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A B S T R A C T   

Intertidal macroalgae, such as coralline algae, represent an essential structural element and substrate in rocky coastal zones. They have a high degree of flexibility 
allowing their survival in environments with severe mechanical stress during tidal cycles. This study characterised the genicula and intergenicula of the calcifying red 
algae Corallina officinalis across its geographic distribution in the Northeast Atlantic. Poleward populations have constructed more sturdy cell walls compared to 
equatorward populations, potentially due to greater local adaptations to higher frequency and intensity of environmental factors like storms and wave action. 
Southern populations showed a lack of local adaptation culminating in survival rather than thriving within their current environment, hence, they are located at the 
margin of this species’ favourable conditions. Results clarify significant differences between latitudes and indicate a north-to-south gradient in this species’ skeletal 
elemental composition. Northern populations were dominated by cadmium, whereas chromium was the major trace element found in southern populations. In the 
future, these characteristics could lead to a permanent decline and a decrease in the ecosystem functions of C. officinalis in the southern locations in the Northeast 
Atlantic, which may be accelerated by predicted future climatic changes.   

1. Introduction 

Marine calcifying organisms such as coralline red algae (Corallinales, 
Rhodophyta) are indispensable components of global marine shallow- 
water ecosystems (Adey and Macintyre, 1973; Steneck, 1986). Func-
tioning as important ecosystem engineers they play a vital role as 
essential structural elements in rocky coastal zones by providing rigid 
substrates (Dayton, 1972; Johansen, 2018; Kelaher et al., 2001; 
Marchini et al., 2019; Noël et al., 2009). 

To sustain their abundance in intertidal ecosystems, it is suggested 
that coralline algae have a good ability to adapt to great and fast changes 
in environmental conditions, such as solar irradiance, water tempera-
ture, physical stress or carbonate chemistry (e.g. considerable pH vari-
ations) which fluctuate seasonally, monthly, diurnally and tidally 
(Hofmann et al., 2014; Martone et al., 2010; Williamson et al., 2014). 
Besides the shallow-water ecosystem they dominate, these factors can 
impact their physiology and morphology. However, it is recognized that 
species with a wide geographical range, such as coralline algae, are very 
plastic and able to adjust to various habitats through morphological and 

functional responses (Kolzenburg et al., 2021; McCoy and Widdicombe, 
2019; Ragazzola et al., 2013). 

Within coralline algae, at many wave-exposed sites, erect (genicu-
late) corallines are the dominant competitor for space in the low inter-
tidal zone. Erect coralline algae habitually form dense, convoluted and 
highly branched turfs which are expressed to be extreme in algal 
structural complexity (Coull and Wells, 1983; Davenport et al., 1999). 
One example is Corallina officinalis, which forms turf across extensive 
ranges on hard substratum in the intertidal ecosystems of the Northeast 
Atlantic. Studies have shown that predicted future environmental con-
ditions caused by climate change may have an opposing effect on 
C. officinalis throughout their latitudinal gradient. It is predicted that, 
physiologically, leading edge populations in high latitudes show a more 
resilient response to experimental thermal and stress levels, coping best 
with changes in pH and temperature as predicted in modelled future 
scenarios (IPCC, 2023) as compared to central and trailing edge pop-
ulations (Kolzenburg et al., 2021). This could have a severe knock-on 
effect on biodiversity in C. officinalis dominated habitat, because 
without C. officinalis, ~ 80% of other organisms may not persevere in 
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coastal rocky shore habitats, leaving shores considerably depleted in 
diversity (Grahame and Hanna, 1989). Ultimately, this should be taken 
into consideration when designing protected areas or policies around 
coastal species conservation due to the immense effect a continuous loss 
of this and closely related species may have on coastal productivity. 

Turf beds produced by geniculate coralline algae can be highly 
variable in frond length and density which could be related to a shift in 
their energy budget from growth extension to preservation of structural 
integrity (Ragazzola et al., 2013). Due to the nature of its habitat in the 
rocky shore intertidal zones erect coralline algae are exposed to 
tremendous wave action and powerful seawater velocities (>20 m s− 1) 
(Denny, 1988). They evolved c. 100 Ma by developing flexible thalli 
consisting of multiple calcified intergenicula arising from one another, 
connected by a non-calcified genicula, acting as joints (Fig. 1; Aguirre 
et al., 2010). This structure provides flexibility and elasticity for every 
individual thallus (Martone and Denny, 2008a). A system of thalli 
growing from one initial point on the holdfast disc forms a frond. The 
intergenicula size and shape are characteristic of certain genera or 
species but can be influenced by external factors such as abiotic or biotic 
stressors (Johansen, 2018). The cell geometry and cell wall and genicula 
composition can also influence the stress and strain of the structure of 
articulated coralline algae (Martone, 2007; Martone et al., 2019). 

Several studies have investigated the mechanical properties of the 
genicula, which are four times stronger and six times as extensible as 
fleshy algae (Janot and Martone, 2016; Martone, 2007), and resistant to 
fatigue of a single thallus. These studies were ground-breaking in un-
derstanding how geniculate algae can grow to sizes that would not be 
possible considering the hydrodynamic forces they face, which are 
potentially able to break or dislodge them (Denny, 1988, 1995; Denny 
and Wethey, 2001). However, very few studies have attempted to 
compare the resistance (via tensile stress) of frond bundles (Ragazzola 
et al., 2017) and no study compared the mechanical properties of the 
same coralline species across different environments. This knowledge is 
crucial to determine how and whether the wider distributed, 
turf-forming algae C. officinalis will be able to withstand climatic 

changes and with it, an increase in intensity and frequency of physical 
force exposure caused by coastal storm events. 

