2019). The time interval of extraction for each site corre-
sponded to 11 years before sample collection (Bracchi et al.,
2021). Minimum, maximum, and mean values, as reported in
Table 1, refer to the temperature at sampling depth and have
been measured over the entire time interval of extraction.

Biogeosciences, 19, 1047-1065, 2022

For the purpose of this work, we considered temperature
data in terms of (a) the amplitude of temperature variation
(AT) and (b) the temperature maxima and minima. A7 rep-
resents the temperature fluctuations during the algal growth
and has been measured as the difference between the max-
imum and minimum temperature registered at the site over
11 years. We used AT when comparing the sampling sites,
given their differences in depth and geographical regions.
The temperature peaks (maximum and minimum) have rather
been used when considering data corresponding to long and
short cells, since they are related to warm and cold periods of
growth, respectively. We used the temperature peaks over the
entire time interval of extraction (11 years) when comparing
the mean elemental ratios of long and short cells per sam-
pling site. The maximum and minimum temperature within
each year have been used instead for the reconstruction of
the algal age model. In the sample from Morlaix Bay, in-
deed, the good visibility of the growth bands allowed us to
relate the temperature record with the algal growth at an-
nual resolution. We therefore plotted all the element ratios
against the average seawater temperature values of the cold-
est and warmest months of the year to reconstruct the tem-
perature variations during the algal growth (Moberly, 1970;
Correge, 2006; Williams et al., 2014; Ragazzola et al., 2020;
Caragnano et al., 2014). Missing element ratios, possibly due
to non-targeted consecutive bands, were calculated as the
means of known values.

Carbon system parameters for each site have also been
estimated. Even if they were not available in the same
time interval of temperature data, the seasonal variations
occurring in the extracted period allowed the characteri-
zation of the sampling sites. Monthly mean seawater pH
has been derived by the EU Copernicus Marine Service In-
formation (CMEMS) global biogeochemical hindcast span-
ning 1999-2017 at 0.25° horizontal resolution (Perruche,
2018). Monthly means of DIC in the time interval 1999-2017
have been extracted by CMEMS biogeochemical reanaly-
sis for the Mediterranean Sea at 0.042° horizontal resolution

https://doi.org/10.5194/bg-19-1047-2022
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Figure 3. Correlation plots of Mg/Ca with Li/Ca and Sr/Ca. For each analysis the Spearman’s coefficient r, the p value, and the line
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Figure 4. Box plot of the statistical tests performed to evaluate the
differences of Mg/Ca in L. corallioides collected at different sam-
pling sites. The horizontal black lines indicate the median values.
The black dots and the numbers inside the plot indicate the mean
values.

(Teruzzi et al., 2021). At the Atlantic site, monthly means of
DIC in 1999-2017 were derived from the CMEMS IBI bio-
geochemical model at 0.083° horizontal resolution (Coper-
nicus Marine Environmental Monitoring Service, 2020). The
pH and DIC data showed consistent variations among sites,
despite being derived from different biogeochemical models.
The mean values of DIC and pH, as reported in Table 1, refer
to sampling depth and have been measured over the entire
time interval of extraction. The complete timeline of temper-
ature and carbon data used in this paper is shown in Supple-
ment Figs. S5, S6, S7, and S8.

https://doi.org/10.5194/bg-19-1047-2022

2.4 Growth rate estimation

Growth rates were estimated under light microscope by mea-
suring the length of the LA-ICP-MS transect and dividing it
by the number of annual growth bands crossed by the transect
(Bracchi et al., 2021). The obtained values are expressed in
linear extension per year (mm yr~!). In the samples wherein
the growth bands were not easily detectable under micro-
scope, i.e. the Elba sample, we also used the Mg/Ca results
in order to check for the correspondence of Mg peaks with
growth bands.

2.5 Statistical analysis

Statistics were calculated for both the dataset with all the
spot analyses and the dataset with the records from long and
short cells separately. Short cells refer to slow-growing cells
in dark bands, usually produced in the cold season; long
cells correspond to fast-growing cells in light bands, usu-
ally produced in the warm season (Kamenos et al., 2009;
Ragazzola et al., 2016). For each spot, a distinction between
the cells was thus made by image analyses, except for the
Elba sample, given the poor resolution of the growth bands.
The Spearman’s correlation was tested to provide the statis-
tical comparisons between Mg/Ca, Li/Ca, Sr/Ca, and B/Ca
records from the LA-ICP-MS analyses in L. corallioides. The
Kruskal-Wallis test, followed by the Dunn’s test for compar-
isons, and the one-way analysis of variance (ANOVA), fol-
lowed by the Tukey’s test for post hoc analysis, were used
to compare the geochemical signals among sampling sites
and to evidence the differences between group medians and
means. All statistical analyses were run in R 3.6.3 software.

Biogeosciences, 19, 1047-1065, 2022
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Figure 5. Box plots of the statistical tests performed to evaluate the differences of Mg/Ca in the long and short cells of L. corallioides
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indicate the mean values.

Aegadian Isl. 4 Pontian Isl. €@ Morlaix

A Long celis W short cells

@~Anagnostou et al.

35 .
-

S L]
g L ]
€30
=
5}
E
i b4 A
=
>
=

25

A
20{ e

10 15
SW temperature (°C)

Figure 6. Correlation plot between Mg/Li and seawater temper-
ature. Data are shown for cultured C. compactum (Anagnostou et
al., 2019) and L. corallioides (this paper). L. corallioides results are
shown separately in long and short cells per sampling site.

3 Results
3.1 Environmental data

The temperature data obtained by ORASS reanalysis re-
vealed a lower amplitude of the seasonal temperature change
in the Mediterranean samples with respect to the Atlantic
site, as shown by the standard deviation and AT values in
Table 1. This difference is explained in terms of the differ-
ent sampling depths, with the seasonal variations decreasing
with increasing depth.

Biogeosciences, 19, 1047-1065, 2022

Temperature variations in Morlaix Bay (Atlantic Ocean)
were higher, registering an overall mean seawater temper-
ature of 12.4°C (Table 1). Among Mediterranean samples,
mean seawater temperatures were highest in the Aegadian
Isl., followed by Elba and the Pontian Isl. (Table 1). Aega-
dian Isl. also registered the highest temperature variations
among the Mediterranean sites (Table 1). Moderate tempera-
ture variations characterized the site in Elba, which registered
the lowest monthly mean temperature among Mediterranean
sites (Table 1). At the Pontian Isl., consistent with the fact
that it is the deepest sampling site at 66 m depth, the lowest
seawater temperature variations were found (Table 1).

The pH estimates at the Mediterranean sites were all sim-
ilarly high at ~ 8.13 and less variable than the Atlantic site
(8.05). The mean pH had slightly higher values in Pontian
Isl. and Elba than Aegadian Isl. (Table 1). Similarly, DIC was
higher in the Mediterranean sites and decreased in Morlaix,
as this largely dictates the pH (Table 1).

3.2 Mg/Ca,Li/Ca, Sr/Ca, and Mg/Li

Both Li/Ca and Sr/Ca records had positive correlations with
Mg/Ca in our samples of L. corallioides (Figs. 3 and S4).
The overall mean Mg/Ca was 225.3 4 30.4 mmol mol~!,
registering the minimum value in the sample from Aegadian
Isl. (171.7 mmol mol~!) and the maximum value in Morlaix
(311.2 mmol mol~ 1) (Fig. 4; Table 2). The Kruskal-Wallis
test did not show significant differences in Mg/Ca among
samples (Table A1 in the Appendix; Fig. 4). Among Mediter-
ranean sites, the algal sample from Aegadian Isl. had the
highest Mg/Ca mean value, followed by Elba and Pontian
Isl., which had the lowest Mg/Ca mean value of all sampling
sites (Fig. 4). The highest mean Mg/Ca was registered in the
sample from Morlaix Bay, which also showed a large disper-
sion of data above the median Mg/Ca value (Fig. 4).
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Figure 8. Correlation plots of B/Ca with Mg/Ca, Li/Ca, and Sr/Ca
Spearman’s coefficient r, the p value, and the line equation are given.

Long cells had high Mg/Ca values; conversely, short cells
corresponded to areas with a low Mg/Ca ratio.

The ANOVA test followed by the Tukey’s test for multi-
ple comparisons evidenced a significant variability of algal
Mg/Ca among three sites in long cells (Table A2; Fig. 5).
In the long cells of L. corallioides collected from Aegadian
Isl. and Pontian Isl., the Mg/Ca data showed a quite simi-
lar distribution (Table A2; Fig. 5). The Mg/Ca of the alga
from Pontian Isl. was the lowest (Fig. 5). In Morlaix a higher
Mg/Ca mean value was registered, which is significantly dif-
ferent compared to Aegadian and Pontian Isl. (Table A2;
Fig. 5). In short cells, the differences in Mg/Ca among sam-
ples were not statistically significant (Table A1). The magne-
sium incorporation was slightly higher in Morlaix and very
similar between Aegadian and Pontian Isl. samples (Fig. 5).

Mg/Li values in long and short cells fell in the range found
by Anagnostou et al. (2019) for cultured Clathromorphum
compactum (Fig. 6). When plotted against the extracted sea-
water temperature in Morlaix (Fig. 7), Mg/Li results did not
reflect the seasonal oscillations in temperature.

https://doi.org/10.5194/bg-19-1047-2022
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The B/Caratio in the sample collected from Morlaix showed
a moderate positive correlation with all the examined temper-
ature proxies (Mg/Ca, Li/Ca, Sr/Ca), with a more defined
trend when plotted against Li/Ca (r =0.68) and slightly
less defined against Mg/Ca (r = 0.58) and Sr/Ca (r = 0.57)
(Fig. 8). On the contrary, the Spearman’s analyses did not
evidence significant correlations between B/Ca and the tem-
perature signals in the algae collected elsewhere (p > 0.05).

Overall, the B/Ca ratio in L. corallioides was
661.9+138.9 umol mol ™!,  registering the minimum
value in the long cells of the sample from Pontian Isl.
(356.0umolmol~') and the maximum value in Elba
(954.1 umol mol~1) (Fig. 9; Table 2).

The Kruskal-Wallis coefficient showed a highly signifi-
cant difference in the B/Ca value among sites, particularly in
the L. corallioides from the Pontian Isl., which had the lowest
boron incorporation (Table A3; Fig. 9). The algae collected
in Aegadian Isl. still had significantly lower B/Ca compared
to those collected in Elba and Morlaix (Table A3; Fig. 9).

Biogeosciences, 19, 1047-1065, 2022
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Table 1. Environmental data from each sampling site. The minimum and maximum monthly means of temperature are indicated, as are the
highest temperature variation (A7), the mean, and the standard deviation of the time series. Data from monthly means were extracted by
11 years of ORASS reanalysis. The pH and DIC for each sampling site are also indicated. The minimum, maximum, mean, and standard
deviation values have been measured over the time interval 1999-2017. Carbonate system parameters have been extracted from monthly
mean biogeochemical data provided by CMEMS.

Sampling Depth  Collection Temperature pH DIC Growth rates
site (m) date (°C) (umol kg™ 1 ) (mmyr— 1 )
min max A7 mean SD | mean SD ‘ mean SD
Aegadian Isl. 40  25/08/1993 137 18.8 5.1 159 1.3 8.11 0.02 | 2303.72 11.58 0.13
Elba 45  01/12/1990 129 175 4.6 15.0 1.2 8.13 0.02 | 2322.24 7.08 0.14
Pontian Isl. 66 27/07/2016 139 167 28 150 0.6 8.13 0.01 | 2321.29 6.71 0.10
Morlaix 12 02/05/1991 83 172 89 124 25 8.05 0.04 | 2155.60 15.27 0.13
Interestingly, the long cells of all samples had higher me-
g dian B/Ca values compared to short cells (Fig. 10), although
- —_ o only in Morlaix, the differences between B/Ca measured
5 in long and short cells were statistically significant (x2 =
. 8.4899, p < 0.01).
S 81
% 7289 3.4 Growth rates
£
=5
5 3 | In the sample from Aegadian Isl., the LA-ICP-MS transect
o © i was 1.31 mm long, and 10 years of growth was detected by
coupling microscopical imaging and Mg/Ca peaks, resulting
in a growth rate of 0.13 mm yr~!. In the Elba sample the laser
= transect was 1.15 mm long, crossing 8 years of growth, with a
¥ —— resulting growth rate of 0.14 mmyr~'. The Pontian Isl. sam-
: . . . ple had 1.08 mm of transect including 11 years of growth
Aegadianilsl.  Elba  Pontianlsl.  Moriaix and hence a growth rate of 0.10mm yr~'. Finally, the tran-

Sampling site

Figure 9. Box plot of the statistical tests performed to evaluate the
differences of B/Ca in L. corallioides collected at different sam-
pling sites. The horizontal black lines indicate the median values.
The black dots and the numbers inside the plot indicate the mean
values.

The highest B/Ca mean value was registered in Elba, with
medians comparable to Morlaix (Table A3; Fig. 9).

The ANOVA test followed by the Tukey’s test for multiple
comparisons by site, for long (Table A4) and short cells (Ta-
ble AS) separately, showed lower values at the Mediterranean
sites and higher values at the Atlantic site (Fig. 10).

The sample from Pontian Isl. had the lowest mean B/Ca
in both seasons, being significantly different from the sam-
ples from both Morlaix and Aegadian Isl. (Tables A4, AS;
Fig. 10). Morlaix had the highest mean B/Ca in both long
and short cells (Tables A4, AS; Fig. 10). L. corallioides from
Aegadian Isl. had an intermediate B/Ca mean value in long
cells, differing significantly from both the Morlaix and Pon-
tian Isl. samples (Table A4; Fig. 10). In short cells, the sam-
ple from Aegadian Isl. slightly differed from the one in Mor-
laix (Table AS; Fig. 10).

Biogeosciences, 19, 1047-1065, 2022

sect from the Morlaix sample was 1.38 mm long, counting

11 years and resulting in a growth rate of 0.13 mm yr—!.
Growth rates did not show any linear relationship with Mg,

Li, and Sr/Ca, but they were positively correlated with the

sample mean B/Ca values (Fig. 11).

