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ABSTRACT

Climate change is causing significant shifts in biological communities worldwide, including the degradation of
marine communities. Previous research has predicted that southern Bay of Biscay canopy-forming subtidal
macroalgal communities will shift into turf-forming Mediterranean-like communities by the end of the century.
These predictions were based on a community-environment relationship model that used macroalgal abundance
data and IPCC environmental projections. We have tested the short-term accuracy of that model by resampling
the same communities and locations four years later and found the short-term predictions to be consistent with
the observed communities. Changes in sea surface temperature were positively correlated with changes in the
Community Temperature Index, suggesting that macroalgal communities had responded quickly to global
warming. The changes over four years were significant, but canopy-forming macroalgae were more resilient in
local sites with favourable temperature conditions. Our study demonstrated that updating predictive models with

new data has the potential to yield reliable predictions and inform effective conservation strategies.

1. Introduction

Anthropogenic activities, especially the combustion of fossil fuels,
have led to a concerning increase in greenhouse gas emissions and a
significant warming of the Earth (Al-Ghussain, 2019). Since 1880,
Earth’s temperature has risen by 0.08 °C per decade, but that figure has
more than doubled since 1981 to a current rate of 0.18 °C per decade
(Lindsey and Dahlman, 2022). The average temperature of the planet’s
land and ocean surface in 2021 was 1.06 °C warmer than in
pre-industrial times (1880-1900; NOAA, 202.3). The ocean has absorbed
more than 90% of the excess heat, which has led to an increase in the
Ocean Heat Content (OHC) in the upper 2000 m layer of the world’s
oceans (Cheng et al., 2021). Due to the expected increase in OHC, Earth
will likely reach 1.5 °C above pre-industrial levels in the near term
(2021-2040) unless we take significant measures to reduce carbon
emissions (IPCC, 2023).

* Corresponding author.

Temperature plays a crucial role in shaping species distributions
(Chen et al., 2011; Tittensor et al., 2010). Global warming is causing
many species worldwide to shift poleward, both on land (Chen et al.,
2011; Devictor et al., 2012) and in the oceans (Kortsch et al., 2015;
Kumagai et al., 2018; Pinsky et al., 2020). Marine species are shifting
poleward at an average rate of 72 km per decade, a full order of
magnitude faster than the rate for terrestrial species (Poloczanska et al.,
2013). This shift means that the “warming” or “thermophilisation” of
biological communities is one of the main consequences of global
change (Bowler and Bohning-Gaese, 2017; Parmesan and Yohe, 2003).
In many temperate areas, cold-adapted species are declining while
warm-adapted species are increasing in relative abundance (Gottfried
et al., 2012).

Macroalgae are important primary producers and ecosystem engi-
neers that modify their environment and offer shelter and food for
associated organisms (Harley et al., 2012). They also provide many
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ecosystem goods and services since they operate as carbon sinks and
help prevent environmental disturbances such as storms or floodings
(Ronnback et al., 2007). There is ample evidence of macroalgal com-
munity degradation including a decrease in canopy-forming species that
results in turf-dominated communities (Filbee-Dexter and Wernberg,
2018; Orlando-Bonaca et al., 2021), increased overgrazing leading to
barren ground formation (Kumagai et al., 2018; Vergés et al., 2014), and
the contraction and expansion of cold-affinity and warm-affinity species
(Burrows et al., 2019; Smale and Wernberg, 2013; Wernberg et al.,
2016). Macroalgal community degradation is a complex process driven
by numerous intertwined factors. Temperature is often reported as the
main driver of change and is the focus of our study. Yet, heat waves,
storms, wave exposure, overgrowth by epiphytes, pollution, eutrophi-
cation, species invasion, or harvesting may also play a role and covary
with warming (Borja et al., 2013, 2018; Fernandez, 2011; Filbee-Dexter
and Wernberg, 2018; Muguerza et al., 2017).

The Southern Bay of Biscay offers an excellent opportunity to
investigate changes in macroalgal community structure resulting from
rising temperatures. First, the region has a strong thermal gradient, with
a colder western part influenced by upwelling conditions during the
summer and a warmer eastern part (Lavin et al., 2006). Second, the
Cantabrian Sea that borders the northern coast of the Iberian Peninsula
has warmed by 0.22 °C per decade since the 1970s (Chust et al., 2022;
deCastro et al., 2009), exceeding the global trend of 0.15 °C per decade
(Rhein et al., 2013). This warming trend is most prominent during
spring and summer (Diez et al., 2012; Gomez-Gesteira et al., 2008, 2011;
Izquierdo et al., 2022). Third, several studies report a marked decrease
in canopy-forming subtidal macroalgae such as kelp species, the
warm-temperate red algae Gelidium corneum, and the fucoid Gongolaria
baccata, which have started to retract from the eastern end of the Can-
tabrian Sea towards the west (Borja et al., 2013; Casado-Amezia et al.,
2019; Diez et al., 2012; Fernandez, 2011; Muguerza et al., 2017). At the
westernmost region of the study area (Coast of Galicia), these changes
are buffered by the effect of cold water upwellings in summer (Casa-
do-Amezua et al., 2019). However, less pronounced declines for several
cold-temperate canopy-forming species have been recently reported off
the Galician and northern Portuguese Coasts (Monteiro et al., 2022).”

A practical approach to shed light on the effect of temperature on
macroalgal communities is to use thermal metrics that can target tem-
perature effects alone. The Community Temperature Index (CTI) is the
abundance-weighted mean of the species’ optimal temperature. CTI
helps understand the thermal preferences of birds (Bowler and
Bohning-Gaese, 2017; Devictor et al.,, 2012), fish (Bowler and
Bohning-Gaese, 2017; Burrows et al., 2019; Day et al., 2018), and in-
vertebrates (Flanagan et al., 2019; Stuart-Smith et al., 2015). What little
information is available on the thermal preferences of macroalgal
communities stems primarily from experimental approaches for a few
ecologically-relevant macroalgal species, but there is less information
available at the community level of organisation (Anderson, 2006;
Graba-Landry et al., 2020; Orfanidis, 1991).

Understanding how macroalgal communities will respond to global
warming in the future is crucial for the study of the impact of climate
change on benthic communities and for making predictions about future
scenarios. Muguerza et al. (2022a) developed a
community-environment relationship model for the northern Iberian
Peninsula to forecast changes in subtidal macroalgal communities under
multiple climate change scenarios. They found that water temperature is
the primary factor influencing the distribution of macroalgal commu-
nities, while nutrient availability plays a secondary role. They suggested
that northern Iberian communities could undergo a meridionalisation
trend by the end of the century. This meridionalisation will occur from
east to west (Muguerza et al., 2022a). However, to test the model’s
predictive capacity it is essential to gather updated biological and
environmental data to see whether macroalgal communities are shifting
and if so whether they follow the trend predicted by their model.

Here, we combined global species occurrence data with gridded
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temperature datasets to calculate the Species Temperature Index (STI) of
over 200 macroalgal species and quantified the impact of temperature
increase on macroalgal communities. After four years, we resampled the
locations investigated in 2015 by Muguerza et al. (2022a) in their study.
First, we quantified the actual short-term community shifts and deter-
mined their evolution. Second, we tested the model’s short-term pre-
dictive capacity. To do so, we compared the model’s predicted
communities with the observed natural communities in 2019. Third, to
isolate the role of temperature in the observed macroalgal shifts, we
used species’ thermal traits to calculate a Community Temperature
Index (CTI). Even in the short term, we anticipated that some signs of the
east-west meridionalisation forecasted by their model may become
visible (Hp: no short-term community change). We expected a good
correlation between modelled and observed communities (Hp: no pre-
dictive capacity of the model). Considering that Muguerza et al. (2022a)
identified water temperature as the primary factor influencing the dis-
tribution of the species, and in the face of the ongoing global warming,
we also hypothesized that SST could partially explain the observed
community shifts (Hp: no correlation between changes in SST and
changes in CTI).

2. Methods
2.1. Study area

In the summers of 2019-2020 (from July to September), we quan-
tified species composition and abundance in the exact same locations
sampled in 2015 by Muguerza et al. (2022a). We studied eight locations
in the southern Bay of Biscay in 2019 (L1: Malpica; L2: Cedeira; L3:
Luarca; L4: Lastres; L5: San Vicente; L6: Somocuevas; L7: Kobaron; and
L8: Ea), and two reference locations in the Mediterranean Sea in 2020:
one in the Alboran Sea (L9: La Herradura) and the other in the Western
Mediterranean Sea (L10: Cabo Palos) (Fig. 1, Appendix a).

Our study area has notable differences in environmental conditions.
We focus here on sea surface temperature (SST) and nitrate concentra-
tion (NIT) as the primary drivers of community change (Muguerza et al.,
2022a). The southern Bay of Biscay has a distinct west-to-east thermal
gradient, with a summer upwelling system that cools SST to 16 °C during
upwelling conditions in the western area (Gomez-Gesteira et al., 2008).
Here, SST ranges from 14 °C in winter to 19.5 °C during summer
downwelling conditions (Gomez-Gesteira et al., 2008; Ospina-Alvarez
et al., 2010). The influence of this upwelling weakens towards the east,
mainly because Cape Penas acts as a boundary for the upwelling sys-
tem’s area of influence (Lavin et al., 2006; Valencia et al., 2004).
Consequently, the range of annual variation in SST in the easternmost
area is higher than in the western area, ranging from 12 °C in winter up
to 22 °C in summer (Borja et al., 2000).