The calcified intergenicula of coralline algae are made of high- 
magnesium (Mg) calcite deposited inside the cell wall. Mg is the most 
studied element in coralline algae, especially for temperature recon-
struction (Milliman et al., 1971). Coralline algae, amongst others, can 
contain between 7.7 and 28.8 mol% Mg-calcite (Chave, 1954a, 1954b; 
Halfar et al., 2000; Kamenos et al., 2008; Vinogradov, 1953). A con-
centration of around 8 mol% would translate to approximately 2% of Mg 
in relation to the total weight, making coralline algae the main producer 
of high-Mg calcite in the ocean (Johansen, 2018). Mg concentrations in 
the thallus vary and are directly or indirectly influenced by growth rates, 
light, physiological cycles and mostly temperature (Chave and Wheeler 
Jr, 1965; Moberly Jr, 1968). The substitution of Mg into calcite is an 
endothermic reaction, hence, the Mg/Ca ratio of calcite is expected to 
increase with increasing temperature (Lea et al., 1999; Rosenthal et al., 
1997), with a temperature dependence of Mg uptake into calcite of up to 
3 mol% per 1 ◦C. A high Mg content may also improve the mechanical 
properties of biogenic minerals (Long et al., 2014). Mg is not the only 
element which is incorporated into the organisms’ calcite lattice 
(Table 1; Halfar et al., 2000; Saha et al., 2016) and previous studies have 
measured trace elements such as strontium (Sr) and barium (Ba) 
(Johansen, 2018; Milliman et al., 1971). These elements in coralline 
algae provide important information about changes in environmental 
and compositional parameters of the ambient seawater at the time of 
growth. Trace elements such as iron (Fe), sodium (Na), and manganese 
(Mn) have been used to determine and reconstruct historically physio-
logical performance and environmental metal contamination (Darre-
nougue et al., 2018; Raven et al., 1999) while in fleshy algae, other 
elements are used for more generic physiological and environmental 
proxies and pollution assessment (cadmium (Cd), chromium (Cr), va-
nadium (V) and zinc (Zn); Tuzen et al., 2009; Table 1). Coralline algae 
used as an environmental reconstruction proxy are typically 
non-geniculate, long-lived organisms forming annual bands. Therefore, 
very little knowledge of trace elements in geniculated coralline algae is 

Fig. 1. Structure of Corallina officinalis. Left: full thalli with Alizarin Red S staining (striped arrows) and representative location of lower, middle and upper thallus 
region (white circles). Middle: schematic of structural elements and cell specification: calcified intergenicula segments (ig) alternating with non-calcified genicula 
segments (g), a meristematic apex (a); an intergeniculum consisting of a central medulla (m), a peripheral cortex (cx) and an epidermis (e) covered with a cuticle. Cell 
walls form a banding pattern with smaller, more calcified cells formed in winter and larger, less calcified cells formed in summer. Right: scanning electron mi-
croscopy image showing intra (parallel to growth direction) cell walls (white arrows) and inter (perpendicular to growth direction) cell walls (black arrows). 
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published, mostly because fronds are fragile, shorter-lived than crusts, 
and therefore may not allow for precise, long-ranged historic recon-
struction. Nevertheless, they can still provide fundamental information 
on the environmental status of their habitat and, linked with physio-
logical assessment, on organismal metabolic performance. 

This study represents a characterization of the structural integrity 
and trace elemental composition of C. officinalis across its natural dis-
tribution in the NE Atlantic. Environmental status of the habitat aside, 
we hypothesise that central populations are structurally more robust to 
environmental conditions and, thus, may show less differences in mea-
surements such as elemental ratios, growth rates, cell wal thickness, 
tensile strength, strain and stress. In contrast, we predict that northern 
and southern populations will present greater differences within their 
skeletal chemical composition and mechanical properties, indicating 
their resilience to predicted higher in situ fluctuations of physical forces 
and temperatures. 

2. Material and methods 

2.1. Species collection 

Specimens of two Corallina officinalis populations per country were 
collected intertidally, during low tide at a depth of ~0.25m from the 
water surface at sites in South East England (central populations CP1 & 
CP2; January 2017 & July 2017), North West Spain (trailing edge 
populations SP1 & SP2; February 2017 & July 2018) and South West 
Iceland (leading edge populations NP1 & NP2; November 2017 & July 
2017; Table 2) in summer and in winter. Specimens from all locations 
were genetically identified in previous studies (Kolzenburg et al., 2019; 
Tavares et al., 2018). Field sites and sampling times are identical to 
those described previously (Kolzenburg et al., 2023). Only healthy in-
dividuals without damage or bleaching were selected. Samples were 

collected, cleaned from epibionts and some were kept in 
temperature-controlled chambers with regular water change, others 
were dried for 48 h at 60 ◦C before transportation to the laboratories of 
the University of Portsmouth for structural and elemental analysis. 

2.2. Measurements of environmental parameters 

Temperature, salinity, dissolved oxygen (DO), pH, irradiance and 
total alkalinity (AT) were measured (n = 1 in 2016, n = 3 in 2017 and 
2018) during sample collection (Table S1). 

Table 1 
Elements as proxies for biotic and abiotic environmental and physiological factors.  

Element  Proxy Correlation 
(concentration vs. 
effect) 

Skeletal form of 
calcium 
carbonate 

Organism Reference 

Barium Ba Salinity & freshwater and sediment 
discharge 

Direct, negative Calcite Corallinaceae (Chan et al., 2011; Johansen, 
2018; Milliman et al., 1971) 

Cadmium Cd Pollution through anthropogenic input, 
reduced cell wall viability, DNA damage and 
inhibition of calcite precipitation and 
primary production 

Direct, positive N/A Cyanophyceae, Chlorophyceae Vymazal (1987) 
Calcite Corallinaceae Kangwe et al. (2001) 
N/A Higher plants Nazar et al. (2012) 

Chromium Cr DNA and gene transcription modification, 
cancerogenic, growth and primary 
production inhibiter 

Direct, positive N/A Fleshy Rhodophyta Sari and Tuzen (2008) 
Primarily 
aragonite 

Scleractinian corals Pereira et al. (2016) 

Iron Fe Electron transport in photosynthetic and 
respiratory processes 

Direct, positive Calcite Oxygen-evolving organisms (e. 
g. higher plants, algae, 
Cyanophyceae, diatoms, etc.) 

Raven et al. (1999) 

Corallinaceae (Johansen, 2018; Milliman 
et al., 1971) 

Contamination Direct, neutral Sporolithales rhodoliths Darrenougue et al. (2018) 
Magnesium Mg Temperature Direct, positive Primarily 

calcite 
Corallinaceae (Halfar et al., 2000; Johansen, 

2018; Milliman et al., 1971) 
Strontium Sr Salinity incl. Historical reconstruction Direct, positive Primarily 

aragonite 
Corallinaceae Johansen (2018) 
Aragonitic bivalve shells 
(Arctica islandica) 

Schoene et al. (2010) 

Vanadium V Catalyst for amino acid production & 
chlorophyll a formation, enzyme activity 

Direct, positive N/A Chlorophyta (freshwater) (Meisch and Bauer, 1978;  
Meisch and Benzschawel, 1978; 
Wilhelm and Wild, 1984a, 
1984b) 

Calcite Corallinaceae Krenn et al. (1989) 
Zinc Zn Efficiency of photosynthetic reactions, CO2 

assimilation, enzyme and protein build-up 
Direct, positive Calcite Oxygen-evolving organisms (e. 

g. higher plants, algae, 
cyanobacteria, diatoms, etc.) 