4 Discussion

Temperature variations affect many physiological processes
involved in biomineralization, and the rate of calcifica-
tion, along with the preservation state of mineral struc-
tures, influences the content of trace elements in carbonates
(Lorens, 1981; Rimstidt et al., 1998; Gussone et al., 2005;
Noireaux et al., 2015; Kaczmarek et al., 2016). Trace ele-
ment concentrations recorded from the four L. corallioides
branches analysed in this study were consistent with previ-
ously published values for other calcareous red algae (Chave,
1954; Hemming and Hanson, 1992; Hetzinger et al., 2011;
Darrenougue et al., 2014). Particularly, the Mg/Ca ratios
recorded in this study ranged from 172 to 311 mmol mol~!,
which is comparable to previous studies on rhodoliths of
Lithothamnion glaciale Kjellman 1883 grown at 6-15°C
(148-326 mmol mol ') (Kamenos et al., 2008). The B/Ca
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Figure 11. Correlation plots of growth rates and seawater temperature with B/Ca in L. corallioides samples analysed in this study. Spearman’s
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ratios in L. corallioides from our results range from 356 to
954 pmol mol~!, which is wider than the range measured
by solution ICP-MS on bulk samples of Neogoniolithon sp.
(352-670 umol mol~!) (Donald et al., 2017) and C. com-
pactum (320-430 umol mol~!) (Anagnostou et al., 2019),
both cultured with controlled pCO, and a pH ranging from
7.2 to 8.2. The high resolution given by laser ablation should
be more effective in measuring the heterogeneity of B/Ca
across the thallus, thus explaining the wider range of our
data.

The Mg/Ca results evidenced a strong relationship with
the seawater temperatures extracted from ORASS5 (Table 1;
Fig. 12), as expected. L. corallioides from Aegadian Isl. had
slightly higher Mg/Ca values, followed by Elba and Pontian
Isl. (Fig. 4). This was consistent with local temperature val-

https://doi.org/10.5194/bg-19-1047-2022

ues in the Mediterranean (Table 1), since Pontian Isl. regis-
tered the lowest mean value and the lowest AT, while Ae-
gadian Isl. showed the highest mean temperature and AT .
On the contrary, the sample from Morlaix, collected at 12 m
depth, showed high Mg/Ca values in both long and short
cells (Table A2; Fig. 5). The monthly mean temperatures
had the highest variations during the year (AT in Table 1)
due to the shallower depth (12m) and the geographical lo-
cation. Temperature correlates with seasons, influencing pri-
mary production, respiration, and calcification in L. coral-
lioides (Payri, 2000; Martin et al., 2006) as well as other
calcareous red algae (Roberts et al., 2002). The high sea-
sonality that characterized the sample from Morlaix, repre-
sented by the high AT (Table 1), was probably responsible
for the highest variation of Mg/Ca values and undoubtedly
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Figure 12. Elemental ratios in L. corallioides collected in Morlaix Bay (scale bar: 200 um). Mg, Li, and Sr/Ca show cyclic variations
mirroring the local seawater temperature. In the timeline, the coldest and the warmest months have been reported, which correspond to dark
and light bands of growth. Element / Ca ratios in the missing bands (asterisks) have been calculated as the means of the values measured in
warm or cold periods. Monthly means of temperature have been extracted by ORASS5 reanalysis.

accounted for most of the differences with Mediterranean
samples. For the first time, we confirmed the reliability of
the temperature proxies Li/Ca and Sr/Ca on a wild-grown
coralline alga collected at different depths and locations.
Li/Ca and Sr/Ca records were positively correlated with
Mg/Ca in L. corallioides (Fig. 3), which, in turn, showed
a strong relationship with seawater temperature. Moreover,
both Li and Sr/Ca showed periodical oscillations in corre-
spondence to long and short cells, related to seasonal tem-
perature variations (Fig. 12). Therefore, Li/Ca and Sr/Ca
could be regarded as temperature proxies in L. corallioides,
as could Mg/Ca. The coupling of the Mg/Ca ratio with

Biogeosciences, 19, 1047-1065, 2022

Li/Ca and Sr/Ca can be considered a useful technique to
gather information about past temperature for paleoclimate
reconstructions (Halfar et al., 2011; Caragnano et al., 2014;
Williams et al., 2014; Fowell et al., 2016; Cuny-Guirriec et
al., 2019).

The B/Ca ratio in coralline algae has rarely been mea-
sured, and it is not clear how the environmental factors con-
trol its incorporation. The carbonate system primarily drives
the changes in B incorporation (Hemming and Hanson, 1992;
Yu and Elderfield, 2007). In benthic foraminifera, B/Ca in-
creases with [CO%f] (Yu and Elderfield, 2007), whereas

there is no consensus on the effect of [CO%‘] on Mg/Ca

https://doi.org/10.5194/bg-19-1047-2022

165



G. Piazza et al.: The B/Ca ratio in Lithothamnion corallioides

Table 2. Element / Ca ratio measurements in L. corallioides.

1057

Sampling B/Ca Mg/Ca Li/Ca Sr/Ca Mg/Li
site (umol mol™ 1 ) | (mmolmol™ l) (umol mol™ 1 ) | (mmol mol™ 1 ) | (molmmol™ l)
mean SD ‘ mean SD ‘ mean SD ‘ mean SD ‘ mean SD
AegadianIsl.  610.8 63.9 | 2249 30.3 819 184 3.7 0.4 2.8 0.5
Elba 757.7 75.5 | 2234 26.4 852 143 3.6 04 2.7 0.3
Pontian Isl. 462.8 49.2 | 216.1 219 79.6 146 33 0.3 2.8 0.4
Morlaix 7269 102.8 | 239.5 41.2 | 113.1 329 4.1 0.5 22 04
Total 6619 1389 | 2253 304 | 8.0 233 | 37 05| 26 04

and Sr/Ca (Rosenthal et al., 2006; Duefias-Bohérquez et al.,
2011). Experiments with inorganic calcite showed a positive
correlation between B /Ca and [DIC] (Uchikawa et al., 2015).
Nevertheless, in culture experiments of the coralline algae
Neogoniolithon sp. (Donald et al., 2017) and corals (Gagnon
et al., 2021), [DIC] had a negative effect on B/Ca. DIC and
B/Ca values showed a negative relationship in the samples
from Morlaix, Aegadian Isl., and Pontian Isl., which was not
observed in Elba (Fig. 9; Table 1). Significant differences
among B/Ca values in the Mediterranean samples were not
expected, since DIC concentrations were similar (Table 1).
This evidence suggests influences other than DIC on the B
signal.

The mean estimated growth rate of L. corallioides was
0.13£0.02mmyr~!, and it was supposed to decrease with
increasing depth as a direct consequence of lower light avail-
ability (Halfar et al., 2011); indeed, the growth rate of the
sample from Pontian Isl. was the lowest (0.10 mm yr~'). As
already suggested by previous studies on both synthetic and
biogenic calcite, B incorporation is likely affected by growth
rate (Gabitov et al., 2014; Mavromatis et al., 2015; Noireaux
et al., 2015; Uchikawa et al., 2015; Kaczmarek et al., 2016).
Indeed, in the cultured calcareous red alga Neogoniolithon
sp. B/Caincreases with increasing growth rate (Donald et al.,
2017). The slowest growth rate found in Pontian Isl. possibly
contributed to the lowest B/Ca value; similarly, the highest
growth rate (0.14 mmyr~!) in the sample from Elba could
be responsible for the highest B/Ca (Figs. 9, 11). The mean
annual growth rate of the shallowest sample (Morlaix) was
intermediate (0.13 mmyr~!) and likely not constant during
the year. In Morlaix, the alga probably significantly slowed
down the growth in cold months, when the monthly mean
seawater temperature was the lowest of all sampling sites
(Table 1). Nevertheless, its growth rate likely sped up in the
warm season due to the abundant light availability at shallow
depth and the warming of seawater (Table 1), contributing to
the significantly higher B/Ca values in long cells (Fig. 10).
According to this interpretation, the effect of the growth rate
on B/Ca might be significant across depth and geographical
regions (Fig. 11).

https://doi.org/10.5194/bg-19-1047-2022

In Morlaix, B/Ca showed a weak positive correlation with
temperature proxies (Mg/Ca, Li/Ca, and Sr/Ca; Fig. 8). A
positive correlation between B/Ca and Mg/Ca was already
observed in planktonic foraminifera (Wara et al., 2003; Yu
et al., 2007). Therefore, we reconstructed the elemental vari-
ations during algal growth in the Morlaix sample at annual
resolution in order to highlight the influence of temperature
(Fig. 12). Contrary to Mg, Li, and Sr/Ca, the B/Ca did not
mirror the seasonal temperature variations as accurately as
the other proxies.

In the sample from the Pontian Isl., the seasonal AT,
Mg/Ca, and B/Ca values were the lowest among sites. In
particular, B/Ca was significantly low (Fig. 9), differing
more from the other samples than the results for Mg/Ca
(Fig. 4). This suggests that in this sample the B incorpora-
tion should be influenced by factors other than those affecting
Mg. In general, the poor correlation with seawater tempera-
ture (Fig. 11), and most of all the lack of distinct seasonal os-
cillations in B/Ca across the algal thallus (Fig. 12), excludes
the suitability of B/Ca as a temperature proxy and suggests
a closer relationship with growth rate than temperature.

Knowing the biogeochemistry and the variation of the en-
vironmental variables of seawater is crucial for a more com-
prehensive picture of the reliability of geochemical proxies
like the ones investigated here (Mg, Li, Sr/Ca, and B/Ca).
Boron incorporation in marine carbonates is still debated,
raising questions about the boron isotopic fractionation, the
seawater isotopic composition, and the so-called “vital ef-
fects” (i.e. the metabolic activities that can bias the proxy
record). Vital effects include species-specific biologically
controlled up-regulations of pH in the calcifying fluid in
both corals and coralline algae in response to pH manipu-
lations mimicking the ongoing ocean acidification (Cornwall
etal., 2017, 2018). Natural marine pH undergoes pH fluctua-
tions with characteristic ranges of about 0.3 pH units in very
shallow coastal water, in areas with restricted circulation, or
in shallow nearshore communities supporting high rates of
benthic metabolism, such as seagrass beds (Cornwall et al.,
2013; Duarte et al., 2013; Hofmann et al., 2011). However,
this study analysed the trace element record in a single high-
Mg-calcite species grown in a natural wide bathymetric inter-
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val (from 10 to 66 m depth) characterized by normal marine
pH (range 8.05-8.13, Table 1). Therefore, we considered up-
regulation, if present, to be constant among our conspecific
specimens and thus irrelevant for the measured B/Ca vari-
ations. Moreover, no significant yearly pH fluctuations are
expected at each site. Thus, within a single specimen, the ob-
served differences in B/Ca between short and long cells (i.e.
cold and warm periods of growth) (Fig. 10) are unlikely to
be related to changes in pHes.

The paucity of B/Ca measurements from coralline algae
and, most of all, the complete absence of these data on spec-
imens grown in nature make it difficult to compare our B/Ca
data with the literature. This observation takes stock of the
significance of our results and emphasizes the importance of
collecting more representative B/Ca data in coralline algae.
Further studies on L. corallioides and other calcareous red
algae should be carried out to clarify the environmental fac-
tors influencing the B/Ca in these organisms and to ensure
the reliability of this proxy for paleoclimate reconstructions.

5 Conclusions

This paper presents the first measures of trace elements (Mg,
Sr, Li, and B) from the coralline alga L. corallioides collected
across the Mediterranean Sea and in the Atlantic Ocean at
different oceanographic settings and depths (12, 40, 45, and
66 m depth), providing the first geochemical data on a wild-
grown coralline algal species sampled at different depths
and geographical locations. LA-ICP-MS records of Mg/Ca,
Sr/Ca, and Li/Ca have shown a similar trend, primarily con-
trolled by seawater temperatures in the algal habitat. On
the contrary, Mg/Li did not provide a valuable temperature
proxy in this species. In order to evaluate the control exerted
by temperature over B incorporation, we also tested the cor-
relation of B/Ca with Mg/Ca, Li/Ca. and Sr/Ca. This led us
to provide the first B/Ca data on wild-grown coralline algae
from across the photic zone in different basins. The corre-
lation between B/Ca and Mg/Ca in L. corallioides was sta-
tistically significant only in the shallow Atlantic waters of
Morlaix, where seasonality, and hence the seasonal temper-
ature variations, during the algal growth was the strongest
among sites. Accordingly, B incorporation differences be-
tween long and short cells of L. corallioides strongly depend
on seasonality, being statistically significant just in Morlaix.
Nevertheless, in contrast to Mg, Li, and Sr/Ca, B/Ca os-
cillations across the algal growth showed a poor relation-
ship with seasonal variations in seawater temperature. We
found high B/Ca values in the Atlantic sample, wherein
pH and DIC were the lowest. Carbon data did not explain
the low B concentration in the Pontian Isl. sample (66 m
depth), though, wherein pH and DIC were similar to the other
Mediterranean sites. The estimation of growth rate, which
was low in the Pontian Isl. sample (0.10mmyr~!) and got
higher in the other Mediterranean samples and in Morlaix
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(~0.13mmyr "), led us to conclude that B/Ca relates to
growth rate rather than seawater temperature. B incorpora-
tion is therefore subject to the specific algal growth patterns
and rates, knowledge of which is essential in order to assess
the reliability of B/Ca in tracing seawater carbon variations.

Appendix A

Table Al. (a) Statistically non-significant results of tests performed
to evaluate (a) the differences of Mg/Ca in L. corallioides and
(b) the differences of Mg/Ca in the short cells of L. corallioides
collected at different sampling sites. Test significance at o = 0.05.

(a) Kruskal-Wallis test (Mg/Ca)

Df %2 P

Site 3 3799 0.284

(b) One-way ANOVA test (Mg/Ca)

Short cells
Df Sum sq. ‘ Meansq. F value Pr(>F)
Site 2 788.1 394.0 1.4647 0.2496
Residuals 26 6994.5 269.0
Shapiro—Wilk normality test P =0.6442
Bartlett’s K'squared P =0.5856
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Table A2. Results of statistical tests performed to evaluate the differences of Mg/Ca in the long cells of L. corallioides collected at different
sampling sites. Statistically significant p values are given in bold. ANOVA test significance at oo = 0.05; Tukey’s test significant at p < a.

One-way ANOVA test (Mg/Ca)

Long cells
Df Sum sq. ‘ Meansq. F value Pr(>F)
Site 2 10897.7 54489 16413 0.0001
Residuals 20 6639.8 332.0
Shapiro-Wilk normality test ‘ P =0.1440
Bartlett’s K squared \ P =0.5826

Tukey’s test

Multiple comparisons of means

Site Mean difference 95 % confidence interval P. adjusted

Site  lower bound | upper bound

Morlaix—Aegadian Isl. 38.32918 15.09816 61.56019 0.00130
Pontian Isl.—Aegadian Isl. —10.84361 —35.48382 13.79661 0.51716
Pontian Isl.-Morlaix —49.17278 —72.40380 —25.94177 0.00009

Table A3. Results of statistical tests performed to evaluate the differences of B/Ca in L. corallioides collected at different sampling sites.
Statistically significant p values are given in bold. Kruskal-Wallis test significance at o = 0.05; Dunn’s test significant at p < ar/2.