The locations on the Mediterranean Sea are warmer on average, with
SST in the Alboran Sea ranging from 15.5 °C in winter to 22.8 °C in
summer (Shaltout and Omstedt, 2014). Proximity to the Atlantic Ocean
and the influence of an upwelling system that mainly occurs during
spring and summer cool the Alboran Sea SST to 17 °C during these
months. The Western Mediterranean Sea is warmer than the Alboran
Sea, with SST ranging between 15 °C in winter and 25 °C in summer
(Shaltout and Omstedt, 2014).

Nitrate concentration in surface waters is lower in summer due to the
stratification of the water column, and higher in winter due to the
mixing induced by waves and wind (Serret et al., 1999). In the western
area of the Southern Bay of Biscay, nitrate concentration ranges from
0.3 mmol m 2 in summer to around 5 mmol m 3 in winter (Gonzélez-Gil
et al., 2018), whereas in the eastern area these values are around 1
mmol m~2 in summer to 4-5 mmol m~2 in winter (Bana et al., 2020;
Muniz et al., 2018). In the Alboran Sea, nitrate concentration ranges
from 5 * 10~* mmol m 2 in summer to 1.2 * 10~ mmol m 2 in winter
(Lazzari et al., 2016). However, the summer upwelling systems in the
southwest Bay of Biscay and in northern Alboran Sea bring up deep,
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Fig. 1. Map of the study area showing the ten sampling locations (L1: Malpica; L2: Cedeira; L3: Luarca; L4: Lastres; L5: San Vicente; L6: Somocuevas; L7: Kobaron;
L8: Ea; L9: La Herradura; and L10: Cabo Palos) and the mean sea surface temperature distribution for 2019, from Copernicus database. Source: own elaboration
generated by ArcGIS Pro 2.2.0 software (https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview)".

nutrient-rich, cool waters. In south-eastern Bay of Biscay, this system has
little or no influence, as evidenced by the increase in temperature and
the stratification of the water column, so the nutrient input comes
mainly from rivers (Fernandez-Salas et al., 2015). The Western Medi-
terranean Sea is oligotrophic, since the influence of the Atlantic de-
creases towards the east, and the main input is riverine but it has a low
annual precipitation rate (Valdes-Abellan et al., 2017). Here the nitrate
concentration ranges from 7.4 * 10~* mmol m~3 in summer to 1.3 *
1073 mmol m~3 in winter (Lazzari et al., 2016).

2.2. Data collection

2.2.1. Field data collection

Following the same methodology as Muguerza et al. (2022a), we
conducted sampling at 5 m below chart datum. Two sites were selected
per location, at least 15 m apart. We randomly placed eight 50 x 50 cm
surfaces within each site at least 1 m apart, on rocky platforms or stable
rocks, flattened or gently sloping, and with low sedimentation levels,
always avoiding special habitats such as crevices or boulders. We
accessed the locations by boat and used SCUBA to quantify each sur-
face’s macroalgae composition and abundance in situ. To estimate
abundance, we used a 5% interval-scale cover range (from 5 to 100%).
For macroalgal cover below 5% we used a 1% interval-scale (1, 2, 3, 4,
5%). For macroalgal cover below 1% we assigned a value of 0.5% to the
taxa. All vertical strata of the community were sampled (crustose, basal,
canopy, and epiphytic strata) and thus, the total cover of the vegetation
could exceed 100%. We followed the taxonomic nomenclature used in
AlgaeBase (Guiry and Guiry, 2023). We identified taxa at the species
level in situ whenever possible. Samples for taxa that could not be
determined in situ (turf species) were collected and transported to the
laboratory for further identification. Samples were transported in
moistened cotton bags and frozen within a few hours. We used binocular
and optical microscopes for reliable taxonomical identification, carried
out by the same researchers in both periods (2015 and 2019-2020).

2.2.2. Environmental data collection
The environmental data included in this study was downloaded from
E.U. Copernicus Marine Service Information (Merchant et al., 2019). SST

was obtained from the Multi Observation Global Ocean 3D Temperature
Salinity Height Geostrophic Current and MLD dataset (https://doi.org/
10.48670/moi-00052) and NIT was obtained from the Global Ocean
Biogeochemistry ~ hindcast  dataset  (https://doi.org/10.48670/
moi-00019), both with a spatial resolution of 0.25 x 0.25° (about
27.75 x 27.75 km) and a monthly temporal resolution.

2.3. Data treatment and analyses

2.3.1. Macroalgal community structure

In this study, we used square-root transformed species cover data
based on Bray-Curtis distance to analyse the similarity between pairs of
averaged site-samples. Square-root transformation was applied to
reduce the strong influence of dominant taxa in community analyses and
allow for a broader number of species to play a part (Clarke and War-
wick, 2001). We used the cluster classification technique to explore
potential macroalgal community groups and represented the results in a
dendrogram. To determine what species contributed most to the simi-
larity within groups, a similarity percentage analysis (SIMPER) was
conducted. We compared the classification obtained in 2015 with that
obtained in 2019-2020. We also examined the species richness for each
year and location and assessed for any significant differences between
years and locations. These analyses were performed using PERMA-
NOVA + for PRIMER software (Anderson et al., 2008).

2.3.2. Predictive capacity of the model

Using distance-based linear models, Muguerza et al. (2022a) showed
that spring SST and, to a lesser degree, winter NIT were the main
environmental variables responsible for the variation in the spatial
pattern of macroalgae. Using these predictor variables, they run three
regressions to calculate “modelled ecological distances” for each pair of
locations. To assess the predictive capacity of their model, they also
calculated the “observed ecological distances”, which are the distance
between the centroids of locations detected in the nMDS (based on the
matrix of similarities between macroalgal communities). They then
plotted the “observed ecological distances” with the “modelled ecolog-
ical distances”. Here, to assess the predictive capacity of their model in
the short term, we compiled monthly SST (°C) and NIT (mmol*m~3)
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data from the cell grid at each sampling location for the year 2019 for
the southern Bay of Biscay and 2020 for the Mediterranean locations.
We determined a mean spring SST by averaging the SSTs for April, May,
and June and a mean winter value by averaging the NITs for January,
February, and March. We then used the updated environmental data to
run the same model as Muguerza et al. (2022a) and obtained “modelled
ecological distances” between all pairs of locations for 2019-2020. We
also constructed a nMDS (based on the matrix of similarities between
macroalgal communities) with the community data gathered in
2019-2020 to quantify the “observed ecological distances” four (and
five for Mediterranean locations) years after the initial sampling by
Muguerza et al. (2022a), using PERMANOVA + for PRIMER software
(Anderson et al., 2008). We then correlated the modelled and observed
ecological distances for 2019-2020 to test the model’s ability to predict
short-term macroalgal community changes. The Pearson correlation
coefficient provided a quantitative estimate of the model’s accuracy. We
turned the modelled ecological distances between locations into simi-
larity values (by subtracting this distance from 100) to construct a nMDS
based on the model and compare it with the nMDS performed with the
observed data.

2.3.3. Temperature and CTI correlation

The similarity between sites within each location was high (over 80%
on average), so we conducted the following analyses at the location
level. The model developed by Muguerza et al. (2022a) identified tem-
perature as the primary environmental variable influencing community
structure. Given that warming in the area was mainly observed during
spring and summer (Diez et al., 2012; Gomez-Gesteira et al., 2008, 2011;
Izquierdo et al., 2022), we used Distance-based linear model analysis
(DISTLM) to examine the impact of mean annual SST, spring SST (April,
May, June), and summer SST (July, August, September) on the macro-
algal community structure. We plotted distance-based redundancy an-
alyses (dbRDA) to visualise the relationship and determined which
temperature-related variables best explained the observed variation in
macroalgal community structure, using PERMANOVA (Anderson et al.,
2008). We then correlated this environmental variable with the Com-
munity Temperature Index (CTI).

For each recorded species, the Species Temperature Index (STI) was
calculated as the average temperature of the species occurrence range,
considered a proxy for the species’ dependence on temperature
(Devictor et al., 2012). We obtained the global distribution data for each
species from the open-access databases “Ocean Biodiversity Information
System” (OBIS) (https://www.obis.org/) and “Global Biodiversity In-
formation Facility” (GBIF) (https://www.gbif.org/), by using the special
packages robis (Provoost and Bosch, 2019) and rgbif (Chamberlain
et al., 2021) from the open-source software R (R Development Core
Team, 2023; RStudio Team, 2016). The time-frame considered for the
distribution data was 1993-2020. We downloaded monthly SST data for
the sites of occurrence of every species from the Copernicus database to
calculate annual means. We calculated the CTI for each sampling unit to
measure the average thermal affinity of the macroalgal communities.
The CTI is the abundance-weighted STI average of all species in a
sampling unit (Devictor et al., 2008, 2012). We then calculated the
average CTI for each location and year. Differences in CTI were tested
with a univariate PERMANOVA analysis based on Euclidean distance
with time and location as fixed and random factors, respectively. For
post-hoc pairwise comparisons Gosset t-statistic was used (Anderson
et al., 2008).