Raven et al. (1999) 

N/A Fleshy Pheophyceae, 
Chlorophyta, Rhodophyta 

Amado Filho et al. (1997) 

Growth inhibition & fatal toxicity at high 
concentrations 

Direct, negative N/A Higher plants Rout and Das (2009)  

Table 2 
Sampling site coordinates.   

Site name Coordinates Beeline distance between 
populations 

Northern 
population 1 

Stafnes South N 
63.968444, 
W 
22.750861 

1.59 km 

Northern 
population 2 

Stafnes North N 
63.974380, 
W 
22.753610 

Central 
population 1 

St Margarets 
Bay 

N 
51.148056, 
E 1.385056 

26.85 km 

Central 
population 2 

Westbrook 
Bay 

N 
51.388840, 
E 1.367170 

Southern 
population 1 

Illa del Arousa N 42.56870, 
W 8.89171 

7.19 km 

Southern 
population 2 

Tragove N 42.52444, 
W 8.82772  
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2.3. Tensile strength 

Ultimate tensile strength (Ftu) is defined as the material’s capacity to 
withstand loads elongating the specimen and subsequently determining 
the strength and resistance to tension. Investigated in this study is the 
genicula, the predominant breaking point during tensile strength. 

Tensile strength was measured in a wet chamber filled with filtered 
seawater for only two populations, NP1 and CP1, for one season each 
(winter and summer, respectively). 

Wet samples (n = 20 and 40 for NP1 and CP1, respectively) were 
fixed to a 2 cm, flat wooden surface, using instant adhesive. For con-
sistency and comparability, only the top and the bottom three calcified 
intergenicula segments of all 1.00 ± 0.13 cm long specimens were 
attached. It was ensured the tested sample length was not contaminated 
with adhesive to prevent alterations of structural properties. 

Wet analyses were conducted using an ElectroForce fatigue test in-
strument (Model 3220 Series II, Bose Corporation, Eden Prairie, MN, 
USA) and analysed using the WinEst 7 software (Bose Corporation, Eden 
Prairie, MN, USA), analytic settings can be found in Table S2. Data were 
plotted and analysed using Excel (Microsoft Office, USA). Measurements 
for Load were plotted against displacement, indicating the tension 
needed to break each sample. In addition, Strain, representing the ma-
terial extensibility of each sample, was added to the same figure. The 
strain was calculated using the following equation: 

ε=ΔL
LO  

with ΔL as the change in sample length [mm] and L0 as the initial sample 
length [mm]. 

Additionally, an estimation of stress (σ, N mm− 2) on the broken 
geniculum obtained from dry specimens (n = 30 and 20 for NP and CP, 
respectively) of the same location but from a different time point was 
calculated following the equation 

σ =
Ftu

Ageniculum cross− section  

with Ageniculum cross-section representing the area in mm2. 

2.4. Cell wall thickness (CWT) 

Using scanning electron microscopy (SEM) the cell wall structure of 
3 specimens, n = 15 measurements for each per season and site, was 
measured (total count of 540 measurements). Analyses were focused on 
different heights of the centre of the medulla tissue within the thallus 
(Fig. 1) to ensure full calcification. 

An Environmental SEM was used (EVO MA10 with a W filament 
electron source, Zeiss, Oberkochen, Germany) enabling the use of the 
same mounts for LA-ICP-MS and SEM analysis without the interference 
of sample coating. Sample mounts were fixed on stabs with double- 
coated carbon conductive tabs and cleaned using Isopropanol, before 
being placed into the SEM under a variable pressure (VP) vacuum of 28 
Pa. 

Images were taken at 20 kV electron high tension (EHT) accelerating 
voltage with a probe of 300 pA, a working distance (WD) of 7–9 mm, a 
scan speed of 20.5 s, a magnification of 3 K and a Backscatter line 
average noise reduction (HDBSD) mode. ImageJ (Rasband, 2016) was 
used to determine the intra- (parallel to growth direction) and inter-cell 
wall (perpendicular to growth direction) thickness (CWT) of specimens. 

2.5. Linear growth rates 

Growth rates were determined using transplants of C. officinalis at 
sampling sites of NP1 and CP1 (Table 2). A transplant of SP had been 
planted into the field but was not recoverable. Specimens were carefully 
removed using a hammer and chisel ensuring complete removal 

including the encrusting base. They were submerged into a solution of 
0.5 g L− 1 Alizarin Red S vital stain (Fluks, Sigma-Aldrich, Steinheim, 
Germany) for 24 h under a light intensity of ~35 μmol m− 2 s− 1 (Andrake 
and Johansen, 1980). After staining, algae were carefully and thor-
oughly rinsed with filtered seawater. The following day, specimens were 
placed back at the point of collection, using epoxy resin (Splash Zone 
A-788, KOP-COAT, Inc., NJ, USA) to attach the holdfast. Transplants 
were collected after 3 months in northern (late July – early November) 
and 5 months in central locations (late January – early July), specimens 
were carefully dried and growth rates were determined (Kolzenburg 
et al., 2021). Analyses consisted of 298 northern and 118 central 
replicates. 

2.6. Trace element composition 

Element/Ca ratios within the calcite were determined by laser 
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). 
Chosen elements included: Magnesium (Mg), Vanadium (V), Chromium 
(Cr), Zinc (Zn), Strontium (Sr), Cadmium (Cd) and Barium (Ba). Abla-
tions were focused on the medulla tissue to ensure full calcification 
(Fig. 1). 

Replicate thalli from different individuals (n = 3) of each population 
were embedded into epoxy resin (EpoFix Kit, batch no: 8134–01, Struers 
ApS, Ballerup, Denmark) and polished (MetaServ 3000 or VibroMet 2, 
Buehler, Esslingen, Germany) using an aluminium oxide solution of 
0.05 μm grain size (Micropolish Alumina, Buehler, Esslingen, Germany). 

Analyses were conducted at the School of Earth and Environmental 
Sciences, University of Portsmouth, using a RESOlution 193 nm ArF 
excimer Laser with a Laurin Technic S155 Ablation cell coupled to an 
Analytic Jena Plasma Quant MS Elite ICP-MS (Table S3). Analyses were 
performed using a 55 μm spot size, laser fluency of 3.0 J cm− 2 and a 
repetition rate of 5 Hz. Background measurements of 20 s were followed 
by 30 s of ablation and 15 s of washout for each analysis. The following 
masses were measured with a 10 ms integration time: 26Mg, 44Ca, 43Ca, 
51V, 52Cr, 57Fe, 66Zn, 88Sr, 111Cd, 137Ba. 