Kruskal-Wallis test (B/Ca)

Df %2 P

Site 3 79816 <22x10716

Dunn’s test
Comparisons by site (Bonferroni)

V4 Aegadian Isl. Elba Morlaix
P. adjusted
Elba —4.64580
0.00000
Morlaix —3.07755 1.17249
0.00630  0.72300
Pontian Isl. 2.80564 8.38673 6.15663
0.01510  0.00000 0.00000
https://doi.org/10.5194/bg-19-1047-2022 Biogeosciences, 19, 1047-1065, 2022
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Table A4. Results of statistical tests performed to evaluate the differences of B/Ca in the long cells of L. corallioides collected at different
sampling sites. Statistically significant p values are given in bold. ANOVA test significance at o = 0.05; Tukey’s test significant at p < a.

One-way ANOVA test (B/Ca)

Long cells
Df Sum sq. ‘ Meansq. Fvalue Pr(>F)
Site 2 428364 214182 33.066 0.0000
Residuals 20 129546 6477
Shapiro-Wilk normality test ‘ P =0.5527
Bartlett’s K squared \ P =0.5470

Tukey’s test

Multiple comparisons of means

Site Mean difference 95% confidence interval P. adjusted

Site  lower bound | upper bound

Morlaix—Aegadian Isl. 190.11730 87.50374 292.73094 0.00040
Pontian Isl.—Aegadian Isl. —135.42490  —244.26303 —26.58672 0.01342
Pontian Isl.-Morlaix —325.54220 —428.15581 | —222.92862 0.00000

Table AS. Results of statistical tests performed to evaluate the differences of B/Ca in the short cells of L. corallioides collected at different
sampling sites. Statistically significant p values are given in bold. ANOVA test significance at o = 0.05; Tukey’s test significant at p < .

One-way ANOVA test (B/Ca)

Short cells

Df Sum sq. ‘ Meansq. Fvalue Pr(>F)
Site 2 216232 108116  35.360 0.0000
Residuals 26 79497 3058
Shapiro—Wilk normality test ‘ P =0.1699
Bartlett’s K squared ‘ P =0.0576

Tukey’s test

Multiple comparisons of means

Site Mean difference 95 % confidence interval P. adjusted

Site  lower bound | upper bound

Morlaix—Aegadian Isl. 43.09640 —19.61932 105.81212 0.22146
Pontian Isl.—Aegadian Isl. —156.90170 —223.66771 —90.13574 0.00001
Pontian Isl.-Morlaix —199.99810  —260.58727 | —139.40898 0.00000
Biogeosciences, 19, 1047-1065, 2022 https://doi.org/10.5194/bg-19-1047-2022
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Abstract. Recent advances on the mechanism and pattern
of calcification in coralline algae led to contradictory con-
clusions. The evidence of a biologically controlled calcifi-
cation process, resulting in distinctive patterns at the scale
of family, was observed. However, the coralline calcifica-
tion process has been also interpreted as biologically in-
duced because of the dependency of its elemental compo-
sition on environmental variables. To clarify the matter, five
collections of Lithothamnion corallioides from the Atlantic
Ocean and the Mediterranean Sea, across a wide depth range
(12-66 m), have been analyzed for morphology, anatomy
and cell wall crystal patterns in both perithallial and epithal-
lial cells to detect possible ultrastructural changes. L. coral-
lioides shows the alternation of tiers of short-squared and
long-ovoid/rectangular cells along the perithallus, forming
a typical banding. The perithallial cell length decreases ac-
cording to water depth and growth rate, whereas the diame-
ter remains constant. Our observations confirm that both ep-
ithallial and perithallial cells show primary (PW) and sec-
ondary (SW) calcite walls. Rectangular tiles, with the long
axis parallel to the cell membrane forming a multi-layered
structure, characterize the PW. Flattened squared bricks char-
acterize the SW, with roundish outlines enveloping the cell
and showing a zigzag and cross orientation. Long and short
cells have different thicknesses of PW and SW, increasing in
short cells. Epithallial cells are one to three flared cells with
the same shape of the PW and SW crystals. Despite the di-
verse seafloor environments and the variable L. corallioides
growth rate, the cell walls maintain a consistent ultrastruc-
tural pattern with unaffected crystal shape and arrangement.
A comparison with two congeneric species, L. minervae and
L. valens, showed similar ultrastructural patterns in the SW
but evident differences in the PW crystal shape. Our observa-

tions point to a biologically control rather than an induction
of the calcification process in coralline algae and suggest a
possible new morphological diagnostic tool for species iden-
tification, with relevant importance for paleontological ap-
plications. Finally, secondary calcite, in the form of dogtooth
crystals that fill the cell lumen, has been observed. It repre-
sents a form of early alteration in living collections which
can have implications in the reliability of climate and paleo-
climate studies based on geochemical techniques.

1 Introduction

The subclass Corallinophycidae is spread globally and com-
prises the crustose coralline algae (CCA), important Mg-
calcite calcifiers and habitat builders of rhodolith beds, tem-
perate algal reefs and tropical coralgal reefs (Adey, 1986;
Cabioch and Giraud, 1986; Ries, 2006; Caragnano et al.,
2009; Bracchi et al., 2014, 2016; Marchese et al., 2020). The
complex calcifying process in CCA takes place during their
whole life span and involves the entire organism. For this rea-
son, corallines bear witness to past benthic primary produc-
tion by macroalgae with an excellent fossil record (Basso et
al., 2007; Bracchi et al., 2014, 2016; Ragazzola et al., 2020).

Rhodoliths are unattached nodules formed mostly by
CCA. Among them, free-living unattached branches usually
characterize maerl beds in the northeastern Atlantic Ocean
(Henrich et al., 1995; Birkett et al., 1998; Pefia and Barbara,
2008, 2009; Pena et al., 2014) and in the Mediterranean Sea
(Huvé, 1956; Jacquotte, 1962; Gambi et al., 2009; Agnesi et
al., 2011; Savini et al., 2012; Basso et al., 2017).

In both geographical settings, the most common species
are Lithothamnion corallioides (P. Crouan and H. Crouan)
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P. Crouan and H. Crouan 1867 and Phymatolithon calcareum
(Pallas) W. H. Adey and D. L. McKibbin ex Woelkering and
L. M. Irvine 1986 (Adey and McKibbin, 1970; Basso et al.,
2017; Hernandez-Kantun et al., 2017).

L. corallioides is distributed between the Canary Islands,
at roughly 28° N, and Scotland, at about 58° N (Irvine and
Chamberlain, 1994; Wilson et al., 2004), and it is consid-
ered one of the most suitable species for paleoclimate recon-
struction (Foster, 2001). This species usually forms twig-like
structures and is brown to pink or purplish and often ster-
ile, with branch diameters typically in the range of 1-2 mm
and with knob-like apices (Irvine and Chamberlain, 1994).
Primary production, respiration and calcification in L. coral-
lioides are strongly influenced by seasonality because of the
oscillations of temperature and irradiance levels (Adey and
McKibbin, 1970; Potin et al., 1990; Martin et al., 2006).
L. corallioides shows a favorable response to temperature
increase, reaching its maximum primary production during
summer (Adey and McKibbin, 1970; Potin et al., 1990).
L. corallioides’ minimum survival temperature is between
2 and 5°C, while the optimal growth is observed between
13°C (Adey and McKibbin, 1970) and 14°C (Blake and
Maggs, 2003). In longitudinal sections, the periodical change
in growth rate due to the alternation of seasons generates
perithallus banding in Lithothamnion species, as in the long
protuberances of L. corallioides. Banding results from an ev-
ident alternation of tiers of thick-walled, generally short cells
versus thin-walled long cells along the main axis of perithal-
lus growth (Basso, 1995; Basso et al., 1997; Kamenos and
Law, 2010, Burdett et al., 2011). Banding has been inter-
preted as the visible effect of the environment (primarily tem-
perature) on algal growth at different timescales (day, month)
(Halfar et al., 2000; Foster, 2001). An alternative explana-
tion would consider banding as the periodical shift between
tiers of cells possessing a different wall structure (Nash et al.,
2019).

In general, the calcifying process of CCA has been de-
scribed as the deposition of tangential calcite needles in the
outer part of the cell wall (interstitial matrix), followed by
the formation of radial needles in the cell wall itself in con-
tact with the plasmalemma. The polysaccharide and fibrillary
matrix control both processes (Giraud and Cabioch, 1976;
Irvine and Chamberlain, 1994; Adey, 1998; de Carvalho et
al., 2017). In L. corallioides, calcification has been described
as being composed of tangential rod-shaped crystals in the
primary wall (PW) and perpendicular fan-like rods in the
secondary wall (SW) (Giraud and Cabioch, 1976). Borow-
itzka (1984, 1989) proposed that coralline algae have semi-
organized calcification, suggesting that their calcification is
biologically controlled, as also indicated by Cabioch and Gi-
raud (1986), rather than induced, as more recently supported
by de Carvalho et al. (2017) and Nash et al. (2019). Cell wall
ultrastructures are recognized as a valuable tool to define the
phenotypic expression of genotypic information (Auer and
Piller, 2020). The compelling evidence of a biological con-
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trol over calcification in coralline algae was provided by the
identification of family-specific cell wall ultrastructures. Epi-
thallial cells in the genus Lithothamnion show crystal units as
thin rectangular blocks (Auer and Piller, 2020). Seasonality,
including seawater temperature oscillations and photoperiod,
is considered one of the main factors affecting the growth
rate and the biomineralization process (Steller et al., 2007;
Kamenos and Law, 2010; Véasquez-Elizondo and Enriquez,
2017), which may influence the ultrastructural pattern.

The identification of CCA in present-day integrative tax-
onomy is based on genetic methods coupling with the mor-
phological description and measurement of diagnostic fea-
tures (for example: Basso et al., 2015; Caragnano et al., 2018;
Costa et al., 2019). Species identification in the fossil record
is, on the contrary, merely based on the preservation of mor-
phological taxonomic characters. Consequently, the identifi-
cation of valuable morphological characters as a tool for the
definition of the paleontological species represents an impor-
tant challenge. CCA are well represented in the fossil record,
and L. corallioides has been reported in the Pliocene of Spain
(Aguirre et al., 2012) and in the Pleistocene of southern Italy
(Bracchi et al., 2014).

This study is aimed at describing the ultrastructural min-
eralogical features of L. corallioides from different geo-
graphic settings (northeastern Atlantic Ocean and Mediter-
ranean Sea) and across a wide bathymetric interval (12—
66m) to test if the ultrastructural pattern is preserved un-
der different environmental conditions and therefore can be
considered as an evident sign of a biologically controlled
mineralization. Moreover, the identification of a specific ul-
trastructural pattern could be considered as a valuable tool
for species identification to be used also in paleobiology. L.
corallioides has been targeted because of its wide distribu-
tion, both geographically and bathymetrically, and its occur-
rence in the fossil record.

2 Materials and methods

For this study, we considered five collections (Fig. 1, Table 1)
from two different geographic settings, the Atlantic Ocean
and the western Mediterranean Sea, sampled by scuba diving
or grabbing at different depths ranging from 12 m in Morlaix
Bay (France) down to 66 m in the Pontine Islands (Italy). All
specimens have been collected alive. Table 1 reports loca-
tions and dates of sampling.

To highlight possible ultrastructural differences among the
same genus, two additional collections, already identified
as Lithothamnion minervae Basso, 1995, and Lithothamnion
valens Foslie, 1909, have been considered. These collections
have been sampled alive from the Egadi Islands (Italy), dur-
ing July 2016, at 103 and 86 m water depth respectively.

All samples have been air dried and sheltered from sun-
light. Once dried, they were stored in plastic boxes with sil-
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Table 1. Location, date of collection and depth of L. corallioides samples. In the “basin” column, numbers in brackets correspond to the

point in Fig. 1.
Basin Sample Location Date of Depth No. of  Temperature
collection (m)  branches seasonal
range (°C)
Atlantic Ocean (1)  France, 48°34'42" N May 1991 12 23 8.3-17.2
Morlaix Bay 3°49'36” W
Western Italy, 37°58'10" N Aug 1991 40 20 13.7-18.8
Mediterranean (2)  Egadi Islands 12°03'26"” E
Western Italy, 39°08/32” N Jul 2017 40 12 13.2-20
Mediterranean (3)  Santa Caterina shoal  9°31’14” E
Western Ttaly, 42°44'56.4" N Dec 1990 45 20 12.9-17.5
Mediterranean (4)  Elba island 10°07'08.4" E
Western Italy, 40°54' N Jul 2016 66 12 13.9-16.7
Mediterranean (5)  Pontine Islands 12°45'E

ica to avoid any decay and transported to the laboratories of
the University of Milano-Bicocca.

The seawater temperature has been extracted from 11
years of monthly reanalysis spanning 1979-2017 from
ORASS (Ocean Reanalysis System 5), at 0.25° horizontal
resolution (Zuo et al., 2019), to indicate the seasonal tem-
perate fluctuation (Table 1).

2.1 Coralline sample preparation

Samples have been prepared for scanning electron micro-
scope (SEM) imaging. Altered, badly preserved or encrusted
branches have been discarded. Only the branches showing
a shiny surface have been picked from all collections, each
controlled under a stereo microscope, and cleaned manually
by removing epiphytes and other encrustations. Each sam-
ple, composed of multiple branches, has been cleaned in an
ultrasonic bath in distilled water for 10 min and air-dried. The
branches were then placed in small cylindrical plastic boxes
with a base diameter of 1” (2.54 cm). Branches have been
piled up and aligned to obtain multiple layers. The samples
were embedded in Epofix resin for SEM analyses, which was
stirred for 2 min with a hardener (13 % w/w), and they were
left to harden for 1 d at room temperature. Samples have then
been cut normal to the multiple layers by using an IsoMet di-
amond wafering blade 15HC, along the direction of branch
growth. The number of branches per sample are indicated
in Table 1. Moreover, two additional samples (L. minervae
and L. valens) have been prepared for SEM observations
(n = 10 branches) by breaking them with a small chisel. Both
longitudinal and surface sections have been selected for SEM
observations.

https://doi.org/10.5194/bg-18-6061-2021

2.2 Scanning electron microscope

For SEM imaging, the surfaces of embedded samples have
been polished by using different sizes of silicon carbide,
cleaned ultrasonically in distilled water for 10 min and air-
dried. Samples mounted directly on stub have been simply
chrome-coated. SEM images have been taken with a field
emission gun scanning electron microscope (SEM-FEG):
Zeiss Gemini 500 and a TESCAN VEGA TS 5136XM.
Standard magnifications for SEM images were established
(~2500X, ~5000X, ~ 10000X, ~ 20000X and ~ 30000X)
to describe comparatively and measure growth bands and
cells, the morphology of Mg-calcite crystals, and the main
features of perithallial and epithallial cell walls. A rigorous
control over cell orientation is required to represent, describe
and measure in 2D the main features of a 3D structure such
as cell calcification (both PW and SW). Longitudinal axial
sections of branches are a standard representation for cal-
careous red algae, allowing for subsequent visual compari-
son (Woelkerling, 1988; Quaranta et al., 2007; Burdett et al.,
2011). Surface tangential sections are useful to describe the
epithallial cells. Transverse or oblique sections are useful to
describe qualitatively the 3D aspects and organization of cal-
cite crystals composing both PW and SW. Description of the
cell wall structure follows the nomenclature of Flajs (1977),
presenting the PW and SW calcifications of the wall. Some
authors refer to PW as interstitial calcite (Ragazzola et al.,
2016) or interfilament calcite (Nash and Adey, 2017; Nash
et al., 2013, 2015). Cell dimensions have been measured as
reported in Fig. 2 (n = 10 per sample) exclusively on lon-
gitudinal sections (Fig. 2). Separation among adjacent fila-
ments was not always obvious (Fig. 2c). In such cases, the
PW of adjacent cells has been measured in total (green line
in Fig. 2¢), and then half of the total was attributed to each
cell. In the text we use the term ultrastructure to identify the

Biogeosciences, 18, 6061-6076, 2021
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Figure 1. Sampling sites (1-5) and images of selected samples. Service layer credit sources: Esri, GEBCO, NOAA, National Geographic,

Garmin, HERE, Geonames.org and other contributors. Scale bar =1 cm.

singular crystal in one of the layers of the cell wall and ul-
trastructural pattern to indicate the combination and mutual
organization of crystals in layers of the cell wall.