Macroalgal species have varying lifespans and many have a life cycle
that exceeds one year (i.e. Gelidium corneum), so current and past
environmental conditions may determine the current state of the com-
munity (Chust et al., 2022; Ramos et al., 2020). To test the degree of
association between temperature and CTI, we analysed the correlation
between the change in temperature and the change in CTI. SST changes
were calculated using the mean of the sampling year and the two pre-
vious years and compared 2017-2019 (2018-2020 for the
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Mediterranean) to 2013-2015 to accommodate the multiannual SST
variance that multiple macroalgal species may experience (Appendix b).
For the CTI change, we calculated the difference between CTI values in
2019 (2020 for Mediterranean locations) and 2015.

3. Results
3.1. Changes in the community structure

Based on the 43% similarity level used by Muguerza et al. (2022a),
we found locations clustered in four groups with distinct species com-
positions. We found three geographic areas in the Southern Bay of Biscay
macroalgal communities (western, central, and eastern sections) and
another in the Mediterranean (Fig. 2b). The kelp Saccorhiza polyschides
and the geniculate calcareous macroalga Corallina officinalis dominated
in the westernmost Bay of Biscay locations (Group A: L1, L2, and L3).
Gelidium corneum and the encrusting Corallinales Mesophyllum expansum
dominated in the central Bay of Biscay locations (Group B: L4 and L6).
Mesophyllum expansum and the ephemeral filamentous Ceramiales
Aphanocladia stichidiosa dominated in the easternmost Bay of Biscay
locations (Group C: L5, L7, and L8). The Corallinales Lithophyllum
incrustans and Jania pedunculata var. adhaerens dominated the Mediter-
ranean locations (Group D: L9 and L10). See Appendix c for a visual
representation of these species in each location.

The three sections in the southern Bay of Biscay remained distinct in
2019 and 2015, although Group A was slightly more similar to Groups B
and Cin 2019 (33.15%) than in 2015 (29.75%). Location composition in
the central section differed from 2015 to 2019 (Appendix d). L5 shifted
from the central area in 2015 to the eastern area in 2019. In four years,
the percent cover of Gelidium corneum in this location decreased from
59.1% to 23.4%, while the percent cover of Aphanocladia stichidiosa
increased from 0% to 7.2% (Appendix e).

We also found the two Mediterranean macroalgal communities to be
more similar in 2020 (54.13%) than in 2015 (38.63%). Lithophyllum
incrustans and Jania pedunculata var. adhaerens replaced previously
dominant species Halopteris scoparia and Padina pavonica in the Medi-
terranean locations (Appendix d). Undetected in 2015, Jania pedunculata
var. adhaerens showed a percent cover of 15.63 in the Alboran Sea and
50.63 in the western Mediterranean in 2020 (Appendix e).

The species richness also differed from one location and year to
another, except in Ea (L8) (Fig. 3, Appendix f). The lowest value cor-
responded to Somocuevas (L6) in both surveys (a mean of 12 taxa in
2015 and a mean of 8 taxa in 2019). The highest values were found in
the two Mediterranean locations and in Luarca (L3) (around 27 taxa in
2015 and 34 in 2019), followed by north-eastern locations. In four years,
the number of taxa decreased in the westernmost location (L1, from 19
to 14) and in the central group (L4, from 27 to 19 and L6 from 12 to 8),
but in the other locations an average increase of 7 taxa was observed
(Fig. 3).

3.2. Predictive capacity of the model

We found a positive correlation (R = 0.740, p < 0.0001) between the
observed and modelled spatial distribution in 2019-2020 (Fig. 4).

Overall, locations from the southern Bay of Biscay (L1 to L8) were
closer to each other than forecasted, particularly Cedeira (L2), i.e, they
were more similar in species composition and abundance. Contrary to
model’s predictions, the locations here did not follow a succession along
the coast, but instead, they became more similar, they homogenized.
Somocuevas (L6) remained more distinct from the other northern lo-
cations, and San Vicente (L5) shifted closer to the eastern communities
of Kobaron (L7) and Ea (L8) in the observed pattern. The Mediterranean
locations of La Herradura (L9) and Cabo de Palos (L10) remained distant
from the Bay of Biscay locations but were more similar than the model
predicted (Fig. 5).
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Vicente; L6: Somocuevas; L7: Kobaron; L8: Ea; L9: La Herradura; and L10: Cabo Palos). Asterisk indicate significant differences between years within each location:

*p < 0.05, **p < 0.01, ***p < 0.001.
3.3. The effect of temperature on spatial distribution

Annual SST and summer SST (SSTsu) were the best fit-explanatory
variables, explaining 42.4% of the total variation (Distance-Based
Linear Model, distLM). Annual SST discriminated between the Southern
Bay of Biscay and Mediterranean communities, and SSTsu discriminated
within the Southern Bay of Biscay communities, following an east-west
gradient (Fig. 6, Appendix g). Annual SST also distinguished between
the two periods for the Mediterranean locations and for locations L4 to
L8, whereas for locations L1 to L3 the difference between the two pe-
riods was established by summer SST.

We also found significant differences in the Community Temperature
Index (CTI) across locations and years (Fig. 7, Appendix h). Mediterra-
nean locations (L9 and L10) showed the highest CTI values both in 2015
and 2020, with average values ranging from 14.7 °C to 16.34 °C in L9,
and 16.5 °C to 17.3 °C in L10. The westernmost locations of the Bay of
Biscay had the lowest CTI values, with average values of 13.5 °C in 2015,
and 13.3 °C in 2019 (Fig. 7). CTI also varied from year to year in six out
of the ten locations (Fig. 7). On average, CTI decreased by 2.38% at L1,
L2, L3 (Group A), and L8, but increased by 4.88% at the remaining lo-
cations. We found a significant positive correlation between the changes
in SSTsu and in CTI (R = 0.835, p = 0.003, Fig. 8).

4. Discussion

Accurately predicting the impact of global change on marine benthic
communities is crucial to help preserve our ecosystems and the services
they provide. While models can help us simulate potential effects,
inform preventive measures, and aid in adaptation strategies, validating
their accuracy using real-world data is crucial. Muguerza et al. (2022a)
used spatial data to forecast that macroalgal communities in the Can-
tabrian Sea would resemble those in the Mediterranean region more
closely than those along the Galician coast by the end of the century,
which would follow an east-to-west gradient. Our study focused on
testing the short-term predictions of this model using new observational
data gathered four years after the initial assessments. Despite relying on
spatial data for long-term projections, we found that the short-term
predictions aligned with actual observations of the same communities,
indicating the model’s robustness (Muguerza et al., 2022a). Short-term
temperature changes were positively correlated with changes in the
Community Temperature Index (CTI), suggesting that macroalgal com-
munities quickly adapt to temperature changes, potentially triggering
the observed phase shift in the region. We also detected discrepancies
between the model’s projections and the observed communities,
providing additional insights into climate-induced changes in commu-
nity composition.

In our study, locations west of Cape Penas (L1, L2, and L3) formed a
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Fig. 4. Association (linear regression) between the observed and modelled ecological distances for 2019-2020. Ecological distance is the distance between centroids

as detected in the non-metric multidimensional scaling (nMDS).

2D Stress: 0,03

2D Stress: 0,08

Fig. 5. Non-metric multidimensional scaling (nMDS) diagrams (Anderson et al., 2008) of the 10 locations (L1: Malpica; L2: Cedeira; L3: Luarca; L4: Lastres; L5: San
Vicente; L6: Somocuevas; L7: Kobaron; L8: Ea; L9: La Herradura; and L10: Cabo Palos) based on square-root transformed abundances and Bray-Curtis similarities. a)
observed pattern. B) modelled pattern. Colours are based on 43% similarity clustering (Fig. 2b).

consistent geographic section characterized by the warm-temperate kelp
Saccorhiza polyschides, with a thermal optimum of 10.3 °C (Casado-A-
mezia et al., 2019; Fernandez, 2016; Muguerza et al., 2017). East of
Cape Penas, a central region (L4, L6) was dominated by the
canopy-forming Gelidium corneum, which has a thermal optimum of
12.5 °C, and the easternmost area (L5, L7, and L8) was dominated by the
morphologically simple Aphanocladia stichidiosa, with a thermal opti-
mum of 17.2 °C (Casado-Amezia et al., 2019; Muguerza et al., 2022a).
These distribution patterns align with previous studies describing the
retreat of S. polyschides and G. corneum toward the west (Assis et al.,
2017; Borja et al., 2018; Gorostiaga 1995). Muguerza et al. (2022a)
already reported this same distribution of the dominant species in 2015,
showing a thallus size decrease with increasing temperature, which
leads to a structural simplification of the communities.