Background and signal counts were integrated, time-drift corrected 
and reduced to concentrations using the software Iolite 3.4 (Paton et al., 
2011). Synthetic silicate glass reference materials NIST SRM (National 
Institute of Standards and Technology Standard Reference Material) 610 
and NIST SRM 612 were used for instrumental calibration and as pri-
mary and secondary standards. Synthetic calcium carbonate USGS 
(United States Geological Survey) MACS-3 was also used as a secondary 
standard and analysed using the same conditions as the samples. Each 
run consisted of at least six external standard analyses (NIST 610) and 
four secondary standards NIST 612 and MACS-3 (n = 8). Detection limits 
(99% confidence) for spot measurements of NIST glasses were: Mg =
~28 ppm and Ca = ~100 ppm. 

The internal standard element for normalization of the data was 
43Ca, obtained from the GeoReM (Geological and Environmental 
Reference Materials) database and own measurements. All reference 
materials were ablated before, in the middle of and after sample abla-
tions. Following every sixth sample analysis, one analysis of NIST SRM 
610 was added to correct for time-dependent drift of mass discrimina-
tion and instrument sensitivity. Final elemental composition ratios were 
calculated as a ‘mean count rate’ including standard error of 9 drift and 
background corrected single ablation spot analysis for each of the three 
replicates. Spots (n = 3) were ablated at the lower, middle and upper 
regions of the selected thallus (Fig. 1). This method is commonly used 
for LA-ICP-MS data reduction (Longerich et al., 1996). Obtained values 
are reproducible within 10% for Mg, of the GeoReM recommended 
values (Jochum et al., 2005) and were compared for accuracy with the 
GeoReM database (Figs. S1 and S2) and for internal (NIST 610) and 
external reproducibility (MACS-3 and NIST 612; Table S4). 
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2.7. Data and statistical analysis 

Data of tensile strength, intra- and inter-cell wall thickness and 
monthly linear growth rates of NP1 and CP1 (all n = 118) were not 
normally distributed or homogenous, so they were analysed using SPSS 
v.28 (IBM Corp, 2021), using independent-sample Kruskal-Wallis H tests 
with pairwise comparison. 

Elemental data was analysed using PRIMER 6.1 (Anderson et al., 
2009), after data normalization by fourth root transformation due to 
extremely high variability of elemental concentrations; a permutational 
analysis of variance (PERMANOVA) with country, population and sea-
sons as factors and populations nested into country and 9999 permu-
tations was performed. Additional similarity of percentage (SIMPER) 
analyses were performed to determine the major influential elements for 
lower thallus regions of each group. Fe was excluded from SIMPER an-
alyses due to skewness caused by very high measurement sensitivity but 
remained incorporated in all other analyses. 

3. Results 

3.1. Tensile strength 

The predominant breaking point was the non-calcified genicula, 
which is what is referred to when discussing the data. 

Wet specimens of central populations under summer conditions were 
able to withstand an ultimate tensile strength (Ftu) of 0.886 ± 0.083 N 
(mean ± SE, Fig. 2) which is not significantly different from wet 
northern populations under winter conditions (1.181 ± 0.080 N, Fig. 2). 
Neither displacement nor strain showed a significant difference between 
the two populations. 

Results reveal a greater stress imposed on genicula of CP (46.53 ±
7.75 N mm− 2; mean ± SE) as compared to NP (20.50 ± 2.02 N mm− 2; 
mean ± SE). 

3.2. Cell wall structure 

Inter-CWT (Fig. 3; Table S5(A)) was significantly higher in NP 
compared to CP (1.30-times and 1.33-times for summer and winter 
respectively) and SP (1.21-times and 1.49-times for summer and winter 
respectively) in both seasons (Kruskal-Wallis H test, P = 0.000 for all; 
Table S5(B)). SP were the only populations that showed a significant 
difference in inter-CWT between seasons (Kruskal-Wallis H test, P =
0.000). In NP and CP inter-CWT was marginally thicker in winter than in 

summer. Intra-CWT was more variable than inter-CWT. 
Like inter-CWT, intra-CWT showed a significant difference between 

NP (1.70 ± 0.04 μm and 1.95 ± 0.04 μm for summer and winter, 
respectively) and CP (1.44 ± 0.04 μm and 1.67 ± 0.04 μm for summer 
and winter, respectively) in both seasons (Kruskal-Wallis H test, P =
0.000 for all) while there was no significant difference between NP and 
SP in summer. All populations showed a significant difference in intra- 
CWT NP and CP increased from summer to winter whereas SP 
decreased from summer to winter. 

3.3. Linear growth rates 

Growth rates of NP were 2.08 ± 0.03 mm month− 1. Those of CP were 
significantly lower at 0.25 ± 0.03 mm month− 1 (Fig. 4; Kruskal-Wallis H 
test, P < 0.001). Staining success totals ~57% and ~70% for CP and NP, 
respectively. 

3.4. Elemental composition of the skeleton 

SIMPER analysis revealed a separation between NP and CP and NP 
and SP for Cd (Fig. 5) and a general trend towards dissimilarity between 
seasons of CP but not NP or SP. 

Mg/Ca was only comparable between seasons in NP, but not in CP or 
SP where ratios significantly decreased with winter temperatures 
(Kruskal-Wallis H test, P = <0.030 for all thallus regions; Fig. 6, 
Tables S6 and S7). In all populations, independently of season, Mg/Ca 
ratios increased with tissue age, meaning from the upper towards the 
bottom thallus region. Comparing the thallus middle in summer by 
latitude, Mg/Ca ratios showed a significant increase from NP to CP and 

Fig. 2. Ultimate tensile strength (Ftu) [N], displacement [mm] and normal 
strain [ε] (mean ± SE; n = 20 and 40 for northern and central populations, 
respectively) of wet Corallina officinalis across its distribution in the NE Atlantic 
in summer and winter. 

Fig. 3. Inter- and intra-cell wall thickness of Corallina officinalis samples in the 
field. Black and grey bars represent inter- and intra-cell wall measurements 
[μm], respectively. (mean ± SE, n = 15). The left, middle and right sections of 
the graph represent the northern, central and southern regions, respectively. 
Within each region, populations (n = 2) are compared during summer and 
winter conditions. 