2.3 Statistical analyses

Spearman and Pearson correlations were used to test the
statistical relationship between the cell measurements in
both long and short cells, including morphometry and cell
wall thickness. The linear correlation between the mean cell
lengths and the sampling depths was measured by Pear-
son’s coefficient as well. One-way ANOVA and the Kruskal—
Wallis tests respectively followed by the Tukey’s test and the
Dunn’s test for post hoc analysis were used to compare the
cell measurements among sampling sites and to provide evi-
dence of the differences between group means and medians.
All statistical analyses were run in R 3.6.3 software.

2.4 Growth rates

Growth rates were estimated under light microscope by mea-
suring a linear transect on the longitudinal section and count-
ing the number of growth bands of fourth order (sensu Foster,
2001) crossed by the transect. The growth rate has been cal-
culated by dividing the length of the transect by the number
of growth bands.

Biogeosciences, 18, 6061-6076, 2021

3 Results
3.1 Ultrastructures from SEM images

Selected rhodoliths belong to the unattached branches mor-
photype (Basso, 1998; Basso et al., 2016), never exceeding
3 cmin length (Fig. 1). The diameter of each branch never ex-
ceeds 2.5 mm (Fig. 1). The color varies from yellowish white
to pink/purplish, with typical knob-like apices (Fig. 1).

Once cut, all samples show the same micromorphology
(Fig. 3a—i, Supplement 2), with the constant occurrence of
an easily detectable banding due to the alternation of series
of short and long cells (Fig. 3a, b) in bands of the fourth or-
der corresponding to 1 year (Foster, 2001). No reproductive
structure (conceptacle) was detected.

Along the perithallus, long cells are ovoid to rectangular
in shape (Fig. 3c, d, Supplement 2), whereas short cells are
more squared (Fig. 3e, f).

Within the long-celled bands, the longest cells were mea-
sured in the sample from Morlaix Bay (26.71 4= 1.74 um),
while the less elongated cells were observed in the sample
from the Pontine Islands (13.05 = 0.76 um) (Table 2, Fig. 4).

Within the short-celled bands, the shortest cells were
observed in the sample from Pontine (6.97 £ 0.25um),
while the longest short cells were from Morlaix Bay
(13.90 £0.88 um) (Table 2, Fig. 4). Cell diameter ranges

https://doi.org/10.5194/bg-18-6061-2021
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Figure 2. Cell measurements: (a) cell wall length (red) and diameter (blue); (b) lumen length (yellow) and lumen diameter (purple); (¢) SW
thickness of adjacent cells (orange); PW thickness of adjacent cells (green).

Table 2. Morphometry of short and long cells and lumens and wall thickness measured in longitudinal section (PW = primary wall,
SW = secondary wall) with the indication of length (L) and diameter (D) (um). Standard deviation in brackets.

Sample Short cell ‘ Long cell
Cell ‘ Lumen ‘ Wall ‘ Cell ‘ Lumen ‘ Wall

L D | L D| SW PW| L D| L D| SW PW
Morlaix Bay 12m 13.90 8.31 12.38 6.04 1.61 0.12 | 2670 11.11 | 24.46 9.25 0.57 0.13
(0.88) (1.34) (0.93) (1.05) | (0.43) (0.03) | (1.73) (1.80) | (1.73) (1.42) | (0.14) (0.06)
Egadi Islands 40m  13.43 9.22 8.48 4.97 2.08 0.22 | 18.55 1027 | 16.13 8.54 0.74 0.16
(2.36) (0.70) | (1.189) (1.55) | (0.80) (0.07) | (1.28) (0.77) | (1.16) (0.60) | (0.09) (0.05)
Santa Caterina 10.57 8.29 8.79 443 1.87 0.17 | 16.80 7.69 | 15.40 5.04 1.25 0.13
shoal 40 m (1.01)  (0.58) (0.72)  (0.66) | (0.26) (0.16) | (1.54) (1.07) | (1.51) (0.81) | (0.41) (0.03)
Elba island 45 m 12.8 9.4 11.6 52 2.2 0.14 | 17.51 8.64 | 15.75 6.31 1.08 0.18
0.45) (09 (0.54) (0.44) | (0.44) (0.05) | (0.78) (0.81) | (0.89) (0.83) | (0.25) (0.06)

between 7.69+1.07um (Santa Caterina shoal) and
11.11+ 1.79um (Morlaix) in long cells and between
8.27+0.48 um (Pontine) and 9.23+£0.70um (Egadi) in
short cells (Table 2, Fig. 4).

Both long and short cells have PWs and SWs, and the
style of mineralization shows a consistent ultrastructural pat-
tern. The PW crystallization observed in longitudinal me-
dial sections (cutting the cell lumen) is composed of elon-
gated crystals appearing as rods (Fig. Sa—c, e), but where
longitudinal sections are tangential to the PW, crystals are
revealed to be flat rectangular tiles (Figs. 5d, f, 6a). The long
axis of the PW tiles is parallel to the cell membrane and
may form a multi-layered structure which envelops the cell
(Fig. 5e). The dimensions of the tiles are 0.61 £ 0.17 pm in
length and 0.05 £0.01 um in height (Fig. 6a). Elongated ra-
dial crystals (Fig. 7a, b) in longitudinal sections cutting the
cell lumen characterize the SW. Small, roundish units, ap-
pearing as being fused together, in places showing an ap-

https://doi.org/10.5194/bg-18-6061-2021

parent multi-layered structure (Fig. 7b) form such crystals.
These elongated crystals are radial to the cell lumen (Fig. 7a—
¢). Where the cell membrane is lost, the SW can be observed
from different orientations, and such apparently elongated
crystals are revealed to be thin bricks with rounded margins
(Figs. 6b, 7d—f). Bricks are squared, and length and width are
0.63 £ 0.15 um (Fig. 6b). The bricks form a sort of envelope
around the cell (Figs. 6b, 7e, f), showing sometimes a zigzag
and cross orientation (Fig. 7g, h).

Different thicknesses characterize the PW and SW of short
and long cells (Figs. 3, 5, 7; Table 2, Supplement 2) in longi-
tudinal medial sections. Both PW and SW of short cells are
generally thicker than in long cells (Table 2) even if the thick-
ness does not show a correlation with sampling bathymetry.
The SW thickness ranges between 1.52 4 0.65pum (Pon-
tine) and 2.20 £ 0.45 um (Elba) in short cells and between
0.57+£0.14 um (Morlaix) and 1.26 £0.42 um (Santa Cate-
rina shoal) in long cells (Table 2).

Biogeosciences, 18, 6061-6076, 2021
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Figure 3. Main features of Lithothamnion corallioides under SEM (Morlaix Bay, France). (a) Longitudinal section of L corallioides with
obvious banding (dashed black lines). Scale bar =100 um. The inset is magnified in (b); (b) alternation of thick-walled (black arrow) and
thin-walled (white arrow) cells. Scale bar =20 um. The inset is magnified in (c); (c) thin-walled long cells. Scale bar = 10 um. The inset
is magnified in (d); (d) detail of the thin wall of long cells. Scale bar=1pm. (e) Thick-walled short cells. Scale bar =2 um. The inset
is magnified in (f); (f) detail of the thick wall of short cells. Scale bar=1um. (g) Polygonal shape of epithallial cells in surface view.
Scale bar = 10 um. (h) Detail of a flared epithallial cell (arrow). Scale bar =3 pm. (i—j) Longitudinal sections of flared epithallial cells with
complete mineralization of the cell walls. Scale bar =2 pm.
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Figure 4. Box plots reporting cell lengths and cell diameters in both long and short cells of L. corallioides collected at different sampling

sites and ordered along x axis according to the depth.

Both PW and SW show fibrils (Borowitzka, 1982) forming
a dense network in support of the mineralization (Fig. 7d).

The epithallus is formed by one to three flared cells in lon-
gitudinal sections (Figs. 3g—j, 5f, 7c), always mineralized,
with some exceptions in the top distal surface (Fig. 3g—j).
The cell wall shows the same ultrastructural features of the
perithallial cells, with both PW and SW mineralized (Figs. 3i,
j, 5, Tc).

Based on image analysis and time of collection, the cal-
culated growth rate ranges from 0.10 mm/yr in Pontine to
0.13 mm/yr in both Morlaix and Egadi.

The two additional collections of L. valens and L. miner-
vae (Fig. 8) are characterized by both PW and SW (Fig. 8a,
b, e, f). The SW shows, in both species, an ultrastructural pat-
tern like the one described for L. corallioides , with oriented
bricks with rounded margins variably orientated, only appar-
ently elongated and radial to the cell lumen in longitudinal
sections (Fig. 8b, f). If observed in the cell lumen, where
the cell membrane is lost, the SW shows bricks with differ-
ent orientation and sometimes a zigzag and cross orientation
(Fig. 8d, g).

https://doi.org/10.5194/bg-18-6061-2021

On the contrary, PW shows a different shape and arrange-
ment of crystals which are not characterized by the tiles of L.
corallioides observed in Figs. 5d and 6a. Calcite crystals are
squatter and more granular (Fig. 8a) or with irregular shape
(Fig. 8h). One interesting aspect is that both samples show
the occurrence of secondary calcite in the form of dogtooth
crystals filling the cell lumen (Fig. 8b, c, e).

3.2 Statistical analyses on morphological parameters

The differences in the long cells’ morphometry and wall
thickness among sampling sites are statistically signifi-
cant for each measured parameter (p<0.05; Supplement 1)
(Fig. 9). Interestingly, the long-cell length of the deepest
sample from Pontine Islands (66 m depth) is lower than the
others (p<0.001) (Figs. 4, 9; Supplement), while in the shal-
lowest sample collected in Morlaix (12 m depth) cells are re-
markably longer (p<0.001) (Figs. 4, 9; Supplement 1).

In short cells, significant differences result only for cell
(Fig. 9) and lumen lengths, as well as cell PW (p<0.05; Sup-
plement). The shortest cells are observed again in the sam-
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Figure 5. Details on primary wall (PW) in longitudinal section. (a) Thick-walled short cell showing both PW (white arrow) and SW (black
arrow) for Santa Caterina shoal. Scale bar=2pm. (b) Thick-walled short cell showing both PW (white arrow) and SW (black arrow)
for Pontine Islands. Scale bar =2 um. (¢) Thin-walled long cell showing both PW (white arrow) and SW (black arrows). PW crystals in
longitudinal section appear with elongated shape for Santa Caterina shoal. Scale bar = 1 um. (d) Thin-walled long cell showing both PW
(white arrow) and SW (black arrow). The fracture shows detail of tiles composing the PW (white arrow) for Santa Caterina shoal. Scale
bar =1 pm. (e) Details of multi-layered PW (white arrow) and SW (black arrows). PW crystals in longitudinal section appear as elongated
crystals for Pontine Islands. Scale bar = 0.2 um. (f) Perithallial and epithallial cells in which the longitudinal section is locally tangential to
the PW (white arrows). Crystals appear as flat rectangular tiles for Santa Caterina shoal. Scale bar =2 pm.

ple from Pontine Islands, differing from the one collected in
Morlaix (p<0.01) (Fig. 9; Supplement 1), which stands out
for being the highest value. On the contrary, the cell diameter
slightly varies among sites, showing significant differences
just in long cells (p<0.01; Supplement 1) (Fig. 9), with sig-
nificantly higher values in Morlaix with respect to Elba island
and Santa Caterina. The dimensions of the cell lumen change
accordingly because of the positive correlation with the cell
dimensions (Supplement 1).

Although banding is reported for all samples, elongation
decreases with increasing depth, showing a strong inverse
correlation in long cells (p<0.01; r =0.98) (Fig. 9). The
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same trend is also observed in short cells, although with non-
significant values (p = 0.09) (Fig. 9).

4 Discussion

Properly oriented longitudinal and transverse/oblique sec-
tions are required to obtain a precise comparative description
of the main morphological features of CCA. Multi-scale ap-
proaches are also relevant, among which the ultrastructural
pattern may represent a new powerful and strategic diagnos-
tic tool (Figs. 3-7).
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Figure 6. Ultrastructures of Lithothamnion corallioides: (a) rectangular tiles of the PW; (b) squared bricks of SW.

Recent studies based on genetic identification exclude the
occurrence of other Lithothamnion species in the maerl of
Morlaix Bay (Carro et al. 2014; Melbourne et al., 2017).
Based on this identification and considering the macroscopic
features, the thallus pattern, the microanatomy, the morphol-
ogy and the morphometry of cell walls (Figs. 3, 5-7, Table 2),
we identified the samples from Morlaix Bay as belonging to
the species L. corallioides.

We compared the Mediterranean specimens with the At-
lantic L. corallioides, and upon corresponding morphology,
anatomy and ultrastructure (Figs. 3, 5-7, Table 2), we con-
sidered them as conspecific.

The perithallus of L. corallioides clearly shows the alter-
nation of growth bands of third and fourth orders (Fig. 3a,
b), in agreement with Foster (2001). Fourth-order bands rep-
resent the annual cycling, whereas third-order ones represent
seasonal variations and can be firstly distinguished by an evi-
dent chromatic change due to the different calcification thick-
ness between long and short cells (Foster, 2001). In our sam-
ples, the banding (third and fourth orders) is easily recogniz-
able (Fig. 3), and both long and short cell lengths decrease
across depths (Figs. 4, 9), as expected, mirroring a decrease
in growth rate, whereas the diameter variation is significantly
lower (Fig. 4, Supplement 1).