Our analyses revealed changes in the distribution of dominant

canopy-forming species from 2015 to 2019, supporting the predicted
east-west meridionalisation of the southern Bay of Biscay (Muguerza
et al., 2022a). Specifically, the macroalgal communities of San Vicente
(L5) shifted from the central section to join the eastern area, accompa-
nied by a decrease in the cover of G. corneum and an increase in the
number of taxa (Diez et al., 2012; Muguerza et al., 2017). This transition
resulted in a community dominated by morphologically simple forms
(Aphanocladia stichidiosa and Ceramium spp.) and coralline species
(Jania squamata, Ellisolandia elongata, and Corallina officinalis), which is
consistent with the phase shifts from canopy-dominated macroalgal
communities to turf-forming communities observed worldwide (Bene-
detti-Cecchi et al., 2001; Diez et al., 2012; Perkol-Finkel and Airoldi,
2010; Smale and Wernberg, 2013; Voerman et al., 2013; Wernberg et al.,
2016). Notably, we also found that the Mediterranean communities
have undergone more significant changes and have become more
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Fig. 6. Distance-based redundancy analysis (dlbRDA) ordination plots showing
the relationship between the temperature-related environmental variables that
best explain the variation of macroalgal communities for 2015 and 2019-2020.
L1: Malpica; L2: Cedeira; L3: Luarca; L4: Lastres; L5: San Vicente; L6: Somo-
cuevas; L7: Kobaron; L8: Ea; L9: La Herradura; and L10: Cabo Palos. SST
(annual sea surface temperature). SSTsu (summer sea surface temperature). The
colour gradient represents the SSTsu gradient along the study area.

homogeneous, with a shift towards coralline-dominated communities.
Increased temperature, water transparency, and solar radiation may
have stimulated coralline calcification and growth rates (Diez et al.,
2012; Jian-Zhang et al., 2010; Steller et al., 2007). However, it is un-
certain whether these findings apply to the broader Mediterranean re-
gion, as our study primarily focused on the southern Bay of Biscay and
included only two Mediterranean locations as references (Muguerza
et al., 2022a; Ramos et al., 2020).

Discrepancies between the model projections and the observed
communities also provided insights into the complex dynamics of
climate-driven community changes. For example, the model predicted
reduced distances between Somocuevas (L6) and the eastern locations,
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but actual observational data did not support these predictions. The
unique characteristics of Somocuevas (L6), situated near the mouth of
the River Pas and influenced by its freshwater input, may explain the
disparity between the model and reality. The river’s current freshwater
inflow likely cools the water and provides additional nutrients, sup-
porting the thriving Gelidium corneum communities in this area (Gor-
ostiaga, 1995). Somocuevas (L6) exhibited the best-preserved G.
corneum-dominated community in our study, characterized by low
species richness and floristic homogeneity, consistent with other
G. corneum-dominated communities such as Lastres (L4, see Appendix
d.

Our study revealed an increase in G. corneum and associated
epiphytic species (Dictyota dichotoma and Plocamium cartilagineum) in
Lastres (L4). Conversely, we observed a decrease in coralline (Elliso-
landia elongata, Corallina officinalis, and Jania rubens) and Ceramiales
(Gayliella flaccida, Microcladia glandulosa, Vertebrata fruticulosa) species
(see Appendix d). The G. corneum canopy expansion led to a significant
decrease in species richness. In the summer of 2014, before our initial
sampling, Lastres (L4) experienced the highest summer temperature of
the entire decade (2010-2020), causing an imbalance in the G. corneum
community, manifested by stress symptoms such as frond yellowing and
an increase in epiphytic ceramiaceous species. Similar stress symptoms
occurred in San Vicente (L5) during the same year. However, unlike San
Vicente (L5), which continued to deteriorate progressively in 2019,
macroalgal communities in Lastres (L4) displayed greater resilience,
with an increased percent cover of G. corneum. The cooler water tem-
perature and potentially more nutrient-rich conditions in Lastres (L4)
compared to San Vicente (L5) may account for the success of G. corneum
in Lastres, as observed in Somocuevas (L6), where G. corneum stands
have thrived over time. This phenomenon may be analogous to the ef-
fects of upwellings in other coastal areas (Lourenco et al., 2016). The
presence of refuge locations with favourable local environmental con-
ditions, such as Somocuevas (L6), is ecologically and biologically sig-
nificant as they can safeguard the genetic heritage of threatened
foundational species in the face of climate change effects (Assis et al.,
2017; Garcia et al., 2021). These findings underscore the importance of
combining model predictions with empirical data to understand
ecosystem responses to global change comprehensively.

Models are crucial to understand community shifts under global
change, offering valuable insights into future scenarios and identifying

W 2015

M 2019

L6 L7 L8 L9 L10

Locations

Fig. 7. Community Temperature Index (CTI) for each location in 2015 and 2019-2020. L1: Malpica; L2: Cedeira; L3: Luarca; L4: Lastres; L5: San Vicente; L6:
Somocuevas; L7: Kobaron; L8: Ea; L9: La Herradura; and L10: Cabo Palos. Asterisk indicates significant differences from one year to another within each location: *p

< 0.05, **p < 0.01, ***p < 0.001.
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Correlation coefficient= 0.835

Fig. 8. Association (linear regression) between changes in summer SST (x axis) and changes in CTI (y axis). L1: Malpica; L2: Cedeira; L3: Luarca; L4: Lastres; L5: San
Vicente; L6: Somocuevas; L7: Kobaron; L8: Ea; L9: La Herradura; and L10: Cabo Palos.

key drivers of ecological transformations. Here, we validated Muguerza
et al.’s (2022a) model using real-world data and showed evidence of the
model’s consistency and accuracy in the short term, reinforcing the
model’s robustness. Yet, the model under discussion has some limita-
tions. Firstly, there is a critical oversight in the model as it fails to
consider biotic interactions, such as herbivory or competition for re-
sources, which can strongly impact the organization and functioning of
marine ecosystems (Falkenberg et al., 2013; Steneck et al., 2002). Sec-
ondly, collecting on-site environmental data, including temperature and
nitrate concentration, would help obtain more precise estimates of local
conditions. The model’s current resolution (0.25° x 0.25°) covers over
750 km?, which may not fully represent the local conditions of our
sampling sites. Recording on-site environmental data could improve
estimates of local conditions and the model’s accuracy. The model
would also benefit from accounting for the impact of riverine inputs or
small upwelling systems, as these factors can significantly influence
ecosystem dynamics. Finally, improving the model’s accuracy could also
involve increased replication and a broader spatial scale, including the
western Iberian Peninsula and additional Mediterranean sites. However,
given our goal of comparing Muguerza et al. (2022a) predictions to
actual communities four years later, we could not modify the model.
There is increasing evidence worldwide that canopy-dominated
macroalgal communities are shifting to structurally simpler alternate
states (Benedetti-Cecchi et al., 2001; Fernandez, 2016; Orlando-Bonaca
et al., 2021; Perkol-Finkel and Airoldi, 2010; Wernberg et al., 2016). The
factors behind phase shifts are numerous and intertwined, but temper-
ature is an important parameter affecting species distribution (Husa
et al., 2008; Miiller et al., 2009; Sjgtun et al., 2015; Tittensor et al., 2010;
Wernberg et al., 2016). Our data provided evidence to support the
contention that the southern Bay of Biscay phase shift from
three-dimensional macroalgal communities to turf-dominated commu-
nities may be temperature driven. Our study found a strong positive
correlation between changes in water temperature and changes in the
Community Temperature Index (CTI), suggesting that macroalgal com-
munities responded quickly to ocean temperature change. The
increasing temperature may favour species with warmer affinities and
add stress to those with colder affinities, which may strongly influence
species abundance and distribution. We used the Species Temperature

Index (STI) as a proxy for thermal affinity. Given that the CTI is the
abundance-weighted average of the STI, shifts in CTI represent changes
in the thermal affinity of the system. A higher CTI represented a greater
dominance of warmer species in the community, driven either by an
increase in their percent cover or a decrease in the percent cover of
colder affinity species (McLean et al., 2021). The southern Bay of Biscay
has been warming since the early 80s (Anadon et al., 2009; Chust et al.,
2022; Costoya et al., 2015; Fernandez, 2011; Voerman et al., 2013).
Colder affinity species, such as Gelidium corneum may be subjected to
more significant stress, unlike warmer affinity species, such as ceram-
iaceous or coralline species, which may trigger the phase shift. We found
one noteworthy exception to this pattern in Ea (L8), in the easternmost
area of the southern Bay of Biscay. Contrary to expectations, the warm
affinity species Aphanocladia stichidiosa and Mesophyllum expansum
declined in this location. The reason behind this decline is unclear, given
the rising temperatures and abundance trends of these species in the
area over the last few decades (Muguerza et al., 2017, 2022b). This
location had a bloom of Ostreopsis siamensis covering an estimated 25%
of the substratum (author’s observation). This epiphytic dinoflagellate is
on the increase in the south-eastern Bay of Biscay (Drouet et al., 2021),
and it contains several toxic chemicals that cause mortality in marine
organisms, including macroalgae (Accoroni et al., 2015). The canopy
that dominated the area was almost non-existent, and the community
had shifted to small, fast-growing, opportunistic turf species.