Fig. 4. Monthly linear growth rates [mm] (mean ± SE) for northern (n = 289) 
and central (n = 118) populations of Corallina officinalis across its natural dis-
tribution in the NE Atlantic in summer conditions. Sample sizes vary in relation 
to staining success. 
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SP but rates of CP vs. SP are comparable (Kruskal-Wallis H test, P =
0.025 and P = 0.035, respectively; comparison within thallus regions). 
Mg/Ca ratios were directly compared with the physiological parameters 
of net production, respiration, net calcification and dark calcification 
(Fig. 7) and environmental parameters (Fig. S3; Kolzenburg et al., 
2023). 

V/Ca between seasons were not significantly different in any of the 
geographical regions. NP showed significantly lower V/Ca ratios be-
tween lower vs. middle and upper thallus regions (Kruskal-Wallis H test, 
P = <0.036 for all). Ratios of all but upper thallus regions of SP are 
significantly elevated compared to CP and NP (Kruskal-Wallis H test, P =
<0.022 for all CP and P = <0.001 for all NP). 

Cr/Ca of only CP showed a significant decrease from summer to 
winter in middle thallus regions and a significant positive increase in 
upper and lower thallus regions(Kruskal-Wallis H test, P = <0.001, for 
all). All thallus regions showed a highly significant increase in values 
from the NP to CP and SP (Kruskal-Wallis H test, P = <0.001 for all). 
When comparing SP and CP, the bottom and middle thallus regions 
showed a highly significant increase in values during winter (Kruskal- 
Wallis H test, P = <0.001 for both). 

Fe/Ca showed high variability in all populations, seasons and thallus 
regions. Winter ratios showed a trend towards lower values in both 
leading and trailing edge populations as compared to central pop-
ulations. No significant difference in any region or season was found 
between CP and SP, or between seasons for each region within a pop-
ulation. NP and CP showed significantly higher ratios at the tip as 

Fig. 5. PERMANOVA (2D stress: 0.17) with SIMPER results for all populations 
across the geographic distribution of Corallina officinalis across the NE Atlantic. 
Blue upward-facing triangles, green squares and red downward-facing triangles 
represent northern, central and southern populations, respectively. Seasonal 
differences are indicated in darker respective colours for summer and lighter 
respective colours for winter. 

Fig. 6. Boxplots of element/Ca ratios for magnesium (Mg), vanadium (V), chromium (Cr), iron (Fe), zinc (Zn), barium (Ba), strontium (Sr) and cadmium (Cd) in 
different parts of the branch. The upper, middle and lower branch regions (n = 9) are nested within seasons (Winter, Summer) and seasons are nested within 
geographical regions (North, Centre and South). Northern, central and southern geographical regions are represented in blue, green and red, respectively. Seasons 
within the geographical region are differentiated by darker (winter) and lighter (summer) shades of the respective colour. All element ratios are based on ppm values. 
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compared to the bottom of the thallus in both seasons (Kruskal-Wallis H 
test, P = <0.048 for all), except NP in winter. 

Zn/Ca increased from North to South, following the same trend as 
Cr/Ca. Significant increases include NP vs. CP and vs. SP within a season 
in all thallus regions (Kruskal-Wallis H test, P = <0.004 for all, except 
the tip of CP in summer). Only SP showed significantly higher ratios 
within the lower thallus regions in winter as compared to summer 

(Kruskal-Wallis H test, P = 0.001). 
Sr/Ca decreased significantly from NP in higher latitudes to CP and 

SP in lower latitudes (Kruskal-Wallis H test, P = <0.025 for all, except 
for lower thallus regions). The same significant difference was found for 
CP vs. SP in winter (Kruskal-Wallis H test, P =<0.040 for all). All CP but 
neither the leading nor trailing edge population decreased significantly 
between seasons at each region of the thallus (Kruskal-Wallis H test, P =

Fig. 7. (A) Net primary production [μmol O2 h− 1 

gDW− 1] (mean ± SE; closed circles), (B) respiration 
[μmol O2 h− 1 gDW− 1] (mean ± SE; closed circles), 
(C) net calcification in the light [μmol CaCO3 h− 1 

gDW− 1] (mean ± SE; closed circles) and (D) calcifi-
cation in the dark [μmol CaCO3 h− 1 gDW− 1] (mean 
± SE; closed circles) of Corallina officinalis. The sec-
ondary vertical axis shows Mg/Ca ratios (mean ± SE; 
open circles in all graphs; element ratios are based on 
ppm values) of both populations from northern, cen-
tral and southern locations along the latitudinal 
gradient in the NE Atlantic in summer and winter. 
Physiological parameters were previously published 
(Kolzenburg et al., 2023).   

Fig. 8. Cumulative Element/Ca ratios [ppm/ppm] of the entire thallus of northern (leading edge), central and southern (trailing edge) populations in summer (red) 
and winter (blue) for (a) Mg/Ca, (b) V/Ca, (c) Cr/Ca, (d) Fe/Ca, (e) Zn/Ca, (f) Sr/Ca, (g) Cd/Ca and (h) Cd/Ca (mean ± SE). 
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<0.009 for all). Sr/Ca ratios were also compared to their correlating 
environmental proxy, salinity (Fig. S3). 

Cd/Ca significances between NP and other geographical locations 
were clearly differentiated, showing significantly higher ratios in NP as 
compared to CP and SP apart from the thallus tip of SP during summer 
(Kruskal-Wallis H test, P = <0.028 for all). No significant difference was 
found between CP and SP. Seasonal differences were only found in NP 
and expressed significantly or marginally significantly lower in summer 
as compared to winter (Kruskal-Wallis H test, P = <0.001 for the top 
region and P = <0.057 for the middle region). 

Ba/Ca followed almost the opposite trend of Sr/Ca with significantly 
highest values in CP as compared to NP and SP across all thallus regions 
(Kruskal-Wallis H test, P = <0.043 for all), SP showed significantly 
higher values than NP in the upper and lower thallus regions in winter 
(Kruskal-Wallis H test, P = <0.007 for both). Significant differences 
between seasons were found within both leading and trailing edge 
populations in the upper thallus region during summer (Kruskal-Wallis 
H test, P = <0.004 for both). Ambient sampling details for correlations 
are summarised in Table S1. Ba/Ca ratios were also compared to their 
correlating environmental proxy, salinity (Fig. S3). 

A cumulative representation of Element/Ca ratios for summer and 
winter of each geographical locality is represented in Fig. 8. 