Giraud and Cabioch (1979) observed that a cell wall frac-
ture in L. corallioides shows a layer of radial calcite crystals
(SW) separated from its neighbor by a different sheet com-
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posed of tangential crystals (PW). A discontinuity that coin-
cides with the fibrillar matrix observed in sections of decal-
cified material marks the limits of adjacent cellular filaments
(Giraud and Cabioch, 1979). Our results match with the ob-
servations of these authors in longitudinal sections (Figs. 3,
5, 7), although the discontinuity between adjacent cells is not
easily detectable because of the complete mineralization.
Auer and Piller (2020) built a morphological tree based on
the observation of different ultrastructural patterns in epithal-
lial cells, which matches with the phylogenetic tree at family
level. For Hapalidiaceae, and in the Lithothamnion-type ep-
ithallial ultrastructure, they observed the occurrence of PWs
with primary crystals formed along the middle lamella and
the SWs with secondary rod-shaped crystals, also present-
ing fan-like structures. The samples studied in the present
work show the PW and SW in both perithallial and epithal-
lial cell walls (Figs. 3, 5, 7). Both are apparently composed
of rod-like crystals in longitudinal sections. However, in lon-
gitudinal sections that are locally tangential to the PW, the
apparent rods are revealed to be the longest and thinnest side
of variably oriented rectangular tiles (Figs. 5, 6a). The tiles
that envelop the cell (Fig. 5d, f) are the basic ultrastructural
elements forming the PW. Differently, apparent rods of the
SW are revealed to be squared and relatively flat bricks with
rounded margins, as observed at the cell lumen without mem-
brane or exactly at the contact between the SW longitudinal
section and cell lumen (Figs. 6b, 7). Crystals in longitudinal

Biogeosciences, 18, 6061-6076, 2021

183



6070 V. A. Bracchi et al.: A stable ultrastructural pattern despite variable cell size

Figure 7. Details of secondary wall (SW) in longitudinal section. (a) Thick-walled short cells showing both PW and SW for Morlaix Bay.
Scale bar = 2 um. The inset is magnified in (b); (b) very thin PW (white arrow) and SW (black arrows) in cell walls of two adjacent cells.
The SW is characterized by elongated radial crystals formed by the fusion of smaller roundish units, in places showing an apparent multi-
layered structure, for Morlaix Bay. Scale bar = 1 um. (c) Perithallial thick-walled cells showing both PW and SW, as well as single flattened
epithallial cells, for Morlaix Bay. Inset 1 is magnified in (d), inset 2 in (e) and inset 3 in (f). Scale bar =2 pm. (d) The SW as visible in lumen
cell with no membrane. In this view the crystals appear to be ovoidal to rod-shaped with a complex orientation associated with fibrils for
Morlaix Bay. Scale bar =1 pm. (e) The SW as visible in lumen cell with no membrane. A section showing at the same time a longitudinal
section of the cell wall (on the left) and the inner surface of the lumen cell (on the right). This perspective provides the actual 3D shape of the
SW crystals that are thin bricks (black arrows) for Morlaix Bay. Scale bar = 1 um. (f) The SW as visible in lumen cell with no membrane. A
section showing at the same time a longitudinal section of the cell wall (center) and the inner surface of the lumen cell (on the right). This
perspective provides the actual 3D shape of the SW crystals that are thin bricks (black arrows) for Morlaix Bay. Scale bar = 1 um. (g) A detail
of the SW as visible inside a cell lumen. The crystals are thin bricks with a complex zigzag and cross orientation. The inset is magnified
in (h) for Egadi Islands. Scale bar =2 um. (h) A zigzag and cross orientation of bricks in the SW for Egadi Islands. Scale bar =1 um.
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Figure 8. Details of the main ultrastructures of Lithothamnion valens (a—d) and Lithothamnion minervae (e=h). (a) Perithallial (P) and
epithallial (E) cells showing both PW and SW. Scale bar =2 um. (b) Details of PW (white arrow) and SW (black arrow) of two adjacent
perithallial cells. The secondary wall is characterized by elongated radial crystals, whereas PW crystals are tangential to the cell lumen. The
cell lumen is filled by secondary calcite (dogtooth shape, red arrows). Scale bar =1 pm. (c) Detail of a cell wall with evident PW (white
arrow) and SW (black arrow), as well as secondary dogtooth calcite filling the cell lumen (red arrow). Scale bar =2 pm. (d) Detail of SW
(black arrow) as visible in the cell lumen with no membrane. Note the multi-directional arrangement of calcite crystals. Scale bar =2 um.
(e) Perithallial cells with elongated and rectangular shape. The central cell (dashed) shows a cell lumen filled by secondary calcite with
dogtooth shape (red arrow). Scale bar =2 pm. (f) Perithallial cells with both PW (white arrow) and SW (black arrows). Note in the cell
lumen that the SW is characterized by elongated crystals showing a multi-directional arrangement. Scale bar =2 um. (g) Detail of the cell
lumen with no membrane, showing multi-directional arrangement of elongated crystals in the SW. Scale bar = 1 um. (h) The fracture shows
detail of crystals composing the PW (white arrow) apparently composed of granules. The SW is characterized by elongated crystals in
longitudinal section (black arrow). Scale bar = 1 um.
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Figure 9. Correlation plots showing the relationship between sampling depth and cell lengths, measured in both long and short cells. Pearson’s
correlation significance at p<0.05. Pink is for Morlaix Bay (France, 12); green is for Egadi Islands (Italy, 40); red is for Santa Caterina shoal
(Italy, 40); yellow is for Elba island (Italy, 45); blue is for Pontine Islands (Italy, 66).

sections of the SW are radial to the cell lumen, in agreement
with Giraud and Cabioch (1979), and appear formed by small
grains fused together (Figs. 3, 7b, f). They can also show a
zigzag and cross orientation (Fig. 7g, h) like the fan-delta
structure described by Auer and Piller (2020).

Therefore, our findings agree with the results of Auer and
Piller (2020), although providing a more detailed description
of the ultrastructural pattern of L. corallioides (Fig. 6).

Despite the different environmental conditions, likely oc-
curring at the different sampling sites and depths, the ultra-
structures of both PW and SW seem conservative and de-
tectable in all samples. Therefore, the ultrastructures and the
ultrastructural pattern are not dependent on environmental
controls.

However, L. corallioides shows variable cell elongations
(Table 2) and growth rates, both decreasing according to sam-
pling depth (Fig. 9), and a variation in PW and SW thick-
ness, generally greater in short than in long cells, unrelated
to depth (Table 2, Supplement 1). These features possibly
represent the effect of the different environmental conditions
in which it lives that do not affect the ultrastructural pattern.

As defined by Lowenstam (1981), a biologically con-
trolled biomineralization is recognized in organisms with
extensive control over their mineral formation, resulting in
well-ordered mineral structures with minor size variations
and species-specific crystal habits, as we detected in L.
corallioides. Despite some analogies with the observations
of Nash et al. (2019), our findings demonstrate that the
biomineralization process in CCA is biologically controlled
(Borowitzka, 1984; Cabioch and Giraud, 1986) rather than
induced (de Carvalho et al., 2017; Nash et al., 2019). The
two additional samples, L. minervae and L. valens, show dis-
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tinct styles of PW calcification, and this is extremely inter-
esting for its application in Paleontology. Ultrastructures and
ultrastructural pattern possibly represent a powerful tool for
morphological species identification. Further investigation is
needed to clarify the validity of this hypothesis in other gen-
era and species.

Finally, the occurrence of calcite in the form of dogtooth
crystals filling the cell lumen (Fig. 8b, c, e) is an exceptional
finding. The voids of the cell lumens allowed for the de-
velopment of calcite crystals which in terms of shape, size
and pattern are completely different from the original ones
forming the cell wall calcification. It represents a form of ex-
tremely early alteration, possibly diagenesis, in collections
that were alive at the time of sampling. The phenomenon of
earliest diagenesis, as already observed in Holocene and live
Scleractinia corals (Nothdurft and Webb, 2008; Rashid et al.,
2020), has implications in the reliability of climate and pale-
oclimate studies based on geochemical techniques and also
when applied to recent collections. Therefore, the possible
occurrence of dog-tooth calcite must be carefully checked
when selecting coralline algae samples for geochemical in-
vestigations.

5 Conclusions

We define the cell wall ultrastructural pattern of L. coral-
lioides as follows:

— perithallus with evident banding as the result of
the alternation of series of short-squared and long
ovoid/rectangular cells;

— epithallus with one to three flared cells;
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— same and consistent ultrastructural pattern of the cell
walls both in perithallus and epithallus, with PW and
SW calcite walls always present;

— PW characterized by rectangular tiles;

— SW characterized by flattened squared bricks with
roundish outlines;

— long and short cells with similar diameter and with dif-
ferent thickness of the PW and SW, resulting mainly in
a thicker PW and SW in short cells.

The variable cell elongation, decreasing according to
depth and producing an evident banding, never affects the
ultrastructural pattern that maintains the same arrangement
also under different growth rates. These findings demonstrate
that the CCA calcification process seems to be biologically
controlled rather than induced. The comparison with other
Lithothamnion species highlights differences in the mineral-
ization pattern of PW. Therefore, the ultrastructure of the cell
wall in CCA results in a promising new diagnostic tool for
species identification with important potential applications in
paleontology. Lastly, an early alteration phenomenon, at the
scale of ultrastructures, has been identified for the first time
in living coralline algae.
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Abstract

Calcareous red algae are foundation species and ecosystem engineers with a global distri-
bution. The principles governing their calcification pathways are still debated and the mor-
phological characters are frequently unreliable for species segregation, as shown by
molecular genetics. The recent description of the new species Lithophyllum pseudorace-
mus, previously undetected and morphologically confused with Lithophyllum racemus,
offered a challenging opportunity to test the effectiveness of microanatomy and ultrastruc-
tural calcification traits as tools for the identification of these two species, for integrative tax-
onomy. High resolution SEM images of molecularly identified samples showed that the
different size of the perithallial cells and the features of the asexual conceptacle chambers
may contribute to the separation of the two species. The two species share the same crys-
tallite morphology in the primary and secondary cell-wall calcification, as previously
described in other species belonging to the same clade. However, the perithallial secondary
calcification was significantly thicker in L. racemus than in L. pseudoracemus. We described
a granular calcified layer in the innermost part of the cell wall, as a putative precursor phase
in the biomineralization and formation of the secondary calcification. The hypothesis of dif-
ferent pathways for the formation of the primary and secondary calcification is supported by
the observed cell elongation associated with thicker and higher Mg/Ca primary calcification,
the inverse correlation of primary and secondary calcification thickness, and the absence of
primary calcification in the newly formed wall cutting off an epithallial cell from the meristem.

Introduction

Non-geniculate “crustose” coralline algae (CCA) have a widely recognized global ecological
importance and provide multiple ecosystem services, which include, among others, their role
as habitat formers [1-8] and carbonate producers [9-14]. These properties derive from CCA
ability to precipitate high-magnesium calcite (containing more than 8-12 mol% MgCO3) in
the cell walls, along polysaccharide microfibrils [12, 15-18]. The mineralized thallus offers
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strength and protection to the alga against grazing and other disturbances [19] and can be pre-
served in the fossil record through geological times [14, 20-24]. During biomineralization,
CCA incorporate several major and trace elements that mirror the chemical properties of their
growth environment, becoming significant proxy records for paleoecology and palaeoceano-
graphy [25-28]. Longitudinal sections of some CCA species show dark and light bands (= thal-
lus zonation), especially obvious in long protuberances, reflecting a rhythmic, seasonal growth
pattern [1, 29-32]. Dark bands are formed by thick-walled small cells, while light bands are
made of longer, thin-walled cells. Annual growth bands can be used for establishing the age of
the CCA and for high-resolution time series analyses [25, 33, 34]. Cell wall calcification is com-
posed of radial high-Mg calcite crystallites, around the cell lumen, and other tangentially
arranged crystallites, the latter typically visible at the boundary between two adjacent cell fila-
ments [18, 35-39].

CCA species identification merely based on morphological descriptors can lead to uncer-
tainties, as highlighted by several systematic revisions based on molecular genetics [40-47]. In
other calcifying marine organisms such as foraminifera [48-50], coccolithophores [51] and
corals [52-55], the pattern of mineralization has been used for taxonomic identification, show-
ing consistency with molecular phylogeny. Recently, Auer and Piller [38] matched the micro-
and nanomorphology of CCA cell walls with molecular phylogeny, grouping different genera
based on the crystallite shape in the epithallial and meristematic cell walls. Moreover, recent
studies on the cell wall ultrastructure of Lithothamnion corallioides (P. Crouan & H. Crouan)
P. Crouan & H. Crouan revealed a consistent pattern in the crystallite shape and arrangement,
apparently unaffected by the environment [39].

CCA are common in Mediterranean benthic communities, where they are distributed from
the intertidal zone down to circalittoral depths [56, 57]. Nevertheless, their calcification pro-
cess is still poorly studied. Lithophyllum racemus (Lamarck) Foslie is a Mediterranean endemic
non-geniculate CCA, forming unattached globular rhodoliths, showing a typical “praline”
morphotype [56, 58-64]. A phylogenetic study [65] revealed the cryptic species Lithophyllum
pseudoracemus Caragnano, Rodondi & Rindi, that had been previously confounded with the
morphologically similar L. racemus. The two morphologically similar but genetically distinct
species L. racemus and L. pseudoracemus may occur sympatrically and provide an opportunity
to test the suitability of putative descriptors relying on calcification traits as a new taxonomic
character for CCA identification at species level. Beside the ultrastructural calcification traits,
we considered and measured different classical morphological descriptors that may help in
species identification., such as cell and conceptacle microanatomy. Both molecularly classified
samples of L. racemus and L. pseudoracemus [65], and other morphoanatomically similar sam-
ples that lack phylogenetic characterization were investigated.

Materials and methods
Sample collection

Samples were collected at different locations across the Western and Eastern Mediterranean
Sea (Table 1). They were recovered in the framework of the Italian “Marine Strategy” Pro-
gramme and by local surveys. The collection of rhodoliths of Lithophyllum racemus and L.
pseudoracemus does not require a permit. Four out of six samples have been targeted for a
multi-gene molecular phylogeny at Universita Politecnica delle Marche (AN) [65], and identi-
fied as L. racemus and L. pseudoracemus (Table 1). Sample DB661 is the neotype of L. racemus
[59]. The samples used for phylogenetic analyses are currently stored in the Herbarium Uni-
versitatis Florentinae, at the Natural History Museum in Florence (Italy). The last two samples,
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Table 1. L. racemus, L. p

Sample
DB661
DB867
DB835
DB768
DB865
DB866

https://doi.org/10.1371/journal.pone.0273505.t001

g

Herbarium
F1058887
F1058894
F1058891
F1058890

emus and L. cf. racemus specimens examined under SEM.