Utilizing species’ thermal traits to predict species distribution and
abundance provides valuable insights into the impacts of climate change
on marine communities. Our study showed that the Species Temperature
Index (STI) and Community Temperature Index (CTI), in combination
with SST predictions, enhance our understanding of how temperature
influences community changes. The STI offers a proxy to evaluate spe-
cies’ responses to temperature variations by assessing thermal affinity.
The CTI, as an abundance-weighted average of the STI, enables us to
quantify changes in the thermal affinity of the entire community. Inte-
grating these indices with SST projections would allow for more accu-
rate predictions of future marine community shifts associated with
climate change, empowering effective conservation and management
strategies.

Global open-access databases are not perfect. The lack of abundance
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data makes it difficult to accurately calculate species’ thermal optimum.
However, Webb et al. (2020) already showed a strong correlation be-
tween experimentally derived thermal maxima and the thermal affinity
derived from matching global sea temperature databases with occur-
rence records. Our study provided further support for the usefulness of
global datasets in calculating species’ thermal traits. Given the speed
and scale at which communities are shifting, the use of global
open-access databases should not be overlooked in this context of rapid
climate change. The information in those global databases may help us
assess the vulnerability of thousands of species to global warming, find
possible refugees for cold-affinity species, or protect those species at
greater risk. In our study area, we found a location in the central area of
the southern Bay of Biscay that operated as a refuge for cold-affinity
species that were disappearing at adjacent sites. This is particularly
significant since many studies provide evidence for a weakening in-
tensity of the south-western Bay of Biscay upwelling system associated
with changes in wind regimes (Gomez-Gesteira et al., 2011; Lemos and
Pires, 2004; Pérez et al., 2010). The loss of the influence of upwelling in
the southern Bay of Biscay could limit the distribution of kelp species to
locally colder and nutrient-richer habitats.

In summary, accurate prediction of global change impacts on marine
benthic communities is crucial for ecosystem preservation. Our study
demonstrated that short-term predictions based on Muguerza et al.’s
(2022a) model aligned with real-world observations, building confi-
dence in predictive models. We observed deviations from the model,
shedding light on climate-driven community changes. Temperature
emerged as the primary driver, with macroalgal communities showing
rapid responses. Given the widespread degradation of macroalgal
communities worldwide, climate-driven macroalgal phase shifts may be
a current reality rather than a long-term prediction. Testing ecological
models may be crucial for predicting the impacts of global change on our
natural communities.

APPENDICES.

Appendix a. GPS positioning of the sampling locations
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Location Latitude Longitude

L1: Malpica 43°21'07.4'N 08°49'52.2'W
L2: Cedeira 43°39'48.8'N 08°05'34.8'W
L3: Luarca 43°3324.4'N 06°32'50.4'W
L4: Lastres 43°31'09.4'N 05°15'59.3'W
L5: San Vicente de la Barquera 43°24'06.0'N 04°23'59.4'W
L6: Somocuevas 43°2815.1'N 03°56'28.1"W
L7: Kobaron 43°21'11.2'N 03°08'56.3'W
L8: Ea 43°23'18.3'N 02°34'57.7"W
L9: La Herradura 36°44'07.4'N 03°45'36.1'W
L10: Cabo Palos 37°38'08.3'N 00°41'17.5'W

Appendix b. Summer Sea Surface Temperature (SST) values for the sampling years and the two previous years for each location

Summer SST (°C)

Locations 2013 2014 2015

2017 2018 2019 2020
L1: Malpica 16.492 17.410 16.650 17.272 16.308 16.525 -
L2: Cedeira 17.120 17.686 17.046 17.504 15.889 16.980 -
L3: Luarca 18.528 19.130 18.872 19.110 18.190 18.370 -
L4: Lastres 19.827 20.490 19.862 19.919 20.109 20.058 -
L5: San Vicente 20.498 20.846 20.323 20.429 21.036 20.741 -
L6: Somocuevas 20.698 20.978 20.526 20.430 21.142 20.603 -
L7: Kobaron 21.160 21.287 20.777 20.946 21.764 20.997 -
L8: Ea 21.582 21.869 21.400 21.229 22.217 21.590 -
L9: La Herradura 22.999 21.716 22.400 - 23.279 22.738 23.303
L10: Cabo Palos 24.926 25.683 25.952 - 26.144 25.703 25.716
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Appendix c. Mean cover (%) of the species contributing the most to the similarity within groups detected in the SIMPER routine for 2019-2020. L1:
Malpica; L2: Cedeira; L3: Luarca; L4: Lastres; L5: San Vicente; L6: Somocuevas; L7: Kobaron; L8: Ea; L9: La Herradura; and L10: Cabo Palos
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Appendix d. Mean cover (%) and contribution (%) of the taxa to the average similarity within each group according to the SIMPER routine. Only taxa with
a contribution >4% to the average similarity of the group are included. a) 2015 and b) 2019-2020

SIMPER results - similarity percentage - species contributions

a) 2015 Mean cover Contribution b) 2019 Mean cover Contribution
(%) (%) (%) (%)

Taxa list Taxa list

Group A - average similarity 60.90%- (L1, L2 & L3) Group A - average similarity 62.47%- (L1, L2 & L3)

Saccorhiza polyschides 68.13 16.42 Saccorhiza polyschides 77.04 20.22

Corallina officinalis 44.69 15.16 Corallina officinalis 24.94 10.72

Pterosiphonia complanata 11.65 6.07 Mesophyllum expansum 38.33 10.45

Chondracanthus teedei 6.34 5.00 Hincksia sp. 25.63 9.76

Jania squamata 10.56 4.77 Lithophyllum incrustans 11.25 5.42

Asparagopsis armata (Falkenbergia rufolanosa 5.69 4.52

phase)

Lithophyllum incrustans 27.40 4.33

Group B - average similarity 56.51%- (L4, L5 & L6) Group B - average similarity 67.14%- (L4 & L6)

Gelidium corneum 69.18 21.25 Gelidium corneum 85.16 29.51

Mesophyllum expansum 65.10 21.02 Mesophyllum expansum 76.09 28.33

Plocamium cartilagineum 16.72 8.52 Plocamium cartilagineum 18.75 13.51

Cryptopleura ramosa 9.82 5.63 Rhodymenia pseudopalmata 3.52 4.06

Falkenbergia rufolanosa 15.67 4.29

Group C -average similarity 60.32%- (L7 & L8) Group C -average similarity 62.17%- (L5, L7 & L8)

Mesophyllum expansum 64.69 18.58 Mesophyllum expansum 55.52 13.36

Aphanocladia stichidiosa 25.16 10.83 Aphanocladia stichidiosa 13.24 6.20

Zanardinia typus 10.16 5.67 Zanardinia typus 9.25 5.75

Codium decorticatum 13.69 5.16 Gelidium corneum 14.39 5.60
Ellisolandia elongata 10.49 4.97
Codium decorticatum 11.60 4.30
Ceramium secundatum 5.05 4.24
Asparagopsis armata (Falkenbergia rufolanosa 4.67 4.01
phase)

Group D - average similarity 75.67%- (L9) Group D - average similarity 63.68%- (L9 & L10)

Halopteris scoparia 56.56 15.80 Lithophyllum incrustans 33.13 10.16

Mesophyllum expansum 38.75 15.42 Jania pedunculata var. adhaerens 27.44 9.43

Ellisolandia elongata 11.25 7.45 Halopteris scoparia 19.88 9.37

Lithophyllum incrustans 8.44 6.89 Halopteris filicina 7.06 5.84

(continued on next page)
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(continued)

SIMPER results - similarity percentage - species contributions

a) 2015 Mean cover Contribution b) 2019 Mean cover Contribution
) 0 ) %)

Taxa list Taxa list

Zanardinia typus 5.66 5.63 Peyssonnelia atropurpurea 4.70 4.69

Halopteris filicina 6.16 5.03

Group E - average similarity 56.04%- (L10)

Padina pavonica 49.06 19.98
Lithophyllum incrustans 14.69 10.68
Caulerpa racemosa 2.94 5.16
Wrangelia penicillata 4.03 4.43

Appendix e. Thermal optimum (TO) and average abundance in percent cover of the taxa identified for each locality and year (2015-2019/20).
*Cladostephus spongiosus is now recognized as two different taxa: Cladostephus spongiosus s.s. and Cladostephus hirsutus. ** Vertebrata fruticulosa is now
recognized as two different taxa: Vertebrata fruticulosa s.s. and Vertebrata martensiana

TO 2015 2019 2015 2019 2015 2019 2015 2019 2015 2019 2015 2019 2015 2019 2015 2019 2015 2020 2015 2020

MAL MAL CED CED LUA LUA LAS LAS SVB SVB SOM SOM KOB KOB EA EA HER HER CAB CAB

Acrosorium ciliolatum 14.56 4.06 0.63 175 044 6.50 0.44 1.06 0.72 216 191 128 1.28 0.53 0.19 259 0.38 0.06 0.00 0.00 0.00
Acrothamnion preissii 15.81 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.31
Aglaothamnion 10.43 0.00 0.00 0.00 0.00 0.16 0.09 0.28 0.00 10.22 0.00 0.00 0.00 575 0.00 0.00 0.00 0.00 0.00 0.00 0.00
pseudobyssoides
Aglaothamnion tenuissimum  14.72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.28 0.00 0.00 0.31 0.00 0.09 0.03 0.00 0.00 0.00 0.00
Ahnfeltiopsis devoniensis 12.22 0.00 0.00 0.00 0.00 0.00 0.00 2.38 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Amphiroa kuetzingiana 16.77 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00
Amphiroa rigida 19.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.00 1.25 4.69 3.84 225
Anadyomene stellata 19.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.38 0.06
Anotrichium furcellatum 17.28 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.22 0.00 2.34 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00
Anotrichium tenue 19.91 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.03 0.13 0.09
Antithamnion amphigeneum  16.78 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Antithamnion cruciatum 15.54 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.06 0.00 0.00
Antithamnion decipiens 22.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.00
Antithamnion densum 7.45 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Antithamnion heterocladum  13.66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Antithamnion hubbsii 19.54 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Antithamnionella 11.92 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
spirographidis