Main PERMANOVA analyses indicated that the chemical composi-
tion of C. officinalis cell walls was significantly different between 
countries (Co), location (Lo) (= region) on the thallus, ‘seasons (Se) 
nested within country (Se(Co))’ and ‘season nested within country of 
location (Se(Co)xLo)’ (PERMANOVA, P < 0.001 for all), indicating that 
the chemical composition of the ambient environment has a major effect 
on the cell wall elemental composition. Pairwise comparisons revealed 
significant seasonal differences within thallus region within a country 
(Se(Co)xLo for factor season in all but the bottom thallus of NP (PER-
MANOVA, P < 0.017 for all), between thallus locations within a country 
and between countries within thallus location (PERMANOVA, P < 0.014 
for all; Table S8). 

SIMPER analyses presented the main elemental composition and 
signature of each country’s population. A clear separation between NP 
and SP was led by increased concentrations of Cd in NP but not CP or SP 
(Fig. 6, Table S9). Overall, 90.36%, 91.08% and 96.96% of the data were 
represented in SIMPER for NP, CP and SP, respectively. For NP, CP and 
SP 75.39%, 71.91% and 70.78%, respectively, of the data were 
concentrated in the most abundant elements Mg, Sr and Cr, in this order. 
The remaining major contributing elements were Zn and Ba. However, 
Zn and Ba contributions in this particular order were reversed in NP 
compared to CP and SP. While Cd dominated primarily in NP, Sr and Cr 
determined SP more so than CP. 

4. Discussion 

We investigated the structural and elemental traits of C. officinalis 
across its geographical distribution in the NE Atlantic. Due to the 
exposure to a wide range of abiotic and biotic factors, C. officinalis 
showed different local and seasonal adaptations to regions. Environ-
mental parameters that are referred to in the discussion can be found in 
Table S1. 

4.1. Trace element compositions 

There is high compositional variability between all thallus regions. 
To interpret the data reliably, this discussion focuses mainly on the 
lower, more maturely calcified thallus region to eliminate potential 
differences in elemental incorporation at the younger and commonly 
less calcified apex of the specimen and account for real variability. 
Additionally, we are assuming that the signature reflects the usage and 
uptake of elements through physiological processes at the time of 
development. When comparing SIMPER findings with geological data, 
elevated concentrations of Cr and Mg, as found in trailing edge 

populations, may be attributed to local substrate compositions which in 
NW Spain typically consist of Mg and Cr-rich ophiolites (Martínez et al., 
2007). 

In the calcite lattice, Mg2+ ions substitute Ca2+ ions with increasing 
temperatures, establishing a positive correlation between Mg content 
and Mg/Ca ratios with temperature (Kolesar, 1978; Milliman et al., 
1971; Oomori et al., 1987). Studies have shown exponential tempera-
ture dependency of Mg uptake into calcite of 1–3 mol% per 1 ◦C increase 
depending on species (Henrich et al., 1996; Kamenos et al., 2008; 
Rosenthal et al., 1997). As for calcification, upper thallus regions of 
northern populations showed lower Mg incorporation and increased 
with thallus age (Egilsdottir et al., 2013; Johansen, 2018) which is in 
line with the results of this study. The lack of clearly observable dif-
ferences in Mg/Ca ratios in northern populations between seasons can 
thus be explained by the limited temperature difference of 1 ◦C in 
intertidal and seasonal variations (Kolzenburg et al., 2023), this means 
results are overshadowed by the standard error of Mg/Ca ratios. The 
overlap makes it challenging to predict in situ and short-term de-
velopments in Mg/Ca ratios (Fig. S3). Similarly, Mg concentrations are 
comparable in central and southern populations, due to similar tem-
peratures in the summer and winter, and are marginally higher in 
northern populations (Fig. 8). We agree with previous literature findings 
that Mg content presents a suitable proxy for substantial temperature 
changes, e.g. seasonal variations, and reconstruction in coralline algae 
(Kamenos et al., 2008). This was very clear for seasonality but due to the 
nature of the intertidal environment, a more detailed reconstruction 
between geographical localities was unsuccessful. 

When relating skeletal Mg concentrations and the environmental 
carbonate system, coralline algae are expected to be negatively affected 
in their growth and calcification rates (Egilsdottir et al., 2013) and an 
alteration of their skeletal elemental composition along with a negative 
effect on its structure and structural integrity is expected (Ragazzola 
et al., 2012, 2013, 2016; Ries, 2011). This is mainly due to changing 
carbonate chemistry such as pH or dissolved inorganic carbon (DIC) 
levels in their natural environment and predicted future changes due to 
the uptake of anthropogenic CO2 into the ocean surface layer. In addi-
tion to and in combination with the effects of increasing temperatures 
described above, studies have shown that this may cause coralline algae 
to lose some of their functions as ecosystem engineers and habitat for-
mers due to alterations of structural properties within their calcite 
skeleton (Ragazzola et al., 2012). Interpreting the cumulative Mg/Ca 
ratios of both seasons from our study, we expect central populations, 
which showed overall lowest cumulative Mg/Ca ratios, to be somewhat 
more severely impacted by increased pCO2 than leading and trailing 
edge populations. This may be due to potentially higher skeletal frac-
turing rates and damage to the epithelium of the alga which would 
normally protect it from dissolution which are thought to be caused by a 
reduced seawater pH (Ragazzola et al., 2012). Despite the latter study 
focusing on a crustose coralline algae, we would expect a very similar 
outcome for articulated coralline algae due to their structural 
similarities. 

Ba/Ca, Cr/Ca, Zn/Ca and V/Ca ratios were lowest in northern pop-
ulations. The only ratios which showed higher or comparable values 
than in the other locations were Cd/Ca, Sr/Ca and Mg/Ca. Ba/Ca, Cr/Ca 
and Fe/Ca are highest in central locations. Southern populations showed 
the highest values in Zn/Ca and V/Ca ratios. 

Ba/Ca does reflect the environmental salinity levels measured at the 
locations to some extent, where southern locations show the highest 
salinities and were therefore expected to have the lowest Ba/Ca ratios 
(Lea et al., 1989). Ba/Ca ratios did not show the lowest but close to the 
lowest values in southern populations, jointly with northern populations 
which in turn might be exposed to heightened freshwater input from 
snow melt. In addition to this and due to the thermodynamically 
controlled uptake of Ba in the calcite lattice, as confirmed by lowest 
values in poleward populations, Ba/Ca ratios did prove valuable as an 
environmental proxy for freshwater input in articulated calcifying algae 
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and are suggested to also be useful for long-term monitoring as well as 
ambient measurements or historical reconstruction. 

Values of Sr/Ca ratios mirror the decrease of salinity with increasing 
latitude due to increasing freshwater input along this gradient. Sr/Ca 
also closely follows Mg/Ca, implying, additionally following tempera-
ture trends. 