Sampling site (latitude, longitude) Depth (m) Species

Capri, Gulf of Naples (Italy) (40°34°08”N, 14°13’32"E) 50 Lithophyllum racemus

Pontian Isl. (Italy) (40°54'47”N, 12°52’58”E) 64.9 Lithophyllum racemus
Villasimius, Sardinia (Italy) (39°08'32"N, 9°31'14"E) 40 Lithophyllum pseudoracemus
Pontian Isl. (Italy) (40°11'43”N, 12°53’07”E) 66.4 Lithophyllum pseudoracemus
Sveta Katarina, Rovinj (Croatia) (45°04’32”N, 13°37°38”E) 10 Lithophyllum cf. racemus

Torre dell'Orso, Puglia (Italy) (40°14’'00”N, 18°28°00”E) 44 Lithophyllum cf. pseudoracemus

referred to as L. cf. racemus (DB865) and L. cf. pseudoracemus (DB866), were not molecularly
classified (Table 1).

SEM image analysis

Specimens were washed and air-dried and then prepared for Scanning Electron Microscopy
(SEM) according to [39]. The samples were fragmented along the growth direction, mounted
on stubs by mean of graphite paste and finally chrome-coated before analysis under a Field
Emission Gun SEM (SEM-FEG) Gemini 500 Zeiss at the University of Milano-Bicocca.

Hereinafter, short cells will be referred to as slow-growing cells constituting dark bands and
produced in the cold season; long cells, instead, will be referred to as fast-growing cells consti-
tuting light bands and produced in the warm season [1, 30, 33, 37, 39]. Short cells are generally
described as smaller, with thicker calcification and with lower Mg/Ca ratio, compared to long
cells [33, 37, 39]. Information about biometry and calcification was extracted from 370 SEM
images from longitudinal or transverse sections of protuberances. In the descriptions, L
denotes the length, H is the height, D is the diameter. Measurements included the size of
epithallial and perithallial cell [66] and cell lumen [39], the conceptacle size [67], the pore
canal length, the number of cells in the pore canal filament and the number of epithallial cells
(Table 2). Other classical descriptors such as the cell, conceptacle and pore canal shapes, pit-
connections, conceptacle elevation, and presence and development of a calcified columella
were also described. For the description of the columella development, we indicate as H the
conceptacle height according to Adey and Adey [67], while the distance between the top of the
columella and the conceptacle roof is indicated as h1, as in Basso et al. [59]. Within the calci-
fied cell wall, primary calcification (PC) refers to the outer layer of Mg-calcite, formed by crys-
tallites arranged parallel to the cell membrane (Fig 1) (= PW in [39]). Secondary calcification
(SC) refers, instead, to the calcified layer which accounts for most of the cell wall thickness and
is constituted of crystallites radial to the cell membrane and normal to the PC crystallites (Fig
1C; SW in [39]). In SEM images of longitudinal sections of algal protuberances, the cell wall
area is measured as the calcified surface area surrounding the cell lumen and delimited by the
outer borders of the cell (Fig 1D). The boundaries of each cell run at the half of the PC, which
may be very thin (Fig 1E). The calcification was analysed mainly in epithallial and perithallial
cells. The occurrence of thallus growth over an old conceptacle gave the opportunity to observe
the cells of the secondary hypothallus [68], where the PC was particularly evident. The mea-
sured calcification traits included the SC maximum thickness, the PC maximum thickness and
the cell wall area of epithallial and perithallial cells. Moreover, the shape and size of primary
crystallites (= those forming the PC), the shape of secondary crystallites (= forming the SC)
were also described. The same information was extracted for short and long cells separately in
specimen DB867.
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Table 2. Depth of sample collection and mean values (+SD) of biometrical traits from SEM image (um).

Lithophyllum racemus Lithophyllum pseudoracemus L. cf. pseudoracemus L. cf. racemus

DB661 DB867 DB835 DB768 DB866 DB865
Depth (m) 50 64.9 40 66.4 44 10
Perithallial cell (LxD) 179+43x11.2+24 27.2+4.6x 154 +1.6x 16.28 £2.8 x 21.1+£25x11.8+1.8 20.5+2.5x

(N = 39) 132+33(N=15) | 105+1.6(N=42) | 1079+ 1.2 (N =22) (N =34) 2.5+25(N=19)
Perithallial cell lumen 13.8+3.2x63+1.2 22.1+£3.7x 125+2.0x49+0.9 14.06 £ 2.6 x 194+28x73+1.1 198 +£2.5x
(LxD) (N =51) 7.1+ 1.9 (N =32) (N =63) 543+ 1.1 (N = 58) (N = 34) 7.6+ 12 (N=23)
Tetra/bisporangial 2753 £35.5x 321.9x120.8 261.1+59x - 3189+203x 325.1x136.9
conceptacle chamber 1125+ 19.3 (N =23) N=1) 123.7£22.7 (N =3) 142.0+ 114 (N =3) N=1)
(DxH)
Pore canal length 40.9 3.0 (N=6) - 41.7(N=1) - 46.8 £ 6.4 (N =3) 375(N=1)
Pore canal cells (n) 3-4 - 3 - 2-3 3
Epithallial cell (LxD) 37+£09x11.5+£0.7 29+0.6x 38+0.5x10.1£1.0 521+04x 52x113(N=1) 48+1.0x

(N=5) 12.6 £0.6 (N = 3) (N=3) 9.03+0.7 (N =3) 131£1.6(N=8)
Epithallial cell lumen (LxD) | 2.1+04x7.5+1.4 1.3+0.1x 23+04x72+1.1 2.75+0.5x 3.0+0.6x8.6+2.8 23+09x

(N =18) 8.9+ 0.1 (N=4) (N=7) 6.16 + 0.6 (N = 5) (N =5) 86+1.4(N=9)
Epithallial cells (n) 3,upto5 3 lor2 lor2 lor2 lor2

https://doi.org/10.1371/journal.pone.0273505.t002

Statistical analysis

Principal Component Analysis (PCA) was performed on differently combined datasets. A first
dataset included only biometrical data; the second only data on calcification traits and the last
dataset included both biometrical and calcification data. Biometrical data comprised epithallial
and perithallial cell size. Calcification data, instead, included the SC thickness and the cell wall
area in both epithallial and perithallial cells, as well as the PC thickness. The PCA analysis was
run in MATLAB R2020a software using the PCA toolbox released by [69]. Moreover, paramet-
ric and non-parametric univariate analysis of variance was applied to both biometrical and cal-
cification dataset, in order to evaluate the statistical significance of the differences among
group medians and means. Univariate analysis was also applied to compare results from short
and long cells. In particular, the Kruskal-Wallis test followed by the Dunn’s test for compari-
sons and the One-way ANOV A followed by the Tukey’s test for post-hoc analysis, were per-
formed in R 3.6.3 software.

Results
SEM image analyses

Scanning electron microscope (SEM) imaging of the cell walls showed similar shape of calcite
crystallites within L. racemus and L. pseudoracemus thalli. A detailed description of each sam-
ple, including observations on both biometrical parameters and calcification traits, is provided
below.

Lithophyllum racemus. Microscopic anatomy: specimens were pink in colour, non-genicu-
late and fruticose with protuberances up to 1 cm long (up to 5 mm in DB867). A longitudinal
section of protuberances showed perithallial filaments with a “fountain” pattern, with rows of
cells which ran parallel and then diverge towards the thallus surface following opposite direc-
tions (Fig 1A). Dark and light growth bands were also detected (Fig 1A; [65]). Three super-
posed flattened epithallial cells were frequently observed (up to 5 in DB661; Fig 1B and 1C), L
2.92-3.72 ym and D 11.48-12.59 pum (Table 2). Perithallial cells were connected by primary
and secondary pit-connections and lacked cell fusions (Fig 1D and 1E). Perithallial cells were
rectangular in longitudinal section, L 17.87-27.20 um and D 11.16-13.23 pm (Fig 1D and 1E;
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primary.
pit-connection

secondary
pit-connection

Fig 1. SEM images showing longitudinal sections of Lithophyllum racemus. (a) Fountain pattern in the arrangement of perithallial
cells; two arrowheads indicate a growth band; (b) Four superimposed epithallial cells (numbered). Note the evidence of meristematic
division (white arrows); (c) magnification of the inset in (b) to show: a primary (PC), secondary (SC) and inner calcification (IC); (d)
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perithallial cells with primary and secondary pit-connections (arrows); the cell wall area corresponds to the surface included between the
two dashed lines; (e) magnification of (d) to show perithallial thin PC and rod-shaped crystallites of the SC; (f) conceptacles weakly
protruding from thallus surface (white arrows); (g) a conceptacle chamber showing a well-developed calcified columella (arrow); (h)
magnification of the inset in (g) showing the secondary hypothallus (arrow).

https://doi.org/10.1371/journal.pone.0273505.g001

Table 2). Trichocytes were not observed. Many asexual uniporate conceptacles weakly pro-
truded from the surface, with a sunken pore aperture (Fig 1F). The conceptacle chamber was
kidney-shaped in longitudinal medial section, D 275.34-321.93 pm and H 112.48-120.82 um
(Fig 1G; Table 2), giving a mean D/H ratio of 2.55. A well-defined calcified columella rose
from the conceptacle floor (Fig 1G). The columella had a height exceeding half of the height of
the conceptacle chamber (H), therefore the distance between the columella top and the cham-
ber roof (h1 in [59] was < H/2. The pore canal was medially cut and observed only in the neo-
type DB661. It was conical, appearing triangular in section, about 41 um long, bordered by
filaments composed of 3-4 cells, and showing a rhomboidal enlarged cavity on its top (Fig 1H;
Table 2; [70]).

Calcification: the epithallial cells (Fig 1B) were strongly calcified with a cell wall area of
30.17-174.39 me (Table 3). The PC between different cell filaments was composed of rod-
shaped crystallites running more or less parallel to the cell membrane (Fig 1C), while the PC
between epithallial cells of the same filament was very thin and hardly visible. The SC consisted
of one layer of rods perpendicular to the cell membrane, locally appearing as flattened, loosely
packed elements (Fig 1C). They determined an SC maximum thickness of 1.54 + 0.3 um
(Table 3). We observed an additional, distinct, innermost thin calcified layer (= IC) in contact
with the plasma membrane, composed of irregular granules with crenate margins and appear-
ing as a granular surface bordering the cell lumen (Fig 1C). The meristematic cell, showing pri-
mary and secondary pit-connections, is superposed by several epithallial cells connected by
exclusively primary pit-connections (Fig 1B). The meristem cell and its several generations of
superposed epithallial cells shared the same PC and thick SC, as observed at the boundary with
the adjacent cell-filament. The cut-off of a new epithallial cell occurs by transversal division of
the upper (distal) part of the meristematic cell. The weak calcification of the newly formed hor-
izontal portion of the cell membrane was formed exclusively by the IC (Fig 1B and 1C), with a
later formation and then progressive thickening of the SC in older epithallial cells (Fig 1B and
10).

The perithallial cells in longitudinal section had oblong lumen and strongly calcified cell
walls, with an area of 116.57-174.39 um? (Fig 1D and 1E; Table 3). The perithallial PC is com-
posed of packed irregular rhomboids with smooth indented margins, oriented parallel to the
cell membrane (Fig 2A and 2B). The PC measured between two adjacent cell filaments was

Table 3. Mean values (+SD) of calcification traits from SEM images (um, otherwise differently specified).

Lithophyllum racemus Lithophyllum pseudoracemus L. cf. L. cf. racemus
pseudoracemus
DB661 DB867 DB835 DB768 DB866 DB865

Depth (m) 50 64.9 40 66.4 44 10
Perithallial SC thickness 2.7+ 0.6 (N = 50) 29+0.6(N=31) | 25+04(N=62) | 23+04(N=57) 2.4+0.5 (N =34) 2.9+0.6 (N =23)
cells PC thickness 05+02(N=28) | 09+02(N=35 | 1.0+03(N=31) | 1.6+0.5(N=54) 1.2+0.3 (N =23) 1.3+0.3 (N =24)

Cell wall area 116.6 + 34.7 1744 +50.2 99.7 +18.9 100.5 +21.3 117.7 £ 26.0 137.8 £29.2

(um?) (N =39) (N =24) (N =35) (N=23) (N=22) (N=21)
Epithallial cells | SC thickness 15+03(N=18) 14402 (N=3) 1.0+03(N=3) | 09+02(N=5) 1.0 +0.4 (N =4) 1.1+02(N=9)

Cell wall area
(um?)

302+84(N=6)

26.0+8.2 (N =3)

25.0+9.7 (N =5)

25.0+8.3 (N =6)

272+83(N=4)

358+12.0(N=7)

https://doi.org/10.1371/journal.pone.0273505.t003
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PC_rhomboids

Fig 2. SEM details of the calcification in Lithophyllum racemus. (a) Calcified perithallial cells; (b) magnification of the inset in
(a): rhomboidal crystallites of the primary calcification (PC, arrow) embedded in organic microfibrils (arrow); (c) transverse
section of the perithallus; (d) magnification of the inset in (c) showing the innermost calcified layer (IC, arrow); (e) secondary
hypothallus over the conceptacle pore canal in Fig 1H; (f) magnification of the inset in (e): regular rhomboidal crystallites of the
hypothallial PC (arrow).

https://doi.org/10.1371/journal.pone.0273505.g002

0.54-0.87 um thick (Table 3). The perithallial SC was formed by one layer up to 2.94 um in
maximum thickness, composed of rod-shaped crystallites perpendicular to the cell membrane
(Fig 1E; Table 3). The internal surface delimiting the cell lumen showed a granular calcifica-
tion. In transverse section, it was observed an IC composed of irregular, more or less blocky
granules (DB867; Fig 2C and 2D).

The primary hypothallus, i.e. the first algal cells growing directly over the substrate, was not
detectable in our samples, but some prostrate cells growing over a conceptacle roof were visi-
ble, forming a secondary hypothallus. Here, the hypothallial primary crystallites appeared as
packed regular and thin rhomboids, 0.4 x 0.4 + 0.1 um in size, which clearly progressed
between two adjacent cell filaments (Figs 1H, 2E and 2F). Depending on the visual perspective,
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the same thin rhomboids showed only their thinnest dimension, thus appearing as rod-like
structures parallel to the cell lumen, perfectly bordering the rounded shape of the outer cell
wall (Fig 2E and 2F).