Antithamnionella ternifolia 11.92 0.13 0.00 0.03 0.03 0.00 0.00 0.34 0.00 2.84 0.06 0.13 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00
Aphanocladia stichidiosa 17.21 0.00 0.00 0.00 0.06 0.00 0.16 0.00 0.00 0.00 7.22 0.00 0.00 15.94 20.63 34.38 11.88 0.00 0.00 0.00 0.00

Apoglossum ruscifolium 11.12 0.03 0.03 0.25 0.38 0.13 0.41 0.22 053 0.28 038 1.19 175 0.06 0.25 0.59 0.38 0.00 0.03 0.00 0.00
Asparagopsis armata 12.03 14.81 0.34 5.00 5.16 3.94 1.13 2875 494 2197 7.03 0.00 0.19 2403 591 0.97 419 3.13 0.03 0.69 0.00
Asparagopsis taxiformis 19.47 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.16 15.09 0.00 0.78
Bonnemaisonia asparagoides 10.49 0.00 0.00 0.00 0.00 0.00 0.09 0.72 0.00 0.00 0.00 0.00 0.09 281 247 0.66 0.22 0.00 0.00 0.00 0.00
Bonnemaisonia clavata 12.51 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00
Bonnemaisonia hamifera 12.20 1.72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 0.06 13.75 0.00 10.31 0.00 1.25 0.63 0.00 0.03 0.00 0.00
Bornetia secundiflora 11.62 0.00 0.00 0.00 0.03 0.03 0.06 0.00 0.28 0.03 0.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Botryocladia botryoides 17.78 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.88
Bryopsis cupressina 18.69 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.41 0.00 0.00
Bryopsis hypnoides 13.77 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.22 0.38 0.03 0.00 0.03 0.00 0.00 0.00
Bryopsis pennata 22.43 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0.00 0.00 0.00
Bryopsis plumosa 16.82 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.22 097 0.19 0.00 0.00 0.00 0.00 0.00
Calliblepharis ciliata 10.44 0.00 0.00 0.69 0.31 0.09 0.00 031 0.22 0.31 0.03 319 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Callithamnion corymbosum ~ 14.92 0.00 0.00 0.00 0.00 0.00 0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.47
Callithamnion granulatum 11.46 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Callithamnion tetragonum 10.87 0.03 0.00 0.00 0.00 0.00 0.00 0.16 0.06 0.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Carpomitra costata 13.88 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o0.00
Caulacanthus ustulatus 16.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.06 0.03
Caulerpa racemosa 20.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 294 3.16
Centroceras clavulatum 18.03 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.06 0.38 0.28 0.00 0.00
Ceramium botryocarpum 10.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o0.00
Ceramium ciliatum 11.29 0.00 0.00 0.03 0.00 0.00 0.28 0.03 0.00 0.00 0.00 0.00 0.00 0.19 3.13 253 3.22 0.00 0.00 4.75 0.00
Ceramium cingulatum 20.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.09 0.00 0.38
Ceramium circinatum 13.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.88 0.00 0.84 0.03 0.22 0.50 0.28
Ceramium codii 19.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.28 1.09 0.34 0.81
Ceramium diaphanum 15.70 0.00 0.00 0.00 0.09 0.00 0.28 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.47 0.00 0.00 0.00 0.00
Ceramium echionotum 11.46 0.00 0.00 0.00 0.00 0.19 0.19 0.09 0.00 0.25 0.00 0.00 0.00 056 7.69 250 397 0.13 0.03 0.00 0.03
Ceramium secundatum 11.35 0.06 0.00 0.09 0.09 0.31 0.25 0.09 0.00 0.09 6.41 0.00 0.00 0.22 544 200 331 0.00 0.00 0.00 0.00
Champia parvula 16.66 0.00 0.00 0.00 0.00 0.03 0.16 091 0.00 0.13 0.44 0.00 0.00 0.16 0.31 250 0.41 0.53 1.63 0.59 0.81
Chondracanthus acicularis 17.42 0.00 0.00 0.00 0.03 0.00 0.13 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.13 0.00 0.00
Chondracanthus teedei 15.24 9.50 263 6.25 341 328 134 325 0.06 034 0.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Chondria capillaris 16.63 0.00 0.00 0.00 0.03 0.00 0.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0.00