Increased Cr levels can cause DNA and gene transcription modifi-
cations as well as growth and primary production inhibition (Sari and 
Tuzen, 2008). Concentrations of Cr are lower in all populations in winter 
than in summer, resulting in enhanced photosynthetic and growth in-
hibition in summer and in central and southern populations. This is also 
represented by greater growth rates in northern compared to central 
populations. 

Central and southern populations’ physiology is most heavily influ-
enced by both the positive and negative effects of high Zn concentrations 
(Amado Filho et al., 1997; Longerich et al., 1996; Rout and Das, 2009), 
which is subsequently also reflected in reduced cell wall thickness. A 
general increase of skeletal Zn concentrations from summer to winter 
demonstrates the adaptations of organisms to increase net primary 
production (PN) and therefore CO2 assimilation under winter conditions. 
With temperature and light inhibition in the summer, southern pop-
ulations may adapt by increasing the PN rates in winter (Kolzenburg 
et al., 2023) through the utilization of the macronutrient. 

Cd/Ca ratios of both leading and trailing edge locations, but espe-
cially in northern populations, indicate higher pollution rates and lower 
productivity, the inhibition of nutrient uptake and the prevention of 
calcite precipitation and photosynthetic activities (Kangwe et al., 2001; 
Vymazal, 1987). This was not only shown for algae in this study but also 
for terrestrial plants (Nazar et al., 2012) urging the potential detrimental 
effect on the majority of organisms. The effect of Cd coincides with PN, 
gross primary production (PG), respiration (R) and calcification data 
when comparing central, leading and trailing edge populations (Kol-
zenburg et al., 2023) Thick cell walls and fast growth in northern pop-
ulations might contradict this finding, however, it might be due to 
adaptation to prolonged exposure to storms and thereby to potential 
mechanical damage, causing the organisms to prioritise call wall 
thickness and sturdiness over primary production. 

The limiting step during Fe incorporation is thermodynamically 
controlled (Johansen, 2018; Milliman et al., 1971; Raven et al., 1999), 
hence, a higher Fe/Ca rate is expected in southern populations. How-
ever, the highest rates were found in central followed by northern 
populations which are comparable to southern populations, presenting a 
high difference between central and northern/southern locations. A 
possible consequence of relatively low Fe in southern populations in 
combination with an increased concentration of Cd, which is known to 
inhibit nutrient uptake, may be physiological impairment. 

V/Ca ratios highly likely demonstrate that northern populations are 
locally adapted to low light temperature conditions and do not need to 
build up and store chlorophyll a contents (Krenn et al., 1989; Meisch and 
Bauer, 1978; Meisch and Benzschawel, 1978; Wilhelm and Wild, 1984a, 
1984b), contrary to southern populations. 

Other studies (Yildiz et al., 2013) suggest that changes in the or-
ganisms’ skeletal content might affect the ability of C. officinalis to 
absorb light, and increased exposure to ultraviolet radiation may change 
growth and photosynthetic performance. This hypothesis was supported 
by findings in our study and in combination with other studies (Kol-
zenburg et al., 2023). 

A potential future skeletal softening due to changes in skeletal 
elemental compositions, most noticeably due to an increase in Mg/Ca 
ratios, in turn caused by thermal changes, may lead to a reduced resil-
ience of C. officinalis to predicted future environmental conditions that 
are expected to be warmer, stormier and enhanced in terms of me-
chanical forces in the intertidal. These consequences of climate change 
may be exacerbated by the anthropogenic addition of toxic elements 
onto coastal environments through run-off and discharge, stressing 
C. officinalis and potentially other calcifying and non-calcifying 

macroalgae and therefore potentially reducing their adaptation poten-
tial and resilience as well as associated biodiversity. 

4.2. Structural integrity 

Mg/Ca ratios and temperature are generally thought to be positively 
correlated with hardness, elasticity and crack resistance (Bianco-Stein 
et al., 2021; Kunitake et al., 2012; Long et al., 2014). Therefore, newly 
formed thallus sections are more elastic in winter due to lower Mg/Ca 
ratios and temperatures (Bianco-Stein et al., 2021; Long et al., 2014) and 
therefore most probably form a more elastic thallus over time as 
compared to thalli from central and trailing edge populations. Genicu-
lated coralline algae have evolved to adapt to harsh intertidal environ-
ments with high tensile strength resistance and elasticity as a result of 
their segmented and jointed structure. This structure determines their 
location and survival on the rocky shores (Martone and Denny, 2008a) 
and can withstand high forces. Physical and ecological stress may cause 
damage to the organisms via cuts, scars or even holes in the frond. As 
already pointed out in other studies (Melbourne et al., 2015), little 
research was conducted on changes in the structural integrity of coral-
line algae, and it was mainly carried out on non-geniculate species apart 
from Ellisolandia elongata and very recently, Corallina vancouveriensis 
and Calliarthron tuberculosum (Guenther et al., 2022; Marchini et al., 
2019). 

We have shown that northern populations build thicker cell walls 
than southern and central populations, which are comparable to each 
other. Therefore, northern populations of the NE Atlantic need lower Mg 
concentrations within their skeleton to become more elastic and with-
stand abrasion due to autumn and winter storms (Kunitake et al., 2012; 
Long et al., 2014). This coincides with temperature and Mg/Ca mea-
surements, which are the lowest in NP. The cell wall thickness also ex-
plains the greatest staining success for growth rate determination in 
northern as compared to central populations. Additional reasons for 
reduced staining success in central populations may be the lack of up-
take or loss due to abrasion which was described for C. officinalis 
(Andrake and Johansen, 1980). 

Intra-cell walls (perpendicular to growth direction) are thicker in all 
populations, indicating their important function for structural stabili-
sation as well as protection of the cell interior. Due to their shorter and 
thicker design compared to inter-cell walls (parallel in relation to di-
rection of growth), intra-cell walls can absorb, buffer and channel 
exogenous mechanical impacts through spreading. We speculate that 
thinner cell walls in central and southern populations compared to 
northern populations may be explained by shorter exposure to autumn, 
winter and potentially spring storms, thereby less exposure to potential 
mechanical damage. This also explains the greater difference between 
inter-and intra-cell wall thickness in southern, followed by central, fol-
lowed by northern populations, and therefore firmer thalli in northern 
populations. The average cell wall thickness of all populations deter-
mined in this study independent from orientation lies within the re-
ported literature values of 1.8 ± 0.71 μm (Walsh et al., 2008). 