Lithophyllum pseudoracemus

Microscopic anatomy: specimens were pink in colour, non-geniculate and fruticose with pro-
tuberances up to 5 mm long (up to 2 mm in DB768). In sample DB835, it was observed the
same “fountain” pattern in the arrangement of perithallial cells, as already observed in L. race-
mus (Fig 3A). The perithallial banding was not detected. One or two epithallial cells were ter-
minating each cell filament (Fig 3B), L 3.84-5.21 um long and D 9.03-10.07 um (Table 2). The
perithallial cells were rectangular in longitudinal section, with numerous secondary pit-con-
nections, L 15.40-16.28 um and D 10.55-10.79 um (Table 2; Fig 3C). The external surface of
the asexual conceptacles appeared depressed, with a sunken pore aperture (Fig 3D). The asex-
ual uniporate conceptacles in sample DB835 had a rounded chamber corresponding to a D/H
ratio of 2.11 (Fig 3E; Table 2). The triangular pore canal was 42 um long, counting 3 cells in
the pore canal filament (Fig 3F; Table 2). No calcified columella was observed (Fig 3E). Tricho-
cytes were observed exclusively at the periphery of a conceptacle chamber (Fig 3E). Sample
DB768 was sterile.

Calcification: the epithallial cells were highly calcified with a cell wall area of 24.96-

25.01 um? (Table 3). The PC was not detectable between the epithallial cell and the underlying
meristem cell in the same filament, while the PC between two adjacent cell filaments was
highly calcified and consisted of irregular granules (Fig 3B). The epithallial SC reached

0.98 pm in maximum thickness and was characterized by 1-2 layers of rods with granular tex-
ture laying perpendicular to the cell membrane (Fig 3B; Table 3). The internal surface delimit-
ing the cell lumen showed a granular calcification, forming an IC between the plasma
membrane and the perpendicular rods of the SC (Fig 3B).

The perithallus had oblong cells with strongly calcified cell walls (Fig 3C). The perithallial
cell walls had an area of 99.71-100.48 um? (Table 3). The perithallial PC was 0.95-1.55 ym in
thickness (Table 3), composed of packed irregular rhomboids with smooth indented margins
(Fig 3G and 3H). The perithallial SC was 2.31-2.53 um in maximum thickness, consisting of
long perpendicular rods with a granular texture, arranged in 1 to 4 layers (Figs 3H and 4A, 4B;
Table 3).

Over a conceptacle roof, in proximity to the pore canal, some prostrate cells of a secondary
hypothallus clearly showed their PC (Fig 3F). This consisted of regular packed rhomboids, 0.4
x0.4 £ 0.1 pm in size (Fig 4C and 4D). The rhomboids appeared as thin slips in some areas.
The IC was detectable as a granular layer at the inner boundary of the SC (Fig 4D).

Lithophyllum cf. racemus. Microscopic anatomy: specimen DB865 was pink in colour,
non-geniculate and fruticose with protuberances up to 3 mm long. At small scale, it was visible
the “fountain” pattern of the perithallial growth and in some areas also the banding pattern.
One or 2 flattened epithallial cells were observed, L 4.78 + 1.0 um and D 13.12 + 1.6 um (Fig
5A; Table 2). The perithallial cells were rectangular in longitudinal section L 20.52 + 2.5 um
and D 12.51 £ 2.5 um (Table 2). Trichocytes were not observed. The asexual uniporate concep-
tacle had a kidney-shaped chamber D 325.13 pm and H 136.94 um (Fig 5B; Table 2), equiva-
lent to a D/H ratio of 2.37. The conceptacle chamber had an evident, calcified columella,
reducing the conceptacle chamber height h1 to less than H/2 [59]. The pore canal was triangu-
lar in longitudinal section, 37.5 um long, lined by 3 cells, with a cavity on top (Fig 5B; Table 2).

Calcification: the epithallial cells were strongly calcified and their surface appeared covered
by a thick cuticle (Fig 5A). The epithallial cell wall area was 35.80 + 12.0 um? (Table 3). The PC

PLOS ONE | https://doi.org/10.1371/journal.pone.0273505 October 3, 2022 8/24

198



PLOS ONE Calcification traits in corallines

o &

. A& RG riombotids

A
Fig 3. SEM images showing longitudinal sections of Lithophyllum pseud. . (a) A protuberance
longitudinally cut in half showing the fountain-like arrangement of perithallial cells, due to the diverging cell filaments
toward the thallus surface; (b) epithallial cells showing the primary calcification (PC), the secondary calcification (SC),
and the innermost calcified layer (IC); (c) the perithallus; (d) depressed conceptacle in surface view (arrow); (e)
conceptacle chamber with no calcified columella and a trichocyte on the right (arrow); (f) magnification of the inset in
(e) to show secondary hypothallial cells (arrow) over the pore canal; (g) the orientation of the PC crystallites is normal
to those of the SC; (h) magnification of the inset in (g) to show the perithallial rhomboidal crystallites of the PC and the
rod-shaped crystallites of the SC (arrows).

https://doi.org/10.1371/journal.pone.0273505.9003

between epithallial cells of the same filament was undetectable or absent. The thick epithallial
PC between adjacent cell filaments consisted of rhomboidal elements (Fig 5A). The epithallial
SC reached a maximum thickness of 1.05 + 0.2 um and consisted of perpendicular rods
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Fig 4. SEM images showing longitudinal sections of the calcified thallus in Lithophyllum pseud (a) Multiple layers

of secondary calcification forming the thick cell walls; (b) magnification of the inset in (a); the arrow points to the contact of two
layers of SC; (c), secondary hypothallial cells in the proximity of the pore canal in Fig 3F; (d) magnification of the inset in (c) to
show the rhomboidal crystallites in the hypothallial primary calcification (PC); the SC rods and the innermost calcified layer (IC).

https://doi.org/10.1371/journal.pone.0273505.g004

(Fig 5A; Table 3), slightly more regular in shape than those in the perithallial SC. The internal
surface delimiting the cell lumen was made of granules which constituted a very thin IC (Fig
5A).

The perithallus had oblong calcified cells with a cell wall area of 137.79 + 29.2 um*

(Table 3). The PC between two adjacent cell filaments, 1.28 + 0.3 um thick (Table 3), was com-
posed of small irregular granules. The PC between cells of the same filament was inconspicu-
ous. The SC had a maximum thickness of 2.87 + 0.6 pm and consisted of a single layer of rods
oriented perpendicular to the cell membrane (Table 3).

The secondary hypothallus was detected as prostrate cells growing over a conceptacle roof,
close to the pore canal (Fig 5C and 5D). These hypothallial cells had a PC consisting of packed
rhomboids, 0.3 x 0.3 + 0.1 um in size, running parallel to the cell membrane (Fig 5C and 5D).
The hypothallial SC was composed of thin granular rods perpendicular to the cell membrane
(Fig 5D). The IC in contact with the SC appeared granular from inside the cell lumen (Fig 5C).

Lithophyllum cf. pseudoracemus. Microscopic anatomy: specimen DB866 was dark pink
in colour, non-geniculate and fruticose with protuberances up to 4 mm long. One or 2 epithal-
lial cells were flattened, L 5.18 pum and D 11.31 pm (Fig 6A; Table 2). The perithallial cells were
L 21.11 £2.5 ym long and D 11.82 * 1.8 um (Fig 6B; Table 2). The perithallial zonation with
the banding pattern was not visible. The asexual uniporate conceptacles had a kidney-shaped
chamber D 318.95 + 20.3 um, H 141.96 + 11.4 um (Fig 6C; Table 2) and 2.25 in D/H. In some
conceptacles, a calcified columella was observed rising from the conceptacle floor (Fig 6C).
The columella was variably developed, but its height never exceeded half of the height of the
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Fig 5. SEM images showing longitudinal sections in Lithophyllum cf. racemus DB865. (a) Epithallial calcified cells covered by a
thick cuticle, and bordered by a primary calcification (PC), a secondary calcification (SC), and an innermost calcified layer (IC);
(b) a conceptacle with a well-defined calcified columella (white arrow); (c) secondary hypothallial cells in the proximity of a pore
canal and the innermost granular IC; (d) magnification of the inset in (c) showing the SC rhomboidal crystallites, and the PC
rhomboids.

https://doi.org/10.1371/journal.pone.0273505.g005

conceptacle chamber, resulting in h1>H/2. The pore canal was triangular, about 47 um long,
composed of 2-3 cells, with a rhomboidal cavity on top (Fig 6C; Table 2).

Calcification: the epithallus was strongly calcified (Fig 6A). The cell wall area was
27.18+8.3 pmz (Table 3). The PC between the epithallial and the subtending meristematic
cells was undetectable, while the PC between adjacent cell filaments was thick and formed by
irregular elements. The epithallial SC consisted of regular rods perpendicular to the cell mem-
brane, reaching 0.99 + 0.4 um of maximum thickness (Fig 6A; Table 3). The cell lumina were
delimited by the cell membrane which prevented the observation of the calcification (Fig 6A).
Nevertheless, there was the evidence of an IC of granular elements in contact with the SC.

The perithallial cells were oblong and regularly arranged in rows. The cell walls had
117.68 + 26.0 um? of area (Table 3). The PC between cells of the same filament was inconspicu-
ous. The perithallial PC between cells of two adjacent filaments was 1.24 + 0.3 um thick and
consisted of irregular elements which ran parallel to the cell lumen (Table 3). The perithallial
SC consisted of a single layer of rods oriented perpendicular to the cell membrane,

2.43 + 0.5 um in maximum thickness (Table 3). The internal surface delimiting the cell lumen
was granular, forming a clearly detectable IC layer in contact with the perpendicular rods of
the SC. In transverse section, the perithallial cells had a clear hexagonal perimeter (Fig 6D).

The primary hypothallus had a calcification similar to the cells of the secondary hypothallus
observed in the samples described above (Fig 6E and 6F). The PC was formed by packed
rhomboidal slips bordering the cell (Fig 6F). The SC consisted of perpendicular rods arranged
in 1 or 2 rows, very granular in texture.
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cf. pseudoracemus DB866. (a) Epithallial cell bordered by
the rods of the secondary calcification (SC), and the innermost calcified layer (IC); (b) the calcified perithallus; (c) a conceptacle
with a short calcified columella (arrow); (d) transverse section showing the SC and the primary calcification (PC); (e) the primary
hypothallus growing over the substrate; (f) magnification of the inset in (e) showing multiple layers of hypothallial PC rhomboids
and SC rods.

hitps://doi.org/10.1371/journal.pone.0273505.9006

Fig 6. SEM images showing longitudinal sections of Lithop

Statistics

The statistical analyses ran on biometrical features highlighted significant differences among
the perithallial cell sizes (p<<0.001; S1 Table, Fig 7). Particularly, the perithallial cells from
both samples of L. pseudoracemus (DB768, DB835) were significantly smaller than those in L.
racemus DB867 and the two non-molecularly classified DB865 and DB866 (p<<0.001; S1
Table; Fig 7). Instead, the L. racemus neotype (DB661) showed intermediate perithallial cell
size (Fig 7), differing significantly from the other samples (p<0.01), with the exception of L.
pseudoracemus DB768 (p = 0.23) (S1 Table; Fig 7). Other measured biometrical variables did
not highlight further distinction between L. pseudoracemus and L. racemus.
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The multivariate analysis on calcification traits was the only statistical test supporting a sig-
nificant distinction between L. racemus and L. pseudoracemus. In the PCA model, the first two
principal components (PCs) resolved the 83% of the total data variance (Fig 8). The main

o
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Fig 8. Principal component analysis (PCA). Score plot is shown in (a); loading plot of PCA on calcification data in
both perithallial (P.) and epithallial (E.) cells (b). The plots model 83% of the total data variance. Variance proportions
are shown along each component axis. Calcification types are evidenced with circles and classified in L. racemus type
and L. pseudoracemus type.

https://doi.org/10.1371/journal.pone.0273505.g008
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trend expressed on the PC-1 axis was the increasing SC thickness with increasing cell wall area,
expressed as high negative PC-1I loadings for the perithallial cell wall area and the SC thickness
(Fig 8). At the same time, the PC thickness tended to increase as the SC became thinner, as
shown by the high positive PC-1 loadings. The PC-2 axis displayed positive loadings of the cell
wall area, the perithallial PC thickness and SC thickness, as well as high negative loadings of
the epithallial SC thickness (Fig 8). Overall, from the PCA, it was possible to distinguish two
main calcification types based on natural groupings in the PC-2 versus PC-1 plot (Fig 8). The
L. racemus type plotted with negative PC-1 and negative PC-2 scores (Fig 8) and was character-
ized by perithallial cells with high values for cell wall area and SC thickness (Fig 8; Table 3).
The L. pseudoracemus type was characterized by positive PC-1 and negative or neutral PC-2
scores corresponding to perithallial cells with low values of cell wall area and thin SC. This cat-
egory included also L. cf. pseudoracemus DB866. The sample L. cf. racemus DB865 differed
from the other samples by having highly positive PC-2 and negative PC-1 scores (Fig 8). Since
the PC-1 scores explained 60% of the total data variance, they support the inclusion of L. cf.
racemus DB865 in the L. racemus type. Most of the difference between sample DB865 and the
other samples of the L. racemus type relied on the epithallial cell wall area, which was particu-
larly high (Fig 8; Table 3).

Given the results of the PCA, we explored the contribution of the considered variables in
supporting the separation of L. racemus from L. pseudoracemus. The perithallial SC thickness
was the only one to separate the two species with significant statistical support (Fig 9; S2
Table). Based on the PCA, L. cf. pseudoracemus DB866 was attributed to the L. pseudoracemus
calcification type, while L. cf. racemus DB865 was attributed to the L. racemus calcification
type (Figs 8 and 9; Table 2). The mean epithallial SC thickness was also different in L. racemus
and L. pseudoracemus (Table 3), but the ANOVA results did not support a statistical signifi-
cance of this feature.

In L. racemus DB867, it was also possible to clearly distinguish between size of short and
long cells within the perithallus (Fig 10). Long cells differed significantly from short cells by
length (25.25 pm and 19.58 pm respectively, p<0.001). Short and long cells had very similar
cell lumen area, but short cells had higher values of cell wall area and thicker SC, while long
cells had thicker PC (Fig 10). Nevertheless, none of these differences were statistically signifi-
cant (p > 0.05).

Discussion
Microscopic anatomy

At small scale, both L. racemus and L. pseudoracemus showed a “fountain” pattern in the
arrangement of perithallial cells (Figs 1A and 3A), as already observed by [59] (pl. 63, Figs 5
and 6). In the samples of L. racemus DB661, DB867 and in L. cf. pseudoracemus DB865, the
seasonal banding was also appreciable (Fig 1A).

The statistical analyses supported a significant difference between the size of perithallial
cells of L. racemus and L. pseudoracemus (Fig 7; Tables 2, 4 and S1 Table; [65]). However, the
molecularly identified samples of L. racemus show a very wide range of values of perithallial
cell area (Fig 7; Table 2), thus jeopardizing the applicability of this single character for species
separation.