(continued on next page)
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TO 2015 2019 2015 2019 2015 2019 2015 2019 2015 2019 2015 2019 2015 2019 2015 2019 2015 2020 2015 2020
Chondria coerulescens 12.30 0.00 0.00 1.19 1.44 0.19 0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.03
Chondria scintillans 9.22 0.00 0.00 0.00 0.00 294 0.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Chrysymenia ventricosa 17.68 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00
Chylocladia verticillata 10.53 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.59 0.03 0.00
Cladophora coelothrix 16.54 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.34 0.00 0.66 0.41
Cladophora hutchinsiae 11.74 0.00 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.00 1.47 0.50 0.56 0.41 0.00 0.06 0.00 0.00
Cladophora lehmanniana 16.97 0.00 0.00 0.00 0.00 0.13 0.03 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.06
Cladophora prolifera 17.51 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.56 0.50 0.00 0.00 050 059 194 059 0.06 0.88 0.75 0.03
Cladophora rupestris 795 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.72 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00
Cladophora sericea 11.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.28 0.00
Cladophora socialis 21.74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.81 0.00
Cladostephus spongiosus* 11.00 0.13 0.00 231 0.31 4.50 0.50 0.31 0.00 0.25 0.28 0.00 0.00 0.63 0.00 2.25 1.94 0.00 0.00 0.00 3.06
Codium adhaerens 16.40 1.25 0.19 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00
Codium bursa 12.53 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00
Codium decorticatum 18.16 2.63 0.00 4.19 0.38 219 0.00 0.38 0.00 0.84 6.63 0.00 0.06 24.88 26.06 2.50 2.13 0.00 0.00 0.00 0.00
Codium fragile 14.30 0.00 0.13 0.00 0.00 2.03 0.00 2.28 0.00 0.00 0.31 0.00 0.00 0.00 1.63 0.00 0.00 0.00 0.00 0.00 0.00
Codium tomentosum 16.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Codium vermilara 10.69 0.00 0.22 0.00 4.00 0.00 091 0.00 0.00 0.00 0.31 0.00 0.00 0.00 4.06 0.06 094 0.00 0.00 0.34 0.00
Colpomenia peregrina 11.96 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.16 0.00 0.00 3.84 3.50 0.94 0.00 0.00 0.22 0.00 0.00
Colpomenia sinuosa 16.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.09 0.00 0.00 0.00 0.31 0.00 0.00 0.03 0.06 0.00 0.03
Compsothamnion thuioides 12.57 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.28 0.00 0.00 0.00 0.38 0.00 0.00 0.06 0.00 0.00 0.00
Corallina officinalis 15.20 52.19 31.25 40.00 23.88 41.88 19.69 8.16 5.41 1.81 5.44 0.00 0.00 0.00 0.72 0.00 2.19 0.00 0.00 0.00 0.00
Crouania attenuata 16.71 0.00 0.00 0.53 0.34 0.22 0.38 1.28 0.00 094 0.34 0.00 0.00 0.00 0.31 0.31 0.25 0.06 0.19 0.13 041
Cryptonemia palmetta 11.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.03 0.00
Cryptopleura ramosa 12.26 0.88 1.00 0.06 056 7.81 050 281 1.50 4.16 1.47 2250 0.03 0.00 0.13 0.00 0.47 0.00 0.00 0.00 0.00
Cutleria adspersa 16.82 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00
Cutleria multifida 12.39 0.00 0.00 0.00 0.94 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.44 0.38 0.00 0.28
Cystoseira compressa 16.92 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.03 0.44 o0.00
Dasya corymbifera 17.24 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.16 0.38
Dasya hutchinsiae 11.71 0.00 0.00 0.00 0.09 0.03 0.00 1.44 0.06 0.88 0.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dasya ocellata 16.80 0.03 0.00 0.03 0.00 0.47 0.00 0.63 0.00 0.06 197 0.00 000 047 438 0.81 1.53 0.00 0.00 0.09 0.00
Dasya rigidula 19.84 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.19 0.31
Dasycladus vermicularis 18.99 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03
Deltalsia parasitica 11.85 0.00 0.00 0.00 0.00 0.06 0.00 0.03 0.00 0.28 0.13 0.00 0.00 0.16 031 1.22 0.13 0.00 0.00 0.00 0.00
Derbesia tenuissima 16.39 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.06 0.34 0.00 0.00 0.00 0.03 0.06 0.19 0.00 0.00 0.84 0.00 0.00
Desmarestia ligulata 12.42 1.13 0.06 0.63 0.44 0.00 0.13 0.31 0.00 0.00 0.00 0.00 0.00 2.59 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dictyopteris polypodioides 13.66 0.31 0.06 0.22 0.75 0.00 0.16 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.41 0.22 0.56
Dictyota cyanoloma 14.36 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00
Dictyota dichotoma 1598 1.63 0.31 050 0.88 0.00 0.72 0.59 7.13 7.28 0.00 0.69 0.00 0.00 0.22 1.25 1.09 0.81 0.59 0.63 0.25
Dictyota dichotoma var. 15.35 0.00 0.03 0.00 0.09 0.00 0.06 0.00 0.16 0.00 431 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
intricata
Dictyota implexa 17.76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.38 0.00 1.03
Dictyota spiralis 11.55 0.00 0.00 0.00 0.19 0.00 0.22 0.00 0.06 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.41 0.00
Dumontia contorta 9.01 0.00 0.00 1.13 0.13 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ellisolandia elongata 15.51 0.31 1.88 0.31 2.72 5.00 16.06 14.25 2.03 12.56 15.72 0.00 0.00 0.47 2.06 9.44 13.69 11.25 894 1.16 0.97
Ericaria selaginoides 11.59 0.00 0.00 0.00 0.00 0.00 0.00 0.63 0.00 0.00 3.31 0.00 0.00 0.00 0.00 0.63 0.00 0.00 294 0.00 0.00
Erythroglossum laciniatum 12.47 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Gaillona gallica 12.62 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 o0.00
Gastroclonium ovatum 11.28 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00
Gastroclonium reflexum 12.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00
Gayliella flaccida 17.06 0.00 0.00 0.47 0.16 6.94 0.00 15.13 0.06 0.56 0.13 0.00 0.00 0.25 159 066 0.38 0.28 1.84 1.53 0.72
Gelidium attenuatum 15.42 0.09 0.00 1.72 0.00 6.88 0.00 594 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.22 0.00 0.00
Gelidium corneum 12.48 0.00 0.00 0.00 2.23 0.00 1.09 54.38 75.00 59.09 23.38 94.06 95.31 0.00 1.78 21.75 18.00 0.00 0.00 0.00 0.00
Gelidium pusillum 17.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.25 1.31 0.25 0.94
Gelidium spinosum 13.06 0.00 0.25 0.00 0.09 0.00 0.25 0.00 0.13 0.00 0.00 0.03 0.00 0.28 4.53 459 0.38 0.00 0.13 0.00 0.00
Gigartina pistillata 14.86 0.31 0.06 0.25 1.81 094 0.34 044 1.66 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00
Gongolaria baccata 11.54 0.00 0.00 3.44 044 344 0.88 6.25 0.88 0.69 288 0.00 000 0.00 0.00 0.00 0.50 0.00 0.00 0.00 0.00
Grateloupia filicina 16.44 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.69 0.00
Griffithsia schousboei 19.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.03
Gymnogongrus crenulatus 12.03 1.25 3.25 11.94 3.44 0.81 0.06 0.00 0.13 0.06 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Halimeda tuna 18.94 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00
Halopithys incurva 13.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.06 0.00 0.00 0.00 0.00 0.00
Halopteris filicina 13.21 0.06 0.00 0.06 0.38 0.22 0.38 0.00 0.13 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.06 6.16 7.53 3.09 6.59
Halopteris scoparia 12.48 1.41 0.00 0.06 0.28 244 0.63 0.47 0.06 034 000 0.00 0.00 1.69 1.19 272 1.19 56.56 19.44 5.59 20.31
Halurus equisetifolius 10.46 3.63 1.00 350 1.04 3.03 097 0.72 1.09 0.44 125 0.00 0.00 0.00 0.00 0.00 1.16 0.00 0.00 0.00 0.00
Herposiphonia secunda 17.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.69 0.00 0.00 0.47 0.66 097 219
Herposiphonia tenella 18.91 0.00 0.00 0.00 0.00 0.00 0.19 091 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.06 2.59 0.00 0.00 0.00 0.00
Heterosiphonia crispella 19.52 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.53 050 0.22 0.84
Heterosiphonia plumosa 958 0.19 0.25 5.19 13.75 191 1.00 0.03 0.22 0.00 0.38 0.00 0.00 0.00 0.00 0.00 0.72 0.00 0.00 0.00 0.00
Hildenbrandia rubra 14.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13
Hypoglossum hypoglossoides 16.42 0.03 0.00 0.19 0.09 0.03 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.34 0.34 0.03 0.00
Jania pedunculata var. 22.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 16.44 0.00 38.44
adhaerens
Jania longifurca 16.75 0.00 0.00 0.00 0.06 0.00 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.38 0.00 0.13 0.00 1.38 0.00 0.00
Jania rubens 15.59 0.06 0.00 0.13 0.00 253 0.16 353 0.25 091 1.63 0.00 0.00 081 6.22 750 5.13 0.00 1.13 0.25 0.34
Jania squamata 16.75 10.94 0.00 1.38 0.06 19.38 12.81 4.25 2.94 0.00 4.78 0.00 0.00 0.00 0.16 0.00 1.28 0.00 1.66 0.00 0.00

(continued on next page)

12



O. Arriaga et al. Marine Environmental Research 190 (2023) 106098

(continued)

TO 2015 2019 2015 2019 2015 2019 2015 2019 2015 2019 2015 2019 2015 2019 2015 2019 2015 2020 2015 2020
Jania virgata 14.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.44 0.00 6.81 0.16
Kallymenia reniformis 7.45 0.03 0.00 0.03 0.00 0.03 0.00 0.22 0.00 0.41 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Laminaria ochroleuca 13.25 2.63 0.00 0.00 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Laurencia minuta 19.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 0.00 0.50
Laurencia obtusa 17.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 0.00 0.47 0.00
Leptosiphonia brodiei 9.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00
Liagora viscida 14.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.31 0.63 0.00 0.00 0.00 0.00
Lithophyllum incrustans 16.40 12.19 5.00 70.00 24.06 0.00 4.69 0.00 0.63 0.00 0.00 0.00 0.00 0.13 0.00 0.38 1.50 8.44 15.63 14.69 50.63
Lobophora variegata 19.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.44 0.03
Lomentaria articulata 10.57 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Lomentaria chylocladiella 16.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 o0.00
Lomentaria clavellosa 10.79 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.09 0.00 0.47 0.00 0.00 0.00 0.00 0.00
Lomentaria verticillata 13.66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00
Lophocladia lallemandii 19.85 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.16 1.81 1.47
Lophosiphonia obscura 17.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.47 0.13
Lychaete pellucida 13.98 0.00 0.00 0.00 0.03 0.00 0.00 0.44 0.16 0.16 066 0.22 028 500 147 263 0.53 0.09 0.00 0.31 0.03
Meredithia microphylla 11.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mesophyllum expansum 16.92 12.81 77.19 0.00 12.50 26.56 25.31 75.00 80.63 64.06 66.88 56.25 71.56 79.69 77.19 49.69 22.50 38.75 31.56 0.00 0.00
Metacallophyllis laciniata 10.38 0.03 0.69 0.94 3.31 0.00 0.00 0.00 0.06 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Microcladia glandulosa 7.29 0.00 0.00 0.06 0.06 291 1.06 584 0.03 0.50 0.38 0.00 0.00 6.16 0.34 222 4.47 0.00 0.00 0.00 0.00
Monosporus pedicellatus 15.72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nitophyllum micropunctatum 15.52 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 0.00
Nitophyllum punctatum 9.60 0.13 0.00 0.03 0.13 0.00 0.03 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.47 0.19 0.00 0.50 0.19 0.06
Osmundea pinnatifida 15.65 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00
Padina pavonica 17.75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 49.06 25.00
Parvocaulis parvulus 21.69 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.34 0.06
Petalonia fascia 12.99 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00
Peyssonnelia atropurpurea 12.23 0.00 0.06 0.00 7.16 1.25 0.44 1.25 0.03 047 250 397 059 059 131 1.03 0.16 1.59 491 0.72 4.50
Peyssonnelia rubra 1892 594 0.00 0.00 0.00 0.00 0.00 0.00 0.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.22 0.00 0.00
Peyssonnelia squamaria 13.44 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.59 0.00 0.00 247 225 0.63 2.00 1.00 1.28 10.34 0.78
Phyllariopsis brevipes 1479 1.94 0.31 0.00 0.00 0.00 1.19 0.38 0.13 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Phyllophora crispa 10.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00
Plocamium cartilagineum 12.84 3.00 0.44 0.06 0.06 0.31 0.50 9.41 16.56 8.88 3.47 31.88 20.94 0.03 0.19 0.50 0.63 0.31 0.00 0.03 0.03
Plocamium fenestratum 15.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.59 0.00 0.00
Plocamium raphelisianum 881 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.66 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00
Polysiphonia atlantica 16.71 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 091 0.00 0.00 0.09 0.00 0.00 0.00 0.00
Polysiphonia breviarticulata 17.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.00 0.00 0.00 0.00
Polysiphonia furcellata 11.66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Polysiphonia sertularioides 16.86 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.41 0.00
Polysiphonia subulata 14.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00
Protohalopteris radicans 10.87 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pseudochlorodesmis furcellata 18.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 0.00 0.03 0.00
Pterocladiella capillacea 16.34 0.00 0.00 0.00 5.88 0.00 2.09 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pterosiphonia complanata 11.97 16.44 14.06 569 0.75 12.81 1.47 3.50 1.63 0.75 456 125 1.03 0.16 5.06 4.78 0.88 0.00 0.06 0.00 0.00
Pterothamnion crispum 11.67 0.00 0.00 0.06 0.00 0.03 0.03 0.47 0.22 191 0.22 0.72 0.00 0.00 0.38 0.03 0.00 0.00 0.00 0.00 0.00
Pterothamnion plumula 991 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.84 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00
Rhodophyllis divaricata 9.93 0.00 0.00 0.00 0.03 0.00 0.00 0.03 0.00 0.00 0.00 0.63 0.03 041 0.00 0.00 0.03 0.44 0.75 0.06 0.66
Rhodymenia ardissonei 13.75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.47 0.63 0.00 0.22
Rhodymenia delicatula 13.12 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Rhodymenia holmesii 11.37 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00
Rhodymenia pseudopalmata  15.92 0.00 0.00 0.00 0.06 0.97 0.03 0.13 097 191 1.81 6.75 6.06 0.03 0.16 0.00 0.00 0.00 0.00 0.00 0.00
Saccorhiza polyschides 10.26 55.94 99.38 100.0 73.44 48.44 58.31 9.41 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o0.00
Sargassum vulgare 19.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.22 1.41 7.03
Schizymenia dubyi 16.62 0.00 0.06 0.00 0.00 0.00 0.03 0.34 0.00 0.00 0.00 0.00 228 0.00 0.16 0.00 0.16 0.00 0.00 0.00 0.16
Scinaia furcellata 13.69 0.00 0.00 0.00 0.34 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.31 0.00 0.06 0.00 o0.00
Seirospora interrupta 10.99 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Seirospora sphaerospora 15.52 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00
Spermothamnion flabellatum 13.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00
Sphacelaria cirrosa 10.77 0.00 0.00 0.00 0.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.97 094 0.50 0.75
Sphacelaria rigidula 15.36 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sphaerococcus coronopifolius 11.54 0.00 0.19 0.00 0.87 2.03 0.06 250 1.06 0.63 281 0.00 0.00 0.00 0.00 063 269 0.00 0.00 0.00 0.00
Sphondylothamnion 10.45 0.00 0.13 0.00 0.09 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.94 0.25 0.16 0.00 0.00 0.00 0.06