Even though calcification rates in central populations are higher, cell 
walls are thinner which may be due to simultaneously increasing 
dissolution rates. As a result, GN is increased (Kolzenburg et al., 2023) to 
compensate for dissolution. The lowest calcification rates in northern 
populations contrast with the fact that these populations build the 
thickest cell walls. Therefore, low PN may be a result of focusing energy 
expenditure on cell wall formation. 

Under conditions with exceeding optimal temperatures, biochemical 
components are becoming less efficient or even damaged (Eggert, 2012; 
Kordas et al., 2011), resulting in an expected decline in growth rates and 
calcification. Therefore, growth rates of southern populations would be 
expected to be similar to or lower than those of northern populations due 
to summer inhibition as well as an increased concentration of the 
growth-inhibiting element Cd in both leading and trailing edge pop-
ulations. All these parameters, most probably in combination, may lead 
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to a reduction of coralline algae cover in tropical and subtropical eco-
systems (Doney et al., 2009). 

Very few studies have determined the biomechanics, such as tensile 
strength, stress and elasticity of articulated coralline algae in correlation 
with environmental parameters they are exposed to and can withstand, 
and none looked at leading or trailing edge populations (Denny and 
King, 2016a, 2016b; Guenther et al., 2022; Marchini et al., 2019; Mar-
tone, 2007; Martone and Denny, 2008a, 2008b; Melbourne et al., 2015; 
Ragazzola et al., 2012). This knowledge gap complicates the establish-
ment of detailed predictions for the future of intertidal articulated 
coralline algae species. 

In combination with the precipitation of the thickest cell walls, the 
ability of northern populations to withstand harsh physical winter 
conditions may also be exemplified in the slight positive trend showing 
the highest, however not significantly greater values for forces (Ftu) it 
can withstand before rupturing compared to other tested populations. 
Northern populations develop a greater surface area per geniculum 
(7.25*10− 4 ± 7.53*10− 5) as compared to central populations 
(2.59*10− 4 ± 2.09*10− 5), resulting in less localised stress and greater 
stress resistance in northern (20.50 ± 2.02 N mm− 2) as compared to 
central populations (46.53 ± 7.75 N mm− 2). With only slightly higher 
tensile strength characteristics in northern as compared to central pop-
ulations between seasons, sites and the size of genicula it can be assumed 
that the size of genicula, is not of primary importance in this aspect of 
C. officinalis structural integrity. The combination of these aspects may 
be evidence of a positive correlation between genicula strength and cell 
wall thickness, based on overall stronger thalli, and that both, but only 
in combination and not the genicula by itself, makes up an essential part 
of the stability and resilience of this algae. It also suggests local adap-
tation to harsh environmental conditions in subarctic environments. 
Therelation between genicula strength and cell wall thickness has only 
sporadically been investigated and found comparative stress values for 
C. officinalis of 31.7 ± 2.0 MPa (= N mm− 2) from similar environments 
in Vancouver Island in the Northeast Pacific (Janot and Martone, 2016; 
Martone, 2007). Limited studies on clusters of fronds in dry samples of 
E. elongata or other taxonomically related species to C. officinalis have 
shown values of stress around σmax = 5.4 ± 0.5 MPa, with the maximum 
load or stress (σmax) that can affect the joints defined as the maximum 
force per unit area before tissue rupture (Denny, 1988). This value and 
indications for other articulated coralline species mentioned above are a 
minimum of four times less than what we measured for wet C. officinalis 
specimens, indicating that dry testing is not representative of in situ 
genicula strength. 

To keep frond stability, genicula are initiated at regular intervals by 
the medullary meristem and unlike intergenicula medullary cells, they 
elongate with age (Johansen, 2018). Ftu and ε were only measured as a 
combined value between genicula and intergenicula. All thalli tested, 
ruptured in the genicula, the joints which allow for flexible and rapid 
adjustments of thallus shapes and are primarily responsible for bending 
in moving waters (Aguirre et al., 2010). Previous studies on coralline 
species investigating Ftu resistance focussed on the rupture of genicula in 
a single thallus as experienced in this study and found a mean force to 
break the tenth genicula to be around 22.7 N in Calliarthron cheilospor-
ioides (Martone and Denny, 2008a, 2008b). A study investigating the 
strength of thalli bundles found that Ellisolandia elongata in the Medi-
terranean can withstand maximum stress of 2.1 ± 0.4 up to 5.4 ± 0.5 N 
mm− 2 (mean ± SEM; 1 MPa = 1 N mm− 2; Ragazzola et al., 2017). Values 
found in previous studies (Martone and Denny, 2008a, 2008b) are 
considerably higher than in our study, potentially due to the location of 
the specimens or differences in species characteristics, such as thickness. 
However, values for E. elongata are relatively similar which could be due 
to the closer taxonomic relationship between the species used in the 
latter and this study. A recent publication on two articulated coralline 
algae species revealed that the biomechanics of the genicula of neither 
species were greatly influenced by increased temperature and decreased 
pH levels (Guenther et al., 2022). This finding confirms our observation 

that, independently of the tested populations and seasons, no differences 
in the capability to withstand strain, force and displacement were found. 

The physiological (Kolzenburg et al., 2023) and structural properties 
of northern populations are distinctly different from central and south-
ern populations; however, central populations are not always different 
to southern populations. Southern populations showed a lack of local 
physiological and structural adaptation culminating in survival rather 
than thriving within their current environment. This was also visually 
confirmed over a 4-year period working at the same sites when thriving 
healthy-looking Coralline turfs gradually bleached and disappeared, and 
only some purple patches within a blanketed white bleached area 
remained, which made any further sampling or incubations impossible 
(Kolzenburg, pers. observ.). This implies that southern populations are 
located at the margin of this species’ favourable conditions. In the 
future, this could lead to a permanent decline and disappearance of 
C. officinalis in the southern locations in the NE Atlantic, which may be 
accelerated by predicted future climatic changes. This is exposing a 
north-to-south latitudinal gradient regarding the structural integrity of 
C. officinalis in the NE Atlantic. A similar gradient was also found by 
Yesson et al. (2018) in the genetic data of specimens close to sampling 
locations used in this study. The severe effects on C. officinalis could also 
lead to changes within the respective ecosystem due to missing impor-
tant functions these algae would no longer perform. Its characterisation 
across the NE Atlantic validated the adaptation of C. officinalis to pre-
dominantly low light and temperature conditions. 

Adaptations to predicted climatic changes will need to include 
metabolic (Kolzenburg et al., 2021) and structural processes. Shedding 
light on the structure of C. officinalis across geographical latitudes will 
help to accurately determine how it will be able to withstand climatic 
changes and with it, an increase in intensity and frequency of physical 
force exposure caused by coastal storm events. 
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