The longitudinal medial section of the asexual conceptacle chambers of L. pseudoracemus
was more rounded than that of L. racemus, having a lower D/H ratio (2.11 against 2.55). This
pattern was confirmed also in the non-molecularly identified samples (2.25 in L. cf. pseudora-
cemus against 2.37 in L. cf. racemus). A calcified columella rising from the asexual conceptacle
floor was observed in most samples but not in L. pseudoracemus, in agreement with [65]. The
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calcified columella rising from the conceptacle chamber floor of L. cf. pseudoracemus DB866
appeared variably developed, but its height was lower than half the height of the conceptacle
chamber, consequently, h1 [59] was typically > H/2 (Fig 6C). The low number of observations,
however, prevents any attempt of statistical analysis of this feature, that would deserve further
investigation aimed at assessing its potential value.

Our biometrical analyses on molecularly characterized samples revealed some differences
with the measures reported by [65]. In particular, we observed smaller conceptacles with a
depressed surface in L. pseudoracemus (mean D 261.08 x H 123.75 ym vs. D 321.25x H
175.00 um) reported by [65] (Table 2). Moreover, we observed 3-5 layers of superposed
epithallial cells in L. racemus instead of 1-2 as reported by [65]. These observations demon-
strated high variability in microanatomy among samples and even within the same specimen,
which would prevent a reliable distinction of the two species solely based on microanatomy
and biometrical analysis, in agreement with [65]. Trichocytes have been demonstrated in the
genus Lithophyllum only recently [71], but their mode of development hampers their identifi-
cation under SEM and in petrographic thin sections. Nevertheless, no trichocyte was observed
even in decalcified histological sections of L. racemus, while trichocytes were rarely detected in
L. pseudoracemus by [65]. Despite the active search for trichocytes in our investigations, we
were able to identify one single trichocyte exclusively in proximity of a conceptacle chamber in
L. pseudoracemus (Fig 3E), thus confirming the published report [65].
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values for the cell wall area, cell lumen area, SC thickness and PC thickness.

https://doi.org/10.1371/journal.pone.0273505.g010

Calcification traits

The suitability of skeletal ultrastructure for the taxonomy of calcareous red algae has been
proved only recently [38, 39, 70]. Auer and Piller [38] introduced the morphology of crystal-
lites in the PC of epithallial and meristem cells as a new morphological criterion to discrimi-
nate among different clades. Among the subfamily Lithophylloideae, Lithophyllum incrustans,
L. kotschyanum, L. lichenoides, L. pygmaeum and L. byssoides (as Titanoderma byssoides) were
analysed by [38]. According to these authors, the defining traits of Lithophylloideae are rhom-
bic plates as dominant morphotype of epithallial cell wall crystallites and perpendicular rod-
shaped crystallites in the SC [38]. Our observations are in substantial agreement, reporting
rhomboid-shaped crystallites in the PC and perpendicular rod-shaped crystallites in the SC in
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both L. racemus and L. pseudoracemus, as already concluded by a deep learning approach on
SEM images of the two species [70]. However, we found evidence of three different calcified
layers in L. racemus and L. pseudoracemus: the primary outer calcification formed by parallel
rhomboids (PC); the median one with perpendicular rods of the secondary calcification (SC)
and the innermost granular layer (IC) (Figs 1C and 4D). The IC appeared composed of granu-
lar elements (Fig 1C), was located between the plasma membrane and the SC, and was often
covered by organic residue of the plasma membrane. Moreover, we described regular and
obvious rhomboids in the hypothallial cells of both primary and secondary hypothallus (Figs
2E, 2F, 4C, 4D, 5C, 5D, 6F and 6F), while they were much less regular in the other cells, regard-
less of the sample. In fact, within the perithallus, the PC crystallites had irregular shapes and
rhomboids became hardly distinguishable, while the crystallites of the SC remained visibly
rod-shaped. The particularly regular PC rhomboids observed in the hypothallial cells were
apparently absent between epithallial cells of the same filament, and not obvious elsewhere,
except in the lateral (= between adjacent filaments) epithallial cell walls of L. cf. racemus
DB865 (Fig 5A). In the meristem, both L. racemus and L. pseudoracemus shared a similar pat-
tern of absence of PC and increasing SC thickness, in the newly formed horizontal cell wall
that cuts off a new epithallial cell (Fig 1B). At the same time of the new epithallial cut-off, the
lateral cell walls (between adjacent filaments) that contain the meristem cell and the epithallial
cells issued from it, appeared as a pre-existing calcite “envelope” with well-developed and rela-
tively homogeneous thickness (Fig 1B). In the congeneric species Lithophyllum kotschyanum
the pattern of calcification of the new epithallial cells differs, since an increasing thickness of
the SC toward the lower base of the meristem cell was observed [38]. This observation also
supports a species-specific control of calcification traits in CCA. DNA sequencing coupled
with the analysis of calcification traits on a broader range of species could elucidate the diag-
nostic potential of the pattern of calcification of the meristem cutting off the new epithallial
cells.

The loss of definition in the primary crystallite shape observed in perithallial cells of L. race-
mus and L. pseudoracemus could be related to solution/precipitation or recrystallization pro-
cesses and has been already reported in L. kotschyanum along with progressively increasing
calcification [38].

Considering the measured calcification traits, the PCA results (Fig 8) succeeded in allowing
the circumscription and separation of two groups of samples which included distinctively the
genetically classified L. racemus (DB661, DB867) and L. pseudoracemus (DB768, DB835).
Overall, L. racemus was characterized by perithallial cells with large cell wall area (145.48 um>
by mean) and thicker SC (2.84 pm); L. pseudoracemus had instead small perithallial cell wall
area (100.09 pmz by mean) with thinner SC (2.42 pm) (Fig 8; Table 3). To note is also the direct
proportion between the SC thickness and the cell wall area in the perithallus of our corallines
(Fig 8). The L. racemus and L. pseudoracemus specimens analysed in this work were collected
in the Western Mediterranean Basin. The specimens L. racemus DB867 and L. pseudoracemus
DB768 occurred sympatrically and at a similar depth (Table 1) and nevertheless showed a
highly significant distinction in terms of calcification traits (Fig 8). In particular, DB867 had
thin PC and high values of SC thickness and cell wall area, while DB768 had thick PC, thin SC
and small cell wall area (Fig 8; Table 3).

Samples L. cf. racemus DB865 and L. cf. pseudoracemus DB866, non-molecularly identified,
were collected in the Eastern Mediterranean, where the presence of both L. racemus and L.
pseudoracemus was also confirmed by molecular techniques [65]. According to the PCA, sam-
ple DB866 fell in the L. pseudoracemus calcification type (Fig 8). Interestingly, samples with
thick perithallial SC had also thick SC in the epithallial cells (Table 3). The epithallial cells in
specimen DB865 had the largest diameter (Fig 5A; Table 2), explaining the high cell wall area
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despite the relatively thin SC. In the perithallus, its cell wall area was large and the SC was
thick, in agreement with the major defining traits of L. racemus (Fig 8; Table 3) and actually
the PC-1 axis of the PCA, which explained most of the data variance (60%), supports the inclu-
sion of L. cf. racemus DB865 in the L. racemus calcification type (Fig 8). This specimen was col-
lected at the shallowest depth (10 m), while all the other specimens were collected deeper than
40 m, rising a question about the possible response of the epithallial cell size to light availability
or other still undefined oceanographic controls.

The distinct zonation (= banding) of L. racemus DB867 provided an opportunity to focus
on calcification traits in short and long cells separately (Fig 10). In literature, short cells are
reported to show thicker cell walls and lower Mg/Ca ratio compared to long cells [33, 37]. Our
results showed that L. racemus short perithallial cells possess higher SC thickness, and there-
fore a larger cell wall area, in comparison with long perithallial cells, although keeping an
almost stable cell lumen area (Fig 10). The PC observed between two cells of adjacent filaments
was thicker in long cells produced in the warm months, while short cells had larger cell wall
area due to the thicker SC (Fig 10) [39]. Therefore, we could speculate that warmer tempera-
tures and/or longer light periods would have triggered the production of primary crystallites.
The low values of PC thickness in short cells might be explained by a SC that could grow at the
expense of the PC during the cold months. This hypothesis is supported by the observation of
an inverse correlation between SC and PC thickness, observed in the perithallial cells of most
samples (Fig 8; Table 3).

Biomineralization

The calcification in coralline red algae had been traditionally considered a controlled process,
by means of cell wall mineralization [72-74]. This view was questioned by the report of differ-
ent Mg/Ca ratios associated to distinct anatomical structures in CCA [75] and in particular, of
higher-Mg calcite detected in wound repairs, in the primary calcification and in hypothallial
cells of Phymatolithon and Clathromorphum [18, 76]. Based on this considerable Mg/Ca ratio
variation observed in the Mg-calcite within single specimens, and on the observed relationship
of Mg/Ca with ambient temperature, a biologically induced origin of CCA calcification was
suggested [76]. The biologically induced mineralization is defined as the secondary precipita-
tion of minerals resulting from interactions between the biological activity and the environ-
ment [77].

In contrast with the idea of a biologically-induced calcification in CCA [76] it was recently
demonstrated that the ultrastructural shape and arrangement of crystallites in the cell walls is
shared by species belonging to the same phylogenetic clade [38, 39]. Moreover, [39] showed
the occurrence of species-specific distinct styles of PW calcification within the genus
Lithothamnion. Despite the variable and quite distinct cell size in L. racemus and L. pseudora-
cemus, the ultrastructures observed and analysed in this paper confirm the recently described
lithophylloid pattern [38], and the phylogenetic control on the calcification process and on the
morphology and orientation of the produced crystallites (Fig 8).

Raz et al. [78] experimentally demonstrated that high-Mg calcite forms via an amorphous
precursor phase, composed of spherical particles. Similar findings have been recorded later in
corals [79], where amorphous calcium carbonate (ACC) precursors precipitate before being
transformed into crystalline calcium carbonate (CCC) after about a day. Similar amorphous-
to crystalline pathways were reported in crustaceans, annelids, and mollusk larval shells [80].
From this perspective, the inner layer of calcified grains observed in our corallines (Fig 1C)
could represent an intermediate precursor phase preceding the formation of the rod-shaped
crystallites. The IC is the only calcification occurring just after the cut off of a new epithallial
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cell from the meristem, and we frequently observed multiple layers of perpendicular rods
within the SC (Fig 4A). Therefore, we suggest that IC would likely be the first step in the for-
mation of SC, with SC multiple-layer thickening deriving from a deposition of a new layer
after reactivation of IC. From this point of view, a CCA calcification proceeding from the
inner part of the cell wall towards its periphery appears the only plausible explanation [76].

The Mg/Ca ratio in CCA is variable not only among specimens or within a single specimen.
At a higher detail, NanoSIMS analysis of the Mg/Ca ratios in L. glaciale showed higher values
in summer cells, with a pronounced variation within a single cell wall, both in the natural envi-
ronment and in controlled conditions with constant temperature, although at a lesser extent
[37]. This observation would suggest that the Mg/Ca ratio is controlled primarily by the tem-
perature of the environment, as assessed across phyla at a global scale [81], but also that the liv-
ing CCA cells mediate the calcite Mg/Ca ratio at the ultrastructural scale. In the perithallial
cells of L. glaciale the highest ratios were recorded in the PC, and at the boundary of the cell
lumen, with NanoSIMS evidence of further high Mg/Ca values, localized concentrically in the
SC [37] (Fig 2A). This pattern of concentric higher Mg/Ca values supports the hypothesis of
successive activations of the IC, possibly driving the formation of additional SC crystallite
layers.

Interestingly, we observed the best developed calcite rhomboids in the PC among adjacent
cell filaments and in the hypothallial cell walls, both in the primary and secondary hypothallus.
We observed also thicker PC in longer cells, which explains the occurrence of higher Mg/Ca
ratio in the cell wall of longer perithallial cells produced during the warm season [25, 34, 37,
76]. These observations support the hypothesis that the primary and secondary calcification
may be controlled by distinct processes: the calcification of the actively (fast?) developing ana-
tomical parts (hypothallial cells, wound repairs), and in particular the PC and the IC, could be
mediated by a higher Mg/Ca phase controlled by distinct physiological activity of CCA cells
and their organic templates (e.g.: [15, 18]; on the contrary, the calcification of the SC would
develop from the IC and partially at the expenses of the PC, by incremental growth of one or
multiple generation of crystallites with relatively lower Mg/Ca ratio.

Conclusions

We used SEM image analyses to compare the classical biometrical descriptors and the calcifi-
cation traits of two morphologically similar, but genetically distinct sympatric species, L. race-
mus and L. pseudoracemus. The perithallial cell area differed significantly between L. racemus
and L. pseudoracemus and the shape of the asexual conceptacles together with the occurrence
and shape of the calcified columella could suggest a morphoanatomical criterion for species
identification, however, their use would be hampered by a non-negligible degree of variability
and values superposition. Therefore, a morphological identification solely based on biometri-
cal measurements of cells and reproductive structures confirmed to be ineffective for species
discrimination of L. racemus from L. pseudoracemus.

The morphology of crystallites in the high-Mg calcite cell walls was coherent with previous
studies on other species belonging to the same clade. We observed no distinction of crystallite
shape and organization at species level. We rather found differences in the degree of cell calci-
fication, and we could distinguish two L. racemus and L. pseudoracemus calcification types
from a multivariate analysis accounting for the SC thickness, the PC thickness and the cell wall
area. Most of the differences were explained by the perithallial SC thickness, higher in L. race-
mus and lower in L. pseudoracemus. One corollary is that the exclusive analysis of the cell-wall
ultrastructures in epithallial and meristematic cells is a valid diagnostic criterion for higher

PLOS ONE | https://doi.org/10.1371/journal.pone.0273505 October 3, 2022 19/24

209



PLOS ONE

Calcification traits in corallines

taxa, but other elements must be taken into account for the identification of congeneric and
very similar specimens.

Evidence from SEM images showed the presence of a granular calcified layer in the inner-
most part of the cell wall (IC), in addition to the SC and PC known in the literature. We sug-
gest that this could represent the precursor phase in the formation of secondary crystallites,
becoming an important clue of the biomineralization mechanism in CCA.

A comparative analysis of the calcification of short and long cells, in the framework of pub-
lished reports about the pattern of variation in the Mg/Ca ratio, suggested that cell elongation
both in the perithallus and in the hypothallus is associated with the enhanced production of
PC with higher Mg/Ca ratio, possibly triggered by warmer temperatures and/or longer light
periods. Moreover, the inverse proportion between perithallial SC and PC thickness, together
with the absence of PC in the newly formed wall cutting off an epithallial cell from the meri-
stem, support the existence of two different pathways for the formation of PC and SC.

Our findings suggest the existence of a taxon-dependent hierarchy of ultrastructural pat-
terns and calcification traits, still largely unexplored, consistent with the concept of biologi-
cally-controlled calcification in coralline red algae. Classical morphoanatomy should be
integrated with new characters such as skeletal ultrastructures, to be assessed in genetically
identified specimens, with the aim to improve rather than neglect the information about phy-
logeny, functions, adaptations and ecology, conveyed by anatomical structures and organiza-
tion patterns.
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