multifidum

Spyridia filamentosa 17.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.00
Taonia atomaria 14.31 2.06 0.00 0.28 0.00 0.00 0.00 0.00 0.34 0.00 0.19 0.06 0.00 0.88 1.34 3.06 0.38 0.28 0.09 0.00 0.13
Tricleocarpa fragilis 19.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06
Ulva clathrata 15.87 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.28 0.53 4.69 0.00
Ulva polyclada 16.47 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00
Ulva rigida 16.46 2.06 0.16 0.88 7.22 531 0.72 281 0.13 0.06 025 0.00 000 094 2.09 0.03 0.16 0.00 0.00 0.00 0.00
Umbraulva dangeardii 12.34 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Valonia utricularis 18.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.63 0.19 0.22
Vertebrata fruticulosa** 14.50 0.00 0.09 0.00 0.03 3.50 0.75 5.44 0.06 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.09 1.34 0.34 0.00 0.00
Vertebrata furcellata 11.66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00
Vertebrata reptabunda 16.78 0.00 0.00 0.00 0.00 0.00 0.00 0.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00
Vertebrata thuyoides 11.92 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o0.00
Wrangelia penicillata 19.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.03 0.75 4.03 219

(continued on next page)
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(continued)

TO 2015 2019 2015 2019 2015 2019 2015 2019 2015 2019 2015 2019 2015 2019 2015 2019 2015 2020 2015 2020
Xiphosiphonia ardreana 11.86 0.00 0.00 0.00 0.03 063 031 144 031 0.16 081 0.00 000 0.00 0.66 0.41 0.22 0.00 0.00 0.00 0.00
Xiphosiphonia pennata 14.40 0.00 0.00 0.00 0.00 0.00 0.16 0.09 0.53 0.00 0.19 0.00 0.00 0.00 0.00 0.00 0.31 0.00 0.06 0.00 0.00
Zanardinia typus 11.66 2.50 0.63 3.44 0.00 5.31 1.56 12.81 2.88 8.81 10.50 0.00 1.88 3.75 12.25 16.56 5.00 5.66 3.38 2.03 2.56

Appendix f. Summary of PERMANOVA results testing for the effect of Location, Year, and the interaction of the two factors on the number of taxa. Pairwise
comparisons for the factor Year for each location are shown at the bottom of the table. * The superscripts refer to the aggrupation of locations (no statistically
significant differences)

PERMANOVA- permutational multivariate analysis of variance

Source Df SS MS Pseudo-F P (perm) Unique perms
Year 1 487.58 487.58 1.4912 0.2465 9830
Location 9 13472 1496.9 50.661 0.0001 9952

Year X Location 9 2942.7 326.97 11.066 0.0001 9949

Res 300 8864.2 29.547

Total 319 25767

Pairwise comparison for the factor Year

Locations t p (perm) Unique perms
L1 4.173 0.0005 40
L2 3.7514 0.0004 54
L3 2.4941 0.0203 67
L4 3.416 0.0027 75
L5 4.0842 0.0003 64
L6 6.8685 0.0001 21
L7 2.4041 0.0232 78
L8 0.38907 0.7189 71
L9 8.3172 0.0001 69

L10 2.3843 0.0286 46

*Pairwise comparison for the factor Location
2015: L1% = L2 = L5 = L7%° = 14" = 1.3° = 1.8° = L.9° = L.10° # L6¢
2019: L1% # 12° = 15% = 17> = 18> = 13% = 1109  L4° # 167 # L98

Appendix g. Summary of DistLM analysis results and dbRDA coordinates scores for the relationship between temperature-related variables and multivariate
communities (based on square-root transformed abundances and Bray-Curtis simmilarities). (*): variables selected in step-wise procedure based on AICc
criterion and Best procedure

DistLM- Distance based Linear Model

MARGINAL TESTS

Variable SS (Trace) Pseudo-F P Proportion
SST (%) 12032 6.6967 0.0001 0.27116
Spring SST 11820 6.5362 0.0001 0.26639
Summer SST (*) 11152 6.0429 0.0001 0.25134
BEST SOLUTIONS

AlCc R"2 RSS No.Vars Selections
152.47 0.27116 32340 1 1

150.58 0.42341 25584 2 1;3

152.79 0.45033 24390 3 All

dbRDA COORDINATES SCORRES

Sample dbRDA1 dbRDA2
15-11 20,944 28,866
15-L2 25,234 16,252
15-L3 14,303 3,5562
15-14 8,5111 —3,5409
15-L5 4,2282 —4,4984
15-L6 3,7388 —6,9842
15-L7 3,9521 —11,259
15-L8 —1,5566 —12,962
15-L9 —45,058 35,585
15-1L10 —59,511 0,78942
19-L1 20,915 30,894
19-L2 22,286 21,67
19-L3 15,506 9,7165
19-L4 12,257 —12,188
19-L5 10,513 —20,397
19-L6 10,422 —18,095

(continued on next page)
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DistLM- Distance based Linear Model

19-17 9,5875 —23,083
19-18 6,3314 —27,644
19-L9 —30,936 0,40116
19-L10 —51,668 —7,0802

Appendix h. Summary of PERMANOVA results testing for the effect of Location, Year, and the interaction of the two factors on the Community Temperature
Index. Pairwise comparisons for the factor Year for each location are shown at the bottom of the table. * the superscripts refer to the aggrupation of locations

(no statistical significant differences)

PERMANOVA- permutational multivariate analysis of variance

Source Df SS MS Pseudo-F P (perm) Unique perms
Year 1 7.0246 7.0246 1.9673 0.1981 9827
Location 9 368.84 40.983 152.68 0.0001 9926
Year X Location 8 32.135 3.5706 13.302 0.0001 9940
Res 300 80.527 0.26842

Total 319 488.53

Pairwise comparison for the factor Year

Locations t p (perm) Unique perms

L1 1.8112 0.0792 9842

L2 2.0075 0.0535 9829

L3 0.38874 0.7038 9838

L4 3.2254 0.002 9849

L5 3.6223 0.0011 9844

L6 10.014 0.0001 9811

L7 1.114 0.2744 9831

L8 3.915 0.0009 9834

L9 6.8481 0.0001 9836

L10 9841

4.2223

0.0002

Pairwise comparison for the factor Year

2015: L1?° = 13 = L6® # 14> = L5"  L7° = 18 = L9 124 £ L10°
2019: L1% = 13? £ 14" = 15° £ 16° = 184 £ L.2¢ £ L7 £ 98 £ L10"